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FOREWORD 

This 6th edition of the workshop “The New Boundaries of Structural Concrete” is jointly organized 
by ACI – Italy Chapter and the Department of Engineering for Innovation of University of Salento, 
following the previous analogous editions held in Salerno (2010), Ancona (2011), Bergamo (2013), 
Capri (2016) Milano (2019). 
 
The workshop is addressed to the Italian and to the international scientific community, as well as to 
the most advanced industrial and professional experts, in order to keep the debate alive on the many 
critical issues still characterizing concrete structures and to enhance concrete potential as an excellent 
building material. 
 
The workshop aims to collect and disseminate the latest national and international research results on 
the application, durability and sustainability of concrete and construction materials, as well as the 
new trends in design, building and repair of concrete structures. The main topics included: innovative 
cementitious materials; corrosion and self-healing in reinforced concrete (RC) structures; concrete 
and reinforced-concrete under extreme environmental conditions (earthquake, wind, temperature); 
concrete and reinforced concrete in accidental conditions (fire, impact, blast); green concrete and 
sustainability of concrete structures; short- and long-term behavior of RC structures; bond and 
connections in RC, prestressed concretes (PC) and mixed structures; strengthening and repair of 
concrete structures; performance and life-cycle assessment (LCA) of concrete structures; aging and 
deterioration of Concrete Structures. 
 
The Editors, and the Organizing and Scientific Committees wish all the interested scholars, designers 
and production engineers to enjoy reading these proceedings. 
 
 
Lecce, September 8th, 2022 
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Geopolymer recycled aggregate concrete in RC structures: 
current use and future perspective 

Muhammad Ahmed1, Piero Colajanni2 and Salvatore Pagnotta3 

  

ABSTRACT: Geopolymer cement is a viable alternative to ordinary cement in order to significantly 
reduce the emission of carbon dioxide related to the construction of concrete structures. Being made up of 
waste materials, geopolymer cement also helps to limit the use of new raw materials, leading to a 
considerable reduction of the environmental impact of the construction industry. During the last years, the 
use of Geopolymer Recycled Aggregate Concrete (GRAC) in structural members has been studied in 
several recent experimental research in which the behavior of either the material or structural member was 
investigated. A review paper will be done critically to compile the present research on the use of GRAC 
in construction. It will cover the factors affecting its strength i.e., recycled aggregate’s replacement ratio, 
as well as the effect of different materials composition in GRAC. The problems related to the strength of 
GRAC structural members, their tensile and flexural behavior will also be addressed. It will also help in 
finding the future prospects of the use of geopolymer recycled aggregate concrete in construction.  

INTRODUCTION  

Ordinary Portland Cement (OPC) concrete is the world’s most common and widely used 
binding constructional material. It has a number of advantages as it is easily available, 
has low cost and is durable. But this cement is criticized due to the emission of carbon 
dioxide during its manufacturing process. The production of OPC involves the world’s 
5% CO2 emission, and one tonne of ordinary Portland cement releases approximately 0.9 
tons of CO2 (Malhotra and Mehta, 2002 and Imbabi et al., 2012).   
In the normal OPC, there are almost 75-80% fine and coarse aggregates which are 
obtained through mining. This mining is causing a negative effect on the environment, 
and it is also causing a lot of waste of energy. It’s in the utmost favour of the environment 
to develop a way which ultimately benefits both environment and the construction sector 
(Lamond and Pielert, 2006).  

At the same time, a massive amount of construction waste is produced every year due 
to the demolition of buildings and other concrete structures (Akhtar and Sarmah, 2018).  
The depletion of natural resources to produce OPC urges a need to develop some 
alternative to ordinary Portland cement so that it can be helpful in protecting the 
environment as well as it will provide an efficient alternative both in terms of cost and 
characteristics (Verian et al., 2018).  

GeoPolymer Cement (GPC) is an alternative to OPC which can be widely used in 
construction. Geopolymers are inorganic materials which have a polymeric structure of 
molecules. It is called a “Geopolymer” because the material used for its manufacturing is 
mainly of geological origin. Geopolymer cement is produced when waste material such 
as fly ash, Ground Granulated Blast Furnace Slag (GGBS), and clay containing 
aluminosilicate minerals are treated with an alkali solution such as sodium hydroxide. 

 
 
1 Ph.D. student., Università di Palermo, muhammad.ahmed@unipa.it  
2 Associate Professor, Università di Palermo, piero.colajanni@unipa.it  
3 Ph.D., Università di Palermo, salvatore.pagnotta@unipa.it   



The New Boundaries of Structural Concrete 
 

 2 

This cement with aggregates produces geopolymer concrete which can be used for 
various constructional applications.   
(Almutairi et al., 2021) did comprehensive research and found that the use of geopolymer 
cement in the construction industry will reduce 80% of carbon dioxide emissions 
associated with the production of concrete. It will also be helpful in reducing the cost of 
raw materials.   

(Le et al., 2021) evaluated that, the old concrete obtained from demolished construction 
waste can be mechanically (crushed, sieved and cleaned) and sometimes also chemically 
treated in order to obtain Recycled Aggregates (RA) for structural concrete. These 
recycled aggregates can be used in the concrete as a partial substitute or full substitute 
depending upon the requirement.   

The use of recycled aggregates for the concrete structural elements is hindered by the 
attached mortar since it has some negative effects on the strength of the mixture. It 
increases both the porosity of the recycled aggregate and develops two different 
Interfacial Transition Zones (ITZ)s between the recycled aggregate and new mortar, and 
between the new mortar and attached mortar. This ITZ between new and old mortar is a 
weak zone that causes the reduction of strength.   

To take benefit both from the GPC and recycled aggregate, it is a practical solution to 
use both together, i.e., use Geopolymer Concrete with Recycled Aggregate Concrete 
(GRAC). There are already several kinds of research going on for the use of GPC with 
Natural Aggregate (NA) and OPC with RA, but there are very few research on the use of 
GPC with RA. Besides that, there is less availability of research on the structural 
assessment of the use of GRAC. The available data also provide contradicting results and 
assessments of the efficiency of GRAC.  
This review paper briefly describes the past and current research development on the use 
of GRAC, especially from the structural point of view.   

RESEARCH DEVELOPMENT ON THE MECHANICAL PROPERTIES OF 
GRAC   
(Uddin Ahmed Shaikh, 2016) did an experimental study to find out the durability and 
mechanical properties of GRAC. The RA was used as a partial replacement (15%, 30% 
and 50%) of NA. The GPC with 100% NA was used as a reference for comparison. The 
test results showed that with the increase of RA content, the compressive strength, 
indirect tensile strength and elastic modulus of geopolymer concrete decreased whether 
the test was done after 7 or 28 days (Figure 1a).   

 
 (a)  (b)  

Figure 1. (a): Indirect tensile strength of GPC containing NA and RA; and (b) Elastic 
modulus of GPC containing NA and RA (U.A.Shaikh, 2016)  
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Moreover, it was found that the existing empirical models for OPC (AS3600 (2009)) and 
GPC (Ryu et al., 2013 and Diaz-Loya et al. 2011) containing natural aggregate 
underestimate the indirect tensile strength and overestimate the elastic modulus of GRAC 
(Figure 1b). Currently, no empirical model is available for reliable prediction of the 
compressive and tensile strength of GRAC, since they depend on several factors such as 
binder types, aggregate types, the molarity of alkaline solutions, mixing procedure, 
casting temperature and environmental conditions.   

(Nuaklong et al., 2016) studied the effect of recycled aggregate on the strength and 
durability of fly ash-based geopolymer concrete having sodium silicate solution and 
sodium hydroxide solution. Two types of aggregates were used: recycled concrete 
aggregate and crushed limestone coarse aggregate. The results revealed that recycled 
concrete aggregate can be used as a coarse aggregate as its compressive strength is just 
slightly lower than the geopolymer concrete prepared with normal aggregate.  

More recently, (Nuaklong et al., 2018) did an experimental study using Metakaolin 
(MK) with fly ash-based geopolymer concrete and did a comparative assessment between 
the use of NA and 100% RA concrete. It was found that the partial replacement of High 
Calcium Fly Ash (HCFA) by metakaolin in geopolymer binders increases the strength of 
GRAC. Two different schemes were adopted using: 1. Limestone as natural aggregate in 
geopolymer concrete; 2. 100% recycled aggregate in geopolymer concrete. It was found 
that when the metakaolin amount was increased the compressive strengths of GRAC with 
metakaolin (0, 10, 20, and 30%) were 32.9, 40.4, 45.0, and 47.2 MPa, respectively. 
GRAC mixtures with metakaolin achieved approximately 15–34% higher compressive 
strength than the concrete without metakaolin. This is because of enhanced compressive 
strength due to the increased geo-polymerization and denseness of microstructure. Also 
increasing metakaolin from 10% to 30% led to an increase in the splitting tensile strength 
from 2.9 to 5.4 MPa for GPC with NA and from 2.7 to 3.5 MPa for GRAC. The strength 
of geopolymer concrete also increased in both types (1 and 2) since the compressive 
strength of (1) was almost 7%-19% more than (2).  

Moreover, researchers stressed that usually, the formation of geopolymer is done by 
casting geopolymer slurry in the mould with a significant amount of alkali solution, 
increasing the chances of high porosity. These pores can act as a point of stress 
concentration and mechanical failure. In this context, the application of pressure reduces 
porosity. Thus, (Wongsa et al., 2019) did comparative research to find out the physical 
properties of Pressed Geopolymer Concrete (PGC) with RA, Recycled Concrete Block 
Aggregate (RB), and limestone dust. The RA and RB meshed into fine aggregates having 
4.75mm diameter. The results showed that: a) the pressed geopolymer concrete made up 
of limestone dust exhibited more compressive strength, less porosity and water 
absorption than the concrete made up of RB and RA; b) the strength of pressed GPC 
made up of RA and RB was very close to the strength of lightweight normal concrete; c) 
it was also recommended that the pressed GPC with RA can be used, besides the 
structural application, to make hollow geopolymer-based concrete blocks with better 
thermal insulation than cement-based concrete blocks.  

(Le et al., 2021) studied the use of GRAC. The alkali-activated binder (geopolymer 
binder) was made using low calcium Fly Ash (FA), sodium silicate solution, sodium 
hydroxide solution, and lignosulfonate superplasticizer. Specimen were prepared to cure 
both at 60°C and at ambient temperature.   
The results showed an encouraging behaviour of the GRAC specimen as a very less 
decrease in strength was observed if the use of low calcium fly ash was joined with curing 
at 60°C, even if a 100% replacement NA with RA was done.   
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(Berhanu1 et al., 2021) find out the effect of metakaolin as a cement replacement on 
the properties of fresh and hardened recycled aggregate concrete and natural aggregate 
concrete. The recycled aggregates were obtained from first-hand cast laboratory cubes 
whose compressive strength was already known. Concrete mixtures were prepared and 
tested with different percentages of recycled aggregates. The results showed that the 
addition/use of metakaolin as a cement replacement improved the strength of concrete 
made up of recycled aggregates.  

(Xu et al., 2021) reviewed the current research on the mechanical properties of GRAC 
reconfirming that geopolymer in GRAC is an ideal substitute for cement and similarly 
RA is also a substitute of NA, because of their environment-friendly effects; The strength 
of GRAC depends on many factors such as the type of geopolymer, the casting 
temperature, type of aggregates etc. But these strength influencing factors are somehow 
the same as GPC; there is a lack of research on the use of GRAC so the focus must be 
done on the practical use of GRAC.  

(Srinivas et al., 2020), from the literature observed that by using fly ash and GGBS as 
a replacement for cement and RA as a replacement for NA, geopolymer concrete beams 
and columns with compressive and flexural strengths perform much better than 
conventional reinforced concrete beams and columns. The optimum replacement 
percentage of RA was found to be 30% because at this replacement ductility nature of 
both Geopolymer and conventional concrete beams were almost the same.  

 
To mitigate the vulnerability of failure due to the ITZ of recycled aggregates, in the 

past (Liang et al., 2013) proposed two different mixing procedures, named as Mortar 
Mixing Approach (MMA), and the Sand Enveloped Mixing Approach (SEMA). The 
schematic diagrams of both methods are given in (Figure 2). The results showed that 
using MMA improvement in compressive strength on concrete made with 100% coarse 
RA was obtained. In the SEMA method, RA underwent pre-surface treatment 7 days 
before the mixing, obtaining higher 28-day compressive strength, as compared to that of 
recycled aggregate concrete made with the MMA method. This improvement is due to 
the formation of the coating layer. However, these methods produce an increase in cost 
and casting time.  

 
 (a)  (b)  
Figure 2. Schematic diagram of (a): MMA method; and (b) SEMA method (Liang et al.  

(2013)  
Recently, (Alqarni et al., 2021) proposed a new two-stage mixing approach with silica 

fume and cement. In this treatment process, a cement-silica fume slurry solution was 
prepared by mixing the cement and silica fume in different percentages with water by 
weight. RA dried in an oven for a day and then cooled. After that, RA was mixed with 
cement-silica fume slurry solution for about 30 minutes. It was found that it increased the 
compressive strength of concrete.  

The bond strength between the concrete and steel reinforcement is essential for the 
ultimate strength of structural members. (Romanazzi et al., 2020) did an experimental 
investigation to find out the bond behaviour of GPC with steel bars and sand coated GFRP 
bars using the pull-out test. It was evaluated from the experimental investigation that the 
ultimate bond strength results of GPC with steel bars were 2 to 3 times higher than sand 
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coated GFRP bars. It proved that there is adequate mechanical interlocking and good 
bond strength between the GPC and steel bars.   

RESEARCH PROGRESS ON THE STRUCTURAL ELEMENTS MADE UP OF 
GRAC  
(Thangamanibindhu and Murthy, 2015) carried research on the behaviour of ambient 
cured GRAC beams. GPC was prepared using GGBS, fly ash, and sodium silicate 
solution. Sodium hydroxide was used as an alkali activator, and a superplasticizer was 
used to improve the characteristics. Total 9 beams were tested in flexure. Three beams 
were prepared with conventional concrete mixes while 6 other beams had varying 
proportions of fly ash, GGBS and recycled coarse aggregates.  

Two-point loading was applied to the beams. It was found that the cracking load of 
GRAC beams on average 30% more than that of conventional reinforced concrete beams. 
The load-carrying capacity of all the beams decreased when replaced with more quantity 
of recycled aggregates. The same load-deflection characteristics were obtained for the 
ordinary reinforced cement concrete beams and geopolymer concrete for 0% (without 
replacement) and 10% replacement of RA. The failure behaviour of geopolymer concrete 
beams was found to be similar to the cement concrete beams, as both types of beams 
failed initially due to the yielding of the tensile steel; then the crushing of concrete 
occurred.  

(Kathirvel and Kaliyaperumal, 2016) did an experimental study to investigate the 
influence of recycled aggregates obtained from demolished construction waste on the 
mechanical properties of GRAC. The casting of GRAC was done at room temperature. 
GGBS, alkaline solution and superplasticizers were used to achieve high strength. Beams 
with dimensions of 1.5m x 0.1m x 0.15m were tested under a fourpoint flexure load 
scheme similar to ASTM C1161. RA was pre-wetted to mitigate the consequence of the 
rapid reduction of concrete workability.   

 
Figure 3. (a): Compressive strength of cylindrical specimens after 7 and 28 days; (b)  

Load carrying capacity of beams at various levels (Kathirvel and Kaliyaperumal, 2016)  
The results revealed that with the increase of RA content, there was a slight decrease in 
the initial stiffness. Due to pre-wetting and inclusion of plasticizers up to 50% RA 
replacement, the compressive strength and water absorption characteristics improved 
(Figure 3a), while up to 75% replacement of NA with RA, the load-bearing capacity of 
beams increased (Figure 3b). By contrast, it started to decrease after the replacement 
exceeds 75%.    
(Raj S and Bhoopesh, 2017) did an experimental study to find the strength and behaviour 
of GRAC beams. Recycled aggregates taken from demolition waste were used as coarse 
aggregate in geopolymer concrete. The ingredients of GPC were low calcium fly ash 
(Class F), coarse aggregate, fine aggregate, sodium silicate alkaline solutions and 

  
  

  
  

  ( a )   ( b )   



The New Boundaries of Structural Concrete 
 

 6 

superplasticizer. NA were replaced with RA with the replacement percentage as 
20%,30%,40%,50% and 60%. The optimum ratio was found to be 40%. Beams were 
casted of dimensions 175 mm × 150 mm × 1200 mm and subjected to bending tests. From 
the experimental study, it was concluded that with the addition of RA there was a slight 
reduction in its strength and durability (Figure 4b). It was also observed that the GRAC 
beams showed a larger size and number of cracks as compared to normal geopolymer 
concrete beams. This is due to the porous structure of recycled aggregates, which 
produces a reduction in the tensile strength of GRAC.  

 
 (a)  (b)  
Figure 4. (a): Crack pattern of Geopolymer concrete beams and GRAC beams; and (b)  

Load deflection curves of geopolymer concrete beams and GRAC beams (Raj S and  
Bhoopesh, 2017)  

The main aim of the experimental study performed by (Srinivas and Abhignya, 2021) 
was to determine the optimum percentage of RA for GRAC and to find out the behaviour 
of structural members like beams and columns when subjected to axial compression or 
bending. Recycled aggregates from demolition waste were used as coarse aggregates with 
geopolymer cement to produce GRAC. The geopolymer cement was prepared using fly 
ash, ground granulated furnace slag, and alkaline solution (sodium silicate and sodium 
hydroxide). Naphthalene sulphonate formaldehyde and superplasticizers were used for 
better strength of GPC. In this experimental study, 20 %, 30 %, 40 %, 50 %, and 60 % 
replacement of recycled aggregates was done. Beams and columns of dimensions (150 
mm × 150 mm × 1200 mm) were prepared. The beams were tested under a two-point 
loading test and columns were tested under axial loading. The results revealed that based 
on mechanical and workability, the optimum replacement percentage of RA was 40%. 
Comparison is done between GRAC and GPC with NA beams. The crack pattern and 
failure mode of GRAC beams and GNAC beams were the same. GRAC column with 
40% of RA behaved in axial compression as same as of GPC with NA column. Due to 
the inclusion of naphthalene sulphonate formaldehyde, it is also found that almost the 
same ultimate load strength is obtained both for GRAC and GPC with NA, so it is 
suggested that GRAC is a practical and environment-friendly solution.  

(Zhang et al., 2021) did a comparative study on GRAC and ordinary recycled aggregate 
concrete beams. Static loading tests were conducted on three ordinary recycled aggregate 
concrete beams and seven GRAC beams. Metakaolin-based fly ash geopolymer and 
alkaline solution were used in the preparation of GPC. The test variables included the RA 
replacement ratio, the replacement pattern, and the reinforcement ratio.  

Three replacement ratios (30%, 70%, and 100%) of RA were taken. The conventional 
aggregate replacement pattern was to replace the same percentage of all particle sizes. 
But in a new replacement pattern, only larger (up to 19mm) NA particles were replaced 
with RA; a 70% replacement ratio was taken in both replacement patterns. Ten reinforced 
concrete beams with dimensions (1800 mm (L) × 100 mm (W) × 250 mm (H)) having 
the same geometry, but different concrete types and replacement ratios were made.  
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 (a)  (b)  
Figure 5. (a): Load-displacement curves of geopolymer and ordinary Portland cement 

beams; and (b): Load-displacement curves of GRAC with different ratio and 
replacement patterns (Zhang et al., 2021)  

From the tests, it was revealed that the geopolymer concrete has the same compressive 
strength as ordinary concrete but with a smaller elastic modulus (e.g., 28.9 GPa for 
ordinary and 10.2 GPa for geopolymer). Due to this, GRAC beams have less height of 
neutral axis and more deflection than ordinary recycled aggregate concrete beams at the 
same loading (Figure 5a), depending on replacement patterns. (CC14-100 (17.9mm), 
GC14-100 (19mm), CC14-70-L (12.7), GC14-70-L (21.9mm)). GRAC beams also have 
slightly less cracking load, ductility and bending capacity. It was also found that the 
cracking load and cracking moment of the GRAC with 100% RA were found to be 
approximately 23% less as compared to the ordinary concrete beam with 100% NA. In 
this study, high alkali solution was used which reduced the elastic modulus and when the 
concentration was reduced the geopolymer concrete showed better results.   

(Aldemir et al., 2022) did research to find out the shear behaviour and structural 
performance of geopolymer concrete beams in detail. A new type of geopolymer concrete 
was prepared from demolition wastes. Roof tiles, red clay and hollow bricks, concrete 
rubble along with slag, fly ash, sodium hydroxide and sodium silicate were used to 
prepare GPC. In that study, GRAC, geopolymer natural aggregate concrete, ordinary 
concrete with RA, and ordinary concrete with NA were used. In previous studies the 
authors found that with the addition of RA both in ordinary concrete and GPC, the 
workability and compressive strength decrease but, in this study, it was assessed that, 
when the same w/c ratio is used, in GRAC the porosity of the concrete decrease because 
part of the water is absorbed by the RA, thus increasing the strength of the concrete.  
Three shear span-to-effective depth ratios, namely (a/d = 0.5, 1, 1.65) were used to 
examine the different failure modes. Bending tests were performed to determine the shear 
behaviour of beams. Parameters including load-deflection curves, moment curves and 
crack propagation were used to assess the mechanical performance of the beams. It was 
also found that the compressive strength of members made of this GRAC was 3% more 
than conventional concrete members. From the results, it was assessed that the beams 
made up of geopolymer concrete exhibited similar performance as normal concrete 
beams of the same grade. But when recycled aggregates were used, then the failure 
mechanism shifted from flexure dominated to shear dominated. This shifting was more 
common in the beams with a larger span to effective depth ratio.   
CONCLUSIONS  
The use of geopolymer concrete with recycled aggregate is a complex topic. The 
efficiency of GRAC depends on several factors: the type and composition of GPC, 
molarity of alkaline solutions, mechanical and chemical characteristics of RA i.e., the 
quantity of attached mortar, the extraction process from the demolition construction 
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waste, the replacement percentage of RA with NA, mixing procedure, casting 
temperature and environmental condition, etc.  

When recycled aggregates are used with GPC or with ordinary cement, ITZ develops 
between the attached mortar and RA. This is one of the weakest zones, and proper 
analysis is necessary before using the RA. In the latest research it is also analyzed that 
addition of fillers and fly ash is helpful to fill the pores of RA and thus it somehow reduces 
the vulnerability of failure along ITZ; to this aim Two Stage Mixing Technique (TSMA) 
can be also adopted, in which first the recycled aggregates are mixed with cement paste 
which forms a coating on the surface of the aggregate and thus it fills up the cracks before 
actual mixing of concrete.   

The type of geopolymer cement is one of the most important aspects, as different 
amount and type of chemicals used in the production of GPC. To choose proper type and 
quantity of materials for GPC production is a bit tricky task. In the older studies, the GPC 
is prepared without using metakaolin and the results were not so much encouraging, 
limiting the recycled aggregate replacement ratio up to 30/40 %. In recent research, it is 
found that when metakaolin based GPC were used, larger values of replacement ratio, 
sometimes up to a full replacement, can be used without significant reduction of strength 
of the element. When more amount of RA is used, it causes workability issues, but from 
the latest research, it is also analyzed that the incorporation of superplasticizers up to 2% 
is very useful.  

It was also found that excess use of alkali activators causes the reduction in elastic 
modulus of concrete. So, it is very important to pay attention with the accurate quantity 
of alkali activators whit reference to the other materials used in the production of GPC. 
There is not unanimous consensus yet about the exact quantity and type of the material 
to be used. Depending on the characteristics of available materials, the quantity and type 
of GPC should be chosen.  

From all the literature review it is also analyzed that there are no general limits on the 
use of coarse RA in a concrete mixture. Some of the former researchers recommend 30% 
replacement of NA with RA as maximum, while recently researchers analyzed that RA 
replacement can go up to 50% or 100% if the mix design, batching methodology, and the 
moisture condition of the RA are properly handled.  

More generally, much research is still needed to identify the optimal mix design, and 
to optimise the production methods and rules for setting geopolymer concrete, 
mechanical properties, particle size distributions and aggregate processing for the 
production of GRAC. However, current knowledge already makes it possible to produce 
GRAC with a predetermined compressive strength, while the tensile strength and related 
characteristics are more uncertain, such as bond to reinforcement, related cracking 
phenomena, and ductility that can be conferred through confinement. There is therefore 
a need for an adequate number of experimental tests that study the behaviour of the 
structural elements, characterising the phenomenon of bond, the strength and ductility of 
elements subjected to bending with or without axial load, and the shear strength of 
elements with and without transverse reinforcement. Equally pressing is the need for 
studies analysing the influence of casting curing conditions on the mechanical strengths 
of the structural element.  
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Domes of Air and Concrete. Aging and Durability 
 

F. Albani4, A. Cavallo5 and C. Dusi6 

 

ABSTRACT: In the 1950s and 60s, structural, technological and constructional innovation was united with 
research in the typological and expressive fields into thin-shell concrete structures, making it possible to 
experiment with a radical redefinition of ways of living and working. Through the rationality of the 
construction process, this utopian approach with an extremely pragmatic character sought to attain forms 
of economy and optimisation in the use of materials to develop new architectural solutions. The results of 
these experiments were domes and light concrete, shells that were extremely efficient structurally, capable 
of covering large spans while using a minimum of material. The paper aims to analyze the initial phases of 
the research of Dante Bini, an Italian architect and entrepreneur, fully empirical in character, combining 
and synthesizing the available knowledge in the structural, technological and constructional fields of 
reinforced concrete shells and pneumatic membranes. Today these domes are demolished or derelict and 
risks demolition. Bringing them to the attention of the local community, and more generally to the scientific 
community, could be a first step towards developing strategies for preserving and reusing these prototypes. 
 

DANTE BINI ARCHITECT AND ENTREPRENEUR     
 

BINISHELLS SYSTEM 
“The simplicity of operations required to erect a Binishells dome and its satisfactory static 
conditions indicate that this procedure is capable of meeting most of the requirement for 
economic erection both small and large concrete domes for a variety of uses. The domes 
already built are used as barns, offices, one-family houses or multiple dwellings, 
playground roofs and storage tanks. The potential uses of Binishells are practically 
unlimited and depend essentially on the imagination of the architect and the engineer” 
(Bini, 1967). With these words Dante Bini concluded his contribution to the First 
Conference on pneumatic structures in Stuttgart, Germany, in May 1967, having 
illustrated his system for building reinforced concrete domes. In the varied panorama of 
experiments in the fifties and sixties on the construction of thin reinforced concrete shells 
(Albani and Dusi, 2016), Dante Bini grasped the most pragmatic side of this “utopia”, 
investigating new ways to respond to the needs of a globalised mass society through his 
efforts to rationalise the construction process. Born at Castelfranco Emilia in 1932, Dante 
Bini graduated in architecture in Florence in 1962 and devoted his interests to the search 
for new ways to make thin shells in reinforced concrete extremely efficient structurally 
and economically, while using the minimum of materials. He patented an innovative 
process for the fast construction of reinforced concrete domes based on pneumatic 
formwork. The goal of Dante Bini’s research was to combine standardisation, mass 
production, monolithic concrete construction, and typological research (Binishells S.p.a., 
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1970). His work aimed to eliminate from the construction process everything that was 
still artisanal and expensive in terms of cost and labour, in the first place centring and 
temporary structures, that in those years accounted for more than 50% of the budget for 
the whole construction work (Albani and Dusi, 2019). The basic principle was to use a 
pneumatic membrane to raise the materials - reinforcement and concrete placed upon - 
from the ground, by inflating it and at the same time shaping them (Bini and Zucchi, 
1968). But the fundamental innovation lays in transferring the logic of the industrial 
process to the construction site, defining a procedure based on a fixed sequence and a few 
components selected from the materials available at the time. In just over 10 years, more 
than 1500 domes were built with the Binishells system worldwide, creating housing, 
sports halls, schools, tourist and commercial amenities, warehouses and factories 
(Pugnale and Bologna, 2014). 
 
FIRST PROTOTYPES 
The process that led to the identification of the Binishells system, exported and widely 
used in the United States and Australia since 1973, included numerous studies, extensive 
research and tests that, from the start, were conducted by building full-scale prototypes. 
For this reason he exploited the occasional opportunities to build them. The first prototype 
was the dome built on 14 July 1964 in Crespellano, near Bologna. It was a hemispherical 
dome in reinforced concrete, 12 meters in diameter, for the headquarters of the Unipack 
company, regrettably demolished in the eighties by the owner of the land. The first 
attempts were made to study the arrangement of reinforcement using mechanical means, 
consisting of meridians and parallels (rods) and diagonal metal “chain arches” (Bini and 
Dioguardi, 2009). Its final construction took only 60 minutes. The subsequent prototypes 
were those built in 1965 at Pegola (demolished) and Abano Terme. They provided 
opportunities for experimenting with more efficient and improved solutions, especially in 
relation to the control of the lifting process and the formation of the hemispheric cap 
(McLean, 2014). 

The fundamental innovation in all these prototypes was the attempt to transpose the 
logic of the industrial process to the construction site, defining a procedure based on a 
fixed sequence and a few elements defined starting from materials available on the market 
(Dusi, 2015). 
 
MUSHROOM FIELD AND ITALIAN PATENTS 

A PROTOTYPE SITE 
In 1965, following the success of the first prototypes, Dante Bini, the engineer Alberto 
Michelagnoli and Giorgio Cappellini founded the company Binishells S.p.a. At the same 
time, it became necessary to establish a development centre to conduct experiments and 
make improvements to the idea. They started carrying out experiments in a plot of land 
belonging to the family in the San Gallo quarter of San Cesario sul Panaro, in the province 
of Modena. Up until 1967 they produced numerous prototypes, eight of which still exist 
today, although in a state of abandonment. In 1966, Mario Salvadori, a professor of 
Engineering and Construction at Columbia University, New York, called the site the 
“Mushroom Field”, evoking the forms of the structures and the speed of construction. He 
was interested in the subject of thin-shell buildings for covering large spans with 
structures whose strength lay in their form. Mario Salvadori's visit to the Mushroom Field 
came after a first meeting with Dante Bini in New York in April 1966. He played a key 
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role in securing academic and professional recognition for the research. He organised an 
informative conference on the subject, which included a demonstration of the 
construction of a dome on Columbia University Campus (dome diameter 18 metres, 
height 7 metres). The event, held on 17 May 1967, led to the international recognition 
and commercial success of the Binishells.  
Three patents had already been registered when work began in the Mushroom Field (Bini, 
1964; Bini, 1965; Bini, 1965a). The Italian Patent and Trademark Office, the body 
responsible for the protection of industrial inventions, models and trademarks, admits and 
grants industrial property rights to inventions, hence the exclusive right to their 
commercial exploitation. The regulatory framework in force at the time (Royal Decree of 
29 June 1939, no. 1127, and Royal Decree of 5 February 1940, no. 244) determined the 
commencement of the effects of the patent from the date of filing and for a duration of 15 
years. The legislative and regulatory provisions established the drafting and content of 
applications for invention patents. The objectives and innovative ambit of application the 
invention had to be described in detail, supported by illustrations and, above all, claims 
to define the scope of the invention. The latter had to be clear and specific, because only 
those features mentioned in them became subject to protection.  

The experiments started from a consolidated state of knowledge in terms of feasibility 
of the idea. The purpose was to solve procedural problems and systematically study issues 
of statics together with technical and technological factors. It relied on testing variations 
on forms, geometry and dimensions. Research in the field continued unabated until the 
end of 1967, when a mature design was formalised in a way adapted to commercial needs. 
In three years, the procedure and the construction components were developed in every 
detail, leading to the filing of four new patents, the result of the progressive simplification 
and industrialisation of the construction process that was the object of the invention. 
Studies on the Binishells were definitively completed in 1976 in Australia, but the 
experiments conducted at the Mushroom Field between 1965 and 1967 correspond to the 
most significant phase for the definition of the salient points of the invention. 
 
EVOLUTION OF THE RESEARCH 
Considering the patents as official traces of the process of updating and defining the 
invention, the constructional sequence of the prototypes enables us to retrace the 
trajectories pursued and the process of selecting the aspects of greatest interest. Seven 
domes were built in 1966 (domes A, C, D, F and G demolished after 1997 and I, L), and 
the subsequent domes in 1967 (domes B, E demolished after 2002 and H), each with 
heterogeneous characteristics and properties, reflecting multiple strands of research. The 
patents alone, in the description of the objectives, procedures, material and instrumental 
components, fail to explain exhaustively the complexity of the multiple directions 
explored in relation to the possible uses, from which actual commercial models were 
derived. Each patent registered the inventions relating to the process and the individual 
construction components, which can be divided as follows: foundation structure, system 
of anchoring the membrane to the ground, mechanism and system for controlling the 
inflation pressure, metal reinforcement, hardening material. The construction of the 
prototypes was an opportunity to promptly investigate other aspects – compositional 
solutions, thermo-acoustic insulation (Morelli, 1978) finishing and surface treatments – 
that were not patented. 

A macroscopic difference detectable between the domes of San Cesario and the 
previous ones lies in the geometry of the built form, dependent on a different form of  
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                                        (a)                                                                                (b) 
Figure 1. (a) Prototype L (left, back), I, H (right); (b) Prototype B, C (right), E (back). 

 
the pneumatic membrane. Compared to the initial hemispherical profile, the prototypes 
have an elliptical form intended to prevent the concrete from slipping off during the 
raising of the dome until the hardening of the cast. Domes I and L, near the entrance, were 
the first to be built (Figure 1). Both have a diameter of 12 m, a height of 3.20 m, and were 
functional to the definition of the fourth patent no. 827562, registered on 19 April 1966 
as the first supplement to the second patent no. 724518 (Figure 3). This first update (Bini, 
1966), with the aim of increasing control during the lifting phase, abandoned the 
mechanical system of anchoring the membrane to the foundation, consisting of hooks and 
eyes, and incorporated the pneumatic system illustrated in the third patent no. 751414 
(Bini, 1965a), while also redefining the foundation structure. The patent also proposed a 
method for preparing the surface for laying the concrete on, intended to facilitate the 
lifting process through the creation of a recess in the ground to control the distribution 
and movement of the casting and facilitate deployment of the membrane. Dome I was one 
of the models for the typological study applied to residential structures with a central plan, 
while dome L was an opportunity to experiment with the application of a layer of thermal 
insulation to the intrados and several experiments with the finish to waterproof the 
extrados.  

One of the topics investigated subsequently was the actual suitability of the method to 
variable dimensions, in particular for covering large spans and the lifting of large masses. 
On 6 July 1966 dome A was built, the third experiment and the first successful large 
prototype (diameter 30 m, height 8 m). It was the prototype of a “dome/ellipsoid” 
designed with an armature consisting of a series of large “continuous inclined enveloping 
circles” (Bini and Dioguardi, 2009), which diagonally traverse the points of greatest 
tension, the sides and the compressed areas of the pole and of the base. In this case, The 
technical devices tested did not lead to a patent and were a one-off solution compared to 
the large Binishells subsequently built, but could prove the range of several interest and 
research issues addressed overtime, both technical and formal. The cement conglomerate 
of this dome and of the ones previously built at the Mushroom Field (I, L) was prepared 
using a lightened aggregate of the type known as LECA (Light Expand Clay Aggregate). 
The compositional data relating to the specifications of the concrete used in the Binishells 
prototypes at the Mushroom Field were the result of an analytical-diagnostic campaign 
conducted in collaboration with Adamantio s.r.l., an academic spin-off of the University 
of Turin, on samples of domes A, C, D, F, H, L, I, taken in situ. The study of a thin 
petrographic section (according to UNI EN 11176:2006, by observation in reflected light 
and polarised transmitted light, both with polariser and  
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 (a)                                                               (b) 

   
(c)                                                               (d) 

Figure 2. Thin petrographic section A1 reflected light and polarised transmitted light (a), both with 
polariser and with crossed nicols) (b), White reflected light (c) e ultraviolet reflected light (d). 

 
with crossed Nicols) presented a variable profile of the mixes and aggregates used, in a 
ratio of about 2:1 with respect to the amount of binder. The presence of the lightened 
aggregate (LECA) was detected both in dome A (Figure 2), characterised by a yellowish 
mortar, and by the presence of mainly quartzous-feldspathic and lightened aggregates; 
and in domes I (grey mortar, with mainly carbonate aggregates), and L (yellowish mortar, 
with mainly quartzous-feldspathic and carbonate aggregates). In all three cases, and only 
in these, was the presence of cocciopesto detected in the mix. In domes C and D, the grey 
mortar consists mainly of quartzous-feldspathic, carbonate and sandstone aggregates; in 
dome F, carbonate, quartzous-feldspathic and sandstone rocks, and in dome H, light grey 
mortar with aggregates mainly composed of fragments of carbonate and quartzous-
feldspathic rocks. 

 
2.3. Reinforcement system and foundation ring 
A few months later, domes G, C, D and B tested the use of two-way metal springs, 
abandoning the reinforcement system using chicken-wire mesh tested since the first 
prototypes until dome A. The fifth patent was no. 809994, filed on 6 March 1967 as a 
second supplement to the second patent no. 724518 (Bini, 1967a). It was registered after 
the construction of these prototypes, as a synthesis of different strands of research, not 
necessarily corresponding to a linear and progressive development of the knowledge 
acquired. The most important element was the transition from the “flexible” 
reinforcement system to an extensible one, possible due to the joint use of springs with 
pairs of interposed rods, hinged only at one end to the foundation. The use of springs of 
varying sizes and the different possibilities of distribution of the metal, grid, mesh and 
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(a)                                                                               (b)       

Figure 3. (a) Patent n. 724518 illustration (1966): the flexible meridian and parallels metal reinforcement 
system covered by chicken-wire mesh. (b) Patent n. 809994 illustration (1967): the extensible 

reinforcement system achieved with the joint use of metal springs and rods in grids. 
 

radial reinforcement were tested (Figure 3). In the case of Dome B, large springs (about  
30-40 cm) were used, arranged in an orthogonal grid. Other changes were made to the 
foundation system, altered from a ring to a slab, as well as the anchoring node of the 
pneumatic formwork (membrane) and the method of laying the conglomerate.  

Dome F was the last one to be built in 1966. With a diameter of 15 m and a height of 
4.60 m, it has three apertures arranged at 120°, stiffened with a bond beam running around 
the rim. This was a transitional prototype that, together with dome H, was probably 
functional to the specification of the sixth patent no. 853736. The two domes differ due 
to the apparent different conformation of the foundation ring which, in the first case 
corresponds to that illustrated in the fifth patent, present in domes C and D. Dome H has 
the same dimensions and is characterised by its intersection with a truncated conical 
structure in brick masonry. The intervention was performed in 1967 and observation of 
the intrados of the shell makes it possible to identify the metal reinforcement system 
defined in the sixth patent, no. 853736. The latter, recorded on 21 November 1968, 
represents the point of maximum improvement of the construction system. Its registration 
followed the great success of the Columbia University in 1967 (Bini, 1968). It is the most 
up-to-date version of the invention to which the construction of Binishells from 1967 on 
can be attributed. The main aim was to define a new system of extensible reinforcement, 
less expensive, faster than the previous ones, and a new method for compacting the 
material, using mechanical vibrators. The reinforcement, consisting of springs alternating 
with metal rods, was redesigned following the geometric pattern of a polygon inscribed 
in the circumference of the base. The node anchoring the reinforcement to the foundation 
is hinged to allow for the movement of the structure during lifting, as well as the 
possibility of sectioning the whole shell. 

Dome E, demolished after 2002, was the last to be built and was the reference 
prototype for the definition of the seventh patent, no. 850762, filed on 28 December 1968, 



The New Boundaries of Structural Concrete 
 

 17 

one year and three months after the end of the constructional experiments at the 
Mushroom Field (Bini, 1968a). The patented system is the most complex in terms of 
content and degree of depth and was never marketed in Italy. It departs from the inventive 
concept of the Binishells and exhibits a new method for the construction of larger domes, 
anticipating future experiments that would take the name of Binix and Binistar, patented 
in the years of his stay in Australia, starting from 1976. The reinforcement consisted of 
springs and metal rods arranged in a grid, where the main feature was the use of triangular 
modular elements with a slightly tapered prismatic section, with the function of lightening 
the structure and its thermo-acoustic insulation. 
AGING AND ABANDONAMENT 

3.1 Danger of demolition 
With the end of constructional experiments at San Cesario in 1967, the Mushroom Field 
underwent alternating phases of use and dereliction. It was the subject of a proposed 
development project, never built and then the site was abandoned in the early 2000s. The 
ten experimental prototypes dating from 1967 were initially erected without a building 
permit on a family-owned plot. On 8 February 1968, Binishells S.p.a. submitted an 
application for retrospective planning permission for the work carried out, described as 
“warehouses for storage of construction and agricultural equipment, mainly temporary 
structures for the purpose of exhibiting the applications of the patented Binishells 
technology” (Comune di San Cesario sul Panaro Archive). The application, however, 
applied to only five of the prototypes, namely domes A, G, H, I, L. Because of their openly 
experimental nature, a provisional licence was granted, provided the structures were 
demolished five years later, in 1973. At the end of the concession, an application was 
made to use the domes as warehouses and thus avoid demolishing them. It could not be 
approved, given the temporary validity of the previous license, and the application was 
refused. In 1986 a preliminary project was proposed for restructuring the site and 
converting it into a service area for storing heavy transport vehicles. The proposal 
followed the entry into force of Law no. 47/1985, Rules on the Control of Urban-Building 
Works, Sanctions, Recovery and Retrospective Permission for Building Works, which 
meant the buildings could again be given retrospective planning permission.   
 
3.2 Alterations and decay 
In 1987, the complex was leased for six years. During this time a series of alterations 
were made by the lessor to adapt the structures to the function of a centre for scrapping 
and trading in metal materials recovered from end-of-life vehicles and machinery. Since 
1992, Dome I (not demolished), has been used as accommodation, with the addition of a 
bathroom, a kitchen and a new doorway (and equipping the structure with an electrical  

  
 

Figure 4. The abandoned Mushroom Field (2021). Left side: Domes C and D (back). Right side: Dome A. 
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system and running water). In 1998 the Technical Office of Private Construction, Urban 
Planning and Mining Activities of the Municipality of San Cesario sul Panaro ordered the 
demolition of all the unauthorised building work done by the lessor and of the works 
lacking planning permission (domes I and L). Dome G had meanwhile been demolished 
by the lessor between 1997 and 1998. The site remained in use until about 2002 as a 
centre for the disposal and recovery of scrap metal. Today it is abandoned and overgrown 
with vegetation (Figure 4). 

These abandoned structures have all the frailties of reinforced concrete structures 
(carbonation of the concrete, corrosion of the reinforcing bars, spalling of the concrete 
cover), aggravated by the fact that the structures are characterised by very thin sections, 
in some cases without additional surface protection (waterproofing layers, plaster, etc.), 
because of their character as experimental prototypes. Another decisive factor affecting 
their durability is that the construction system did not control the thickness of the 
concrete, whatever the reinforcement system was. This led to the abandonment of the 
construction system in the seventies. Some domes, moreover, today reveal damage and 
breaks in the compressed areas, corresponding to the apertures (enlarged or added later), 
to the traces of the reinforcing bars, or caused by accidental events, which have damaged 
the optimal static operating regime, otherwise guaranteed by their condition as monolithic 
elements. 
 
3.2 Concluding remarks 
The Mushroom Field was the culmination of the constructional, architectural and 
typological research, but at the same time the starting point for the professional work that 
Dante Bini conducted by combining various ideas and bringing them to maturity by 
building thousands of units in various parts of the world. In the framework of research on 
double-curved structures with a thin shell, the contribution made by a new empirical and 
entrepreneurial approach outlines a decisive profile in the debate and redefines the role 
of the site among the significant testimonies. This construction site of abandoned 
prototypes tells the story of evolutionary research carried out with limited means and a 
lot of intuition, partially known by the local and scientific community, which recognizes 
only in part the measure of the innovation it possesses. Systematic comparison between 
the existing prototypes and the patents reveals that the experiments studied not much more 
than the definition of the construction process. This can be understood by looking at the 
main lines of the research that emerge: the trials and errors, the solutions excluded and 
unpatented, even though they were valid. The prototypes, unique in their kind for the type 
of solutions tested (and discarded), recount the stages of an idea and a process of 
investigation guided by principles of empiricism and constructive, economic and 
scientific rationality. In the process of formal and procedural definition, these research 
guidelines have found an echo on the international level, confirming their validity in both 
the academic field and the construction sector (Salvadori and Heller, 1994). 

Even the local community has lost all memory of the significance of this place, which 
represents the innovation and experimentation of the Binishell systems and Dante Bini’s 
research into the field of industrialisation of the construction process with pneumatic 
formwork. The Mushroom Field, to date, is in danger of being demolished. It is desirable 
to begin a process that will enhance the value of the site, the place where the patented 
construction system was brought to maturity through a process of trial and error. This is 
still visible today in what survives, and it is therefore worthy of attention for the sake of 
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its significance and exceptional character in relation to Dante Bini’s research into 
structures resistant by their form. To ensure its preservation, it is essential for it to be 
included in the censuses of architecture from the later twentieth century in Italy promoted 
by the Ministry of Culture. This has already been done during the first census campaign 
conducted by the Ministry starting from 2001 for two other complexes built with the 
Binishell system in Puglia by the architect Dante Bini between 1975 and 1980 
(http://architetturecontemporanee.beniculturali.it/architetture/): the Torre Cintola village 
in Monopoli and the Palazzetto dello Sport in Altamura (described as a work of 
excellence). Among the various steps that need to be taken, a declaration of cultural 
interest (as a listed building) appears essential to definitively avoid the danger of 
demolition. This has already been done for the Villa Antonioni at Trinità d’Agultu on the 
Costa Paradiso in Sassari, protected in 2015 by the Superintendency for Architectural, 
Landscape, Historical, Artistic and Ethnoanthropological Assets of the provinces of 
Sassari and Nuoro (Decree No. 46 of 2 September 2015).   

Highlighting the values and meanings of these structures is the first step to prevent 
their loss and demolition. Bringing the complexity and richness of this site to the attention 
of the local community and the bodies in charge of conservation is the first step to defining 
specific strategies for their preservation and reuse that should take into account the 
dynamics and interests of the local community. 
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Seismic and energetic historical buildings renovation by 
innovative Fiber-reinforced composite materials 

 
V. Alecci7, M. De Stefano8, S. Galassi9, A. M. Marra10 and D. Pugliese11 

 

ABSTRACT: The building heritage typically consists of buildings made in the absence of anti-seismic 
standards and thermal insulation requirements and many of these need a structural and energy enhancement. 
This paper aims at identifying one or more mortar mixtures in which a high-strength fiber is embedded in. 
Operating by an integrated approach, an innovative composite material is designed to reduce the seismic 
vulnerability of existing buildings, while complying with the requirements of sustainable conservation, 
reduction of emissions and energy saving. 
With the aim of sourcing the finest inorganic matrices in terms of good thermal insulation and mechanical 
properties, commercial thermal mortars with natural additives were adequately selected and analyzed. 
Thermal mortars were investigated using mechanical tests, such as three-point bending and axial 
compression tests; then, dynamic thermohygrometric simulations by WUFI ® Pro software were carried 
out to investigate the hygrothermal behaviour of the selected mortars. 
The composite specimen made of basalt fibre grid embedded into the mortar matrix with the better 
mechanical and thermal properties was tested under direct tension. 
Finite element analyses with Abaqus software were performed to estimate the mechanical contributions of 
the composite. 
 

INTRODUCTION 
A large part of the historical European building heritage consists of masonry buildings, 
which are often vulnerable to seismic actions and highly energy-intensive, as they were 
not designed according to seismic standards and thermal insulation requirements. In this 
scenario, it is crucial to adopt integrated intervention techniques to reduce structural 
vulnerability by upgrading the energy performance while respecting the principles of 
environmental sustainability.  
An efficient solution for the restoration of the historical masonry buildings is to adopt 
design strategies to increase structural safety and energy performance, operating through 
non-invasive interventions, respecting the architectural heritage, and evaluating the 
compatibility with the environment and the well-being of the users. 
Several methods exist in the current literature for the seismic vulnerability assessment 
(Karantoni, et al., 2014) and to improve the thermal performance of masonry buildings 
(Litti, et al., 2015), but operating in a disjoint way. 
Nowadays, only a few research projects are available on an integrated approach to 
improve the seismic and energetic behaviour of masonry buildings; some authors 
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(Mistretta, et al., 2019) propose a comparison between the seismic capacity and the 
thermal performance of different interventions on masonry buildings in terms of 
economic (€/m2) and ecological (kgCO2/m2) costs. 
Combining the structural improvement with interventions to reduce heat losses on the 
perimeter walls makes achieving reliable economic and sustainability advantages in terms 
of environmental protection using products that combine eco-sustainability and energy 
saving. 
This research aims to identify one or more innovative fibre-reinforced composite 
materials to be applied in the construction sector that can be used to consolidate the 
masonry building heritage through a multi-scale approach "from idea to realization" and 
to face the critical issues in buildings affected by conservative restoration measures.  
An eco-friendly solution, ideally in line with the energy efficiency principles indicated 
by the European Energy Performance Building Directive (European Commission, s.d.) 
can be the FRLM (Fiber Reinforced Lime Matrix) composite. This material can be 
obtained by coupling reinforcing fibres with an inorganic natural hydraulic lime-based 
matrix compatible with the wall support, which behaves well at high temperatures, costs 
less to install and can be removed entirely without damaging the substrate. 
The fibres used for the reinforcement can be plant-based, such as hemp fibres, jute fibres, 
or flax fibres (Ferrara, et al., 2019) or traditional fibres, such as carbon, glass steel, PBO 
or basalt fibres. The latter has excellent tensile strength and low specific weight and offers 
high performance at low cost, both economically and environmentally, because they are 
mineral in origin. Due to the inorganic nature of the matrix, which makes them preferable 
to FRP (Fiber Reinforced Polymer), FRLM composites can be considered a good solution 
for restoring existing masonry buildings (Cascardi, et al., 2018). 
An achievable inorganic matrix with low environmental impact can be the thermal plaster, 
which has exceptional performance in terms of mechanical and thermal characteristics. 
Thermo-plasters are mortars for masonry that show excellent insulating characteristics. It 
is essential to remember that the difference between a traditional plaster and a thermal 
plaster depends on its thermal conductivity value λ; according to the UNI standard  (UNI 
EN 998-1, 2016), thermal mortars must ensure a value of λ < 0,10 W/mK for category T1 
or less than 0,20 W/mK for category T2. Also, thermo-plasters are produced by replacing, 
partially or totally, the classic plaster with a light aggregates mixture which can be 
synthetic, natural, or partly recycled, to improve their performance.  
Starting from these premises, the first phase of the research concerned the selection of 
existing commercial thermal plasters present in literature and the international market. 
Following the analysis of the products selected, an extensive experimental campaign was 
carried out together with numerical simulations through a finite element model in order 
to characterize the mechanical properties of the composite. Simulations using WUFI®Pro 
software were also conducted to evaluate the thermohygrometric properties of the 
composite. 

 
ANALYSIS OF THE STRUCTURAL AND ENERGETIC PERFORMANCE OF THE 
FRLM MATRIX  
The first phase of the research concerned a selection of commercial thermo-plasters 
existing in the literature and the international market, according to the following 
parameters: composition, aggregate size, minimum and maximum thickness for 
application on masonry substrate, thermal conductivity, and recycled content. A more in-
deeply selection was performed according to the mechanical and thermal characteristics 
to improve the seismic and energy performance of the perimeter walls of existing masonry 
buildings. Then, a further examination was imposed regarding the sustainability problem; 
in particular, the choice was restricted to the matrices made with natural, environmentally 
friendly, and green building materials and those obtained from recycled and recyclable 
materials (Romano, et al., 2021). 
Table 1. lists the composition of the 11 selected thermal plasters based on the best thermal 
and mechanical performances represented by the relation between the thermal 
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conductivity λ [W/mK] and the compressive strength σ [N/mm2] declared by the products 
datasheet. 
The symbols next to the codes (INT.01- INT.11) indicate the type of compound, in 
particular: 
• ☘ indicates that the thermal plaster is made of natural materials; 
• ↺ indicates that the thermal plaster is made of recycled or recyclable materials; 
• ✓ indicates that the thermal plaster is characterized by σ ≥ 1,50 N/mm2 and λ ≤ 0,07        
   W/mK. 

 
Table 1. Composition of (INT.01- INT.11) matrices. 

Matrix Binder Aggregates 
Compressive 

strength 
[N/mm2] 

Thermal 
conductivity 

[W/mK] 

INT.01 ✓☘ Natural hydraulic lime 
NHL 3.5 Mixed > 1.50 0.077 

INT.02 
↺✓☘ 

Natural hydraulic lime 
NHL 3.5 Minerals 0.40 ÷ 2.50 0.075 

INT.03 ✓☘ Natural hydraulic lime 
NHL Vegetables 3.50 ÷ 7.50 0.050 

INT.04 ✓☘ Natural hydraulic lime Mixed ≥ 2.00 0.086 
INT.05 
↺✓☘ 

Natural hydraulic lime 
NHL 3.5 Vegetables 2,00 0,064 

INT.06 ✓☘ Natural hydraulic lime 
NHL 3.5 Mixed 2.00 0.048 

INT.07 
↺✓☘ Slaked lime Mixed 1.50 0.104 

INT.08 ✓☘ Natural hydraulic lime 
NHL 3.5 Minerals 0.40 ÷ 2.50 0.076 

INT.09 ✓☘ Natural hydraulic lime 
NHL Minerals 2,00 0,067 

INT.10 ✓☘ Natural hydraulic lime 
NHL Mixed 0.40 ÷ 2,50 0.137 

INT.11 ✓☘ Natural hydraulic lime 
NHL 5 Minerals 0.40 ÷ 2.50 0.057 

 
EVALUATION OF THE THERMOHYGROMETRIC PROPERTIES OF THE MORTAR 
MATRICES 
Thermodynamic simulations were performed using the WUFI ® Pro software, according 
to UNI EN standard (UNI EN 15026, 2008). Florence's climatic location was considered 
with a simulation time of ten years.  
The types of walls simulated and the relative thicknesses were chosen considering the 
frequency with which the building types are present in the existing building contest.  
The identified technical solutions are three, selected from the list provided by UNI/TR 
standard (UNI/TR11552, 2014), considering their diffusion in the Italian building 
heritage and the zone in which they occur most frequently: 
1. one-and-a-half brick masonry, with a thickness of 380 mm;  
2. stone masonry, with a thickness of 500 mm;  
3. sack masonry, with a thickness of 480 mm. 
The 11 matrices have been applied to each vertical closure both outside (60 mm thickness) 
and inside (40 mm thickness) the masonry wall, which will improve the inertia and 
thermal transmittance of the wall without overloading the structure. 
The thermophysical properties of the 11 matrices are reported in Table 2. (declared by 
the products datasheet). 
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Table 2. Thermo-physical properties of INT.01- INT.11 matrices. 

Matrix Bulk density 
[kg/m3] 

Porosity 
[m3/m3] 

Specific heat 
capacity 
[J/kgK] 

Vapour 
resistance 
factor [-] 

Thermal 
transmittance 

[W/m²K] 
INT.01 400.00 0.50 1000.00 5.00 0.517 
INT.02 380.00 0.50 1000.00 6.00 0.479 
INT.03 395.00 0.50 1000.00 5.00 0416 
INT.04 365.00 0.50 1000.00 14.00 0.552 
INT.05 400.00 0.50 1000.00 5.00 0.513 
INT.06 400.00 0.45 940.00 5.50 0.449 
INT.07 400.00 0.50 1000.00 6.50 0.224 
INT.08 390,00 0.50 1000.00 5.00 0.224 
INT.09 400.00 0.50 1000.00 9.00 0.813 
INT.10 420.00 0.50 1000.00 5.00 0.8 
INT.11 400.00 0.50 1000.00 6.00 0.339 

 
As regards the total water content inside the wall [kg/m3] and the water content inside the 
internal plaster layer [kg/m3], the products with the lowest annual average value are INT 
.01 and INT.06.  
INT.01 and INT.06 represent Florence's ideal configuration for all three wall types. 
Furthermore, the results obtained from the simulations carried out with INT.06 showed 
no water accumulation within any of the three construction types analyzed. 
 
EXPERIMENTAL CAMPAIGN PROGRAM 
Once the thermohygrometric analysis of the thermal plasters selected in the first phase of 
the research was performed, an extensive experimental campaign was carried out, which 
involved: 
• bending tests for three points and uniaxial compression tests of the selected matrices; 
• direct tensile test on basalt textile; 
• direct tensile test on the composite constituted by the structural reinforcing textile 

embedded in the better matrix from the structural and thermodynamic point of view. 
The experimental campaign was conducted at the Official Material and Structural Testing 
Laboratory of the University of Florence. 
 
Mechanical properties of the mortar matrices 
Three prismatic specimens of 160x40x40 mm3 in size for each thermo-plasters selected 
were produced using a standardized metal mould. After 28 days of casting, these were 
subjected to bending tests on three points (Figure 1. a). Subsequently, the two prisms 
produced by the rupture of each prism were subjected to uniaxial compression tests 
(Figure 1. b), both standardized by the Italian standard (UNI EN1015, 2019).  
The tests were conducted under displacement control using an Instron-Satec universal 
hydraulic machine with a 600 kN and continued until at least 80% of the maximum load 
was reached. 
Specifically, the experimental program included tests on three samples of each thermal 
plaster, which means 33 flexural tests on three points and 66 compression tests on the 
fragments obtained from the three-point flexural tests. 
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                                 a)                                                                                          (b) 

Figure 1. (a) bending tests on three points; and (b) uniaxial compression tests a 
matrix prism. 

 
Table 3. shows the results obtained from the bending tests for three points and uniaxial 
compression tests of the thermo-plasters tested in the laboratory regarding compressive 
strength σrc, compressive Young's modulus Ec, and flexural tensile strength σt. 
It can be noted that the thermal mortars INT.01, INT.05, and INT.06 showed the highest 
compressive strength, INT.01 the maximum flexural strength, and INT.10 the highest 
Young's modulus. 
From these latest observations, the best matrix from a thermal and mechanical point of 
view is INT.06, characterized by compressive strength equal to 2,86 N/mm2. 

 
Table 3. Mechanical properties of INT.01- INT.11 matrices (laboratory results). 

Matrix Compressive strength 
σrc [N/mm2] 

Compressive 
Young's modulus Ec 

[N/mm2] 
Flexural strength 

σt [N/mm2] 

INT.01 2.41 336.67 0.65 
INT.02 0.40 153.59 0.08 
INT.03 0.29 21.23 0.12 
INT.04 0.73 143.68 0.02 
INT.05 2.39 280.21 0.11 
INT.06 2.86 319.86 0.29 
INT.07 0.11 4.00 0.10 
INT.08 1.23 187.77 0.02 
INT.09 1.15 237.61 0.03 
INT.10 1.87 470.81 0.07 
INT.11 0.76 76.00 0.12 

 
Mechanical properties of the basalt textile  
The third phase of the experimental campaign concerned the estimation of the mechanical 
properties of the basalt textile. 
The basalt textile tested (Kerakoll Company) is a balanced bi-axial mesh 17x17 mm, with 
an equivalent thickness tf equal to 0.032 mm. The mesh is made of unique basalt fibre 
and stainless-steel micro-threads to guarantee stability and performance in both 
directions. Direct uniaxial tensile tests investigated the mechanical properties of the basalt 
textile, performed under controlled displacement by an Instron-SATECTM 5592-
315HVL, an universal testing machine equipped with a 600 kN load cell. 
The load was applied with a rate of 0.25 mm/min. The tests were carried out according to 
the ASTM D3039 Standard (ASTMD3039/D3039M17, 2017). Global displacements 
were acquired by an LVDT (Linear Variable Differential Transformer) displacement 
transducer integrated into the universal testing machine. Local displacements were 
acquired through 50 mm strain gauges applied to the half-span of the specimen. 
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Specifically, four basalt textile specimens consisting of one (1GS), two (2GS), three 
(3GS), and four (4GS) longitudinal multifilaments were prepared and tested.    
Regarding the mechanical properties of basalt textile, the average value of tensile strength 
ftf is equal to 865.00 N/mm2, Young's tensile modulus Etf is equal to 60487.00 N/mm2, and 
ultimate strain εtf is 0.017. 

 
Mechanical properties of the composite material  
Once the basalt textile had been tested, direct tensile tests were carried out on the 
composite consisting of the INT.06 reinforced. After curing for 28 days at room 
temperature, three samples labelled T-01, T-02, and T-03 500x65x10 mm3 in size were 
prepared and tested. Two steel plates bolted with a pressure controlled by a torque wrench 
were used. The tests were performed in displacement control, with a rate of 0.20 mm/min, 
using an Instron-Satec universal machine equipped with a 600.00 kN load cell. The local 
displacements were captured using a proper 50 mm strain gauge positioned in the middle 
of each specimen. Figure 2 shows that the tested specimens showed similar mechanical 
behaviour. Mainly, the formation of the first crack in the matrix occurred at a load equal 
to 350.00 N, and it caused a sudden reduction of the load-carrying capability; then, the 
loading branch highlighted a variation of its slope. A second crack occurred in the matrix 
when the load reached 650.00 N. When the peak load was reached, the failure of a 
multifilament of the basalt fabric occurred. 
 

Table 5. Mechanical properties of the composite material (laboratory results). 

 
 

Figure 2. Stress-strain curves of the three samples T-01- T-03. 
 

In terms of maximum load Fmax, tensile strength fr, Young's modulus E and maximum 
deformation εr, the results are reported in Table 5. 
 

Type Fmax [N] fr [N/mm2] Er [N/mm2] εtf 
T-01 721.01 346.64 15071.09 0.017 
T-02 844.93 406.22 16248.64 0.025 
T-03 772.23 371.31 19542.53 0.019 

Average value 779.39 374.72 16954.08 0.020 
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FINITE ELEMENT MODELLING OF NON-REINFORCED AND REINFORCED 
MASONRY WALL UNDER DIAGONAL COMPRESSION TESTS 
Numerical simulations were carried out using a FEM developed through Abaqus CAE 
software to model the behaviour of a non-reinforced (NRP) and a reinforced masonry 
panel (RP) subjected to diagonal compression tests. 
Three parts characterize the NRP model, i.e. a brick masonry panel of global dimension 
1200x1200x120 mm3 and two metallic plates fixed at the two corners of the diagonal 
coinciding with the load direction (Figure 3. a), to simulate the diagonal compression test 
carried out according to ASTM standard (ASTME519-07, 2010). The metallic plate 
distributes the load on a larger surface, avoiding the concentration of compression 
stresses; a constraint is at the base of the panel. Regarding the RP model, INT.06 were 
applied at each side (15 mm) of the masonry panel described (Figure 3. b).  
The C3D10 tetrahedral finite elements (10-node quadratic tetrahedron) with four 
integration points were used. A dense mesh was created where the boundary conditions 
are applied, increasingly sparse when moving away from these areas. 
The steel plates were modelled with a linear elastic isotropic material, characterized by 
Young's modulus equal to 210000 MPa and a Poisson ratio v= 0.30. 
A first analysis was carried out for the panel, denoted by L-NRP,  which is characterized 
by a linear elastic behaviour with Young modulus and Poisson ratio defined in order to 
match the results of the experimental shear tests.  
Once the linear elastic analysis had been carried out, the masonry panel was studied with 
a non-linear behaviour (NL-NRP model), using the "concrete damage plasticity" (CDP) 
model implemented in Abaqus CAE, adequately calibrated according to experimental 
tests conducted by the authors (Alecci, et al., 2013). 
 

 
 
 

 
 
 

 
 

 
 
 
 
 

(a)                                                                          (b) 
 

Figure 3. (a) mesh configuration of the NRP; and (b) of the RP model. 
 
The compressive behaviour of the masonry panel is composed of three parts: a first 
straight reaches the value of k‧fc,max, while a second part peaks at the compressive strain 
εc =0.0044, according to the following equation: 
                               σc= fc,max [αa ε/εc + (3-2αa)(ε/εc)²+ (αa-2)(ε/εc)³], for ε ≤ εc                            (1) 
where αa is the ratio between the initial and the secant elastic modulus. 
Finally, in the last part, the stress-strain curve is characterized by a softening branch, 
following the second expression reported: 
                                                σc= fc,max / αd ( ε/εc-1)²+ ε/εc, for ε >εc                             (2) 
     where αd is a coefficient equal to 2. 
Regarding the tensile behaviour, a tensile strength ft,max is related to the compressive 
strength fc,max through the following relation (Alecci, et al., 2020): 
                                                             ft,max= k‧(fc,max)2/3                                                                          (3) 
where k is a calibration factor. 
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The inelastic tensile strains is only present after the peak  (Santos, et al., 2017), defined 
through the following equation: 
                                                σt= ft,max (ε/εct)/ αt[(ε/εct-1)2,3 +ε/εct]                                (4) 
   where αt is equal to 0,312 x ft,max. 
Two independent variables regulate the stiffness degradation, dc and dt, representing the 
damage in uniaxial compression and tension. They are defined according to the following 
equations: 
                                                          dc = 1- (fc/fc,max)                                                    (5) 
                                                        dt= 1- (ft/ft,max)                                                      (6) 
Figure 4 compares the numerical and the experimental results of the NL-NRP in terms of 
load-displacement evaluated at the top of the tested brick masonry panel.  

 
Figure 4. Comparison of experimental and FEM results. 

 
By considering the presence of the composite on both sides of the wall, it can be observed 
that the stiffness is significantly increased, which clearly highlights the improvement 
provided by the composite on the stiffness of the wall. 
Finally, the increase of the resistance due to the application of the reinforcement is not 
reported since the analyses on the nonlinear FEM are in progress. 
CONCLUSIONS 
The restoration of the historical masonry building heritage is a highly topical issue. 
Several intervention strategies have recently been adopted to promote a sustainable 
redevelopment to improve historical buildings' mechanical and energy performance 
(Giresini, et al., 2020) by using green products with low environmental impact. 
This topic has stimulated the scientific community to find new techniques with innovative 
materials capable of increasing mechanical strength, improving thermal inertia, and 
reducing the transmittance of the existing building (Triantafillou, et al., 2017). 
In this context, the selection and the analysis of many thermal mortars represent a first 
step to finding a natural and sustainable product to be used as a matrix of new composite 
materials for seismic and energetic retrofitting.  
The results reported in this paper show that INT.01 and INT.06 mortars have good 
mechanical and energy performance. In particular, the INT.06 product represents the ideal 
matrix from both points of view.  
The next step of the research will involve the seismic retrofit of masonry panels 
strengthened with such a composite by FEM analysis while enlarging the list of thermal 
mortar mixtures evaluated as potential matrices of the FRLM composites. 
This study helps to increase the knowledge of innovative technological systems for 
reducing the energy consumption of historic buildings and improving their mechanical 
performance and seismic resistance. The research contributes to the dissemination of 
good energy and structural requalification practices, impacting the reduction of emissions 
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in the atmosphere, with a consequent environmental benefit for our society, as well as to 
the promotion of innovative technological solutions capable of improving the industrial 
leadership of the companies in the construction sectors. 
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Fatigue life assessment of railway concrete bridges  
A. Aloisio12, R. Alaggio13, B. Briseghella14 and M. Fragiacomo15 

 

ABSTRACT: Railway concrete bridges are prone to fatigue collapse, being subjected to multiple cyclic 
loads during their lifetime. This paper proposes a probabilistic procedure for assessing the fatigue life of 
concrete railway bridges. The procedure includes the uncertainties related to the concrete fatigue model 
and the concrete strength, by highlighting the relevant uncertainty of existing fatigue models. Therefore, it 
proposes an enhancement of the fatigue model proposed by the Fib Code 2010 to possibly reduce the 
modelling error. The paper uses the proposed probabilistic model to estimate the fragility curves in general 
cases by considering appropriate ranges for the train velocity, stress ratios and number of cycles per year. 
In a second step, the paper applies the procedure to the fragility estimate of a typical prestressed-concrete 
railway bridge.  

 

INTRODUCTION 
Fatigue represents a potential failure mechanism for structures under repetitive 

loadings, such as traffic loads (Suzuki, Ohtsu and Shigeishi, 2007; Code, 2012). Steel 
structures are particularly prone to fatigue. However, also concrete structures can suffer 
from fatigue cracking (Pimentel, 1997; Olsson and Pettersson, 2010; Wang et al., 2020). 
Nonetheless, compared to steel, fatigue phenomena in concrete are less predictable. 
Although several studies deal with fatigue in concrete, most technical codes do not 
provide specific recommendations for including concrete fatigue in design. Therefore, the 
effect of concrete fatigue is generally neglected in engineering practice. Fatigue 
phenomena in concrete demand a macroscopic approach. The complexity for treating and 
interpreting experimental results and the significant time-cost of fatigue tests fed 
elementary approaches based on S-N curves (Kwon and Frangopol, 2010), see Eurocode 
2 (Standard, 2004) and Model Code 2010 (Lohaus, Oneschkow and Wefer, 2012; 
Walraven and others, 2012). These design methods indicate the expected number of 
cycles to failure for specific maximum stresses. However, the S-N curve approach has 
several flaws. There is no well-acknowledged procedure for estimating the fatigue life of 
concrete structures. Many researchers agree on the need for a probabilistic approach to 
fatigue. In some studies, fatigue uncertainty is related to the randomness of the material 
properties (Bolotin, Babkin and Belousov, 1998; Luo and Bowen, 2003; Mankar et al., 
2019). Multiple probability density functions have been considered, such as the log-
normal or Birnbaum-Saunders (Owen and Padgett, 2000; McCool, 2004; Lio, Tsai and 
Wu, 2009; Raju et al., 2012). Recent papers highlight that fatigue results follow a Weibull 
distribution, with two or three parameters  (Mohammadi and Kaushik, 2005; Casas, 2009; 
Castillo and Fernández-Canteli, 2009; Aarthi, Arunachalam and Thivakar, 2016). In fact, 
Castillo and Fernández-Canteli (Castillo and Fernández-Canteli, 2009) proved that 
Weibull and Gumbel are the only distributions applicable to fatigue, based on the 
weakest-link hypothesis, compatibility conditions and asymptotic properties. Different 
fatigue models have been developed based on one of these distributions, by giving a 
physical meaning to the distribution parameters or relating them to some other empirical 
parameters, fitted through experimental tests (Castillo and Fernández-Canteli, 2001). To 
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the authors' knowledge, there is no research on the effect of fatigue model uncertainty on 
the fatigue life prediction of concrete railway bridges under repetitive loading. This paper 
introduces the concept of fatigue life, and proposes a probability-based method for its 
estimate based on the fragility curves due to fatigue. The reliability analysis includes all 
uncertainties related to concrete strength, fatigue model, expected load conditions, and 
predictive model of the bridge response. After a theoretical introduction, the procedure 
supports a discussion based on extensive parametric analyses. Then, the proposed method 
is applied to an ordinary railway concrete bridge. Estimating the fragility curves has 
required the development of predictive models of fatigue and bridge response. The 
expected stress level is estimated from a finite difference model of the bridge response, 
which models the Train-Track-Bridge Interaction (TTBI). 

 
THEORETICAL BACKGROUND 

Fatigue failure may occur if the load cycles exceed the predicted number of cycles to 
failure. Accordingly, the limit state function can be written as the difference between the 
predicted number of cycles to failure, representing the capacity, and the expected number 
of load cycles, expressing the demand.  
The limit state function can be formulated as: 
 

 𝑔"𝐫, 𝐩, 𝐬', 𝑛!, 𝚯* = 𝐶(𝐫, 𝐬', 𝚯) − 𝐷"𝐫, 𝐩, 𝐬', 𝑛!, 𝚯* (1) 
 
where 𝐶(𝐫, 𝐬', 𝚯) is the number of cycles to failure obtained from the probabilistic 

fatigue model, 𝐷+𝐫, 𝐩, 𝐬', 𝑛! , 𝚯. is the cumulated expected number of cycles at a given 
year obtained from the probabilistic demand model. In detail, 𝐫 collects the material 
properties of the bridge (e.g., concrete resistance), 𝐩 collects all information regarding 
the load excitation (train length, train weight, train velocity, number of trains per years, 
e.g.), 𝐬' indicates the reference stress ratio used to homogenize the number of load cycles 
of the capacity and demand models, 𝑛! is the number of years. The stress ratio is the ratio 
between the maximum or minimum stress and the material resistance. The limit state 
function can be used to compute the fragility of a given structure. Fragility functions 
define the conditional probability of meeting or exceeding a prescribed limit state for a 
given value of the demand measure. If the demand is expressed in terms of number of 
cyclic loads per year, the increasing number of years can be considered as a suitable 
intensity measure for fragility estimation. The events associated with a limit state function 
less or equal than zero defines the failure related to the considered phenomenon. 
Rigorously, following Eq.1 the fragility of a given structure can be written as: 

 
 𝐹"𝐫, 𝐩, 𝐬', 𝑛!, 𝚯* = 𝑃34𝑔(𝐫, 𝐩, 𝐬', 𝑛!, 𝚯) ≤ 07|𝑛!9 (2) 

 
Empirical fragilities are estimated using direct Monte Carlo simulations. The failure 
probability is obtained by dividing the number of simulations associated with the 
exceedance of the number of cycles to failure and the total number of simulations. 

The expected fatigue life in years (𝑛'!) can be obtained from the fragility curves: 
 

 Find	𝑛'! ∶ 	𝛽(𝐫, 𝐩, 𝐬', 𝑛!) = 𝛽A  (3) 
 
where 𝛽0  is the reference reliability threshold provided by the code.   In this paper, 𝛽0 =
2.3 is used to estimate the fatigue life of railway reinforced concrete bridges. The fatigue 
life cannot be considered the expected duration of a structure before it collapses. The 
occurrence of fatigue cracking does not lead to failure in structures with adequate steel 
reinforcement. Therefore, the fatigue life can be considered a time limit beyond which it 
is appropriate to verify the integrity of concrete through extensive tests and, in the case 
of cracks, adopt adequate safety measures to limit the consequences of the fatigue cracks 
(corrosion, e.g.). 
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PROBABILISTIC CAPACITY MODEL  
The limit state function expresses the comparison between the expected number of cycles 
to failure and the expected number of cyclic loads. Following (Gardoni, Der Kiureghian 
and Mosalam, 2002), the number of cycles to failure, i.e. the capacity, can be written as: 
 

 𝑇[𝐶(𝐫, 𝐬', 𝚯)] = 𝑇3𝐶A(𝐫, 𝐬')9 + 𝛾(𝐫, 𝐬', 𝜽) + 𝜎𝜀 (4) 
 
where 𝑇(⋅) is a variance stabilizing transformation, 𝐶(𝐫, 𝐬', 𝚯) is the total number of cycles 
to failure, while 𝚯 = {𝜽, 𝜎} are unknown model parameters. On the right side of Eq.(4), 
𝐶0(𝐫, 𝐬') is the capacity according to a deterministic fatigue model, 𝛾(𝐫, 𝐬', 𝜽) is a correction 
term based on evidences from the experimental data. The product 𝜎𝜀 is the model error, 
with model standard deviation 𝜎 and normally distributed random variable 𝜀. The model 
is based on three assumptions: additivity (i.e., the additivity of 𝜎𝜀); homoskedasticity 
(i.e., the independence of 𝜎 from 𝐫 and 𝐬'); normality (i.e., the normality of 𝜀). Through a 
suitable choice of 𝑇(⋅), such assumptions can be approximately satisfied in the 
transformed space, within the range of the data used to calibrate the model. Following the 
traditional approach of fatigue model, the logarithm to base ten is chosen as variance 
stabilizing transformation. The correction term 𝛾(𝐫, 𝜽) is selected as a linear combination 
of 𝑛 dimensionless explanatory functions ℎ"(𝐫) and reads:  
 

 𝛾(𝐫, 𝐬', 𝜽) = 𝜽" ⋅ 𝐡(𝐫, 𝐬') (5) 
 
The considered set of explanatory functions 𝐫(𝐫) = {ℎ#(𝐫), . . , ℎ$(𝐫)} is obtained by 
combining the three variables affecting 𝐶0(𝐫): 𝑆%,'(), 𝑆%,'*+, collected in 𝐬', and 𝑓%, in 𝐫. 
The three variables are multiplied and raised to the i-th, j-th and z-th power respectively. 
The explanatory functions are generated by taking all possible combinations between i, j, 
and z, where {𝑖, 𝑗, 𝑧} ∈ ℕ and 0 ≤ {𝑖, 𝑗, 𝑧} ≤ 𝑛'() with 𝑛'() the maximum model order. 
All combinations {𝑖, 𝑗, 𝑧} are collected in a set 𝑆. The generic combination from the set 𝑆 
is a subset of three (𝑘 = 3) distinct elements of 𝑆. Therefore, the cardinality of 𝑆 is equal 
to the binomial coefficient.  
 

 ℎ(𝐫)#$% = 𝑆&,()*# 𝑆&,(+,
$ 𝑓&-% 	|	card(𝑆) = R𝑛()*3 T (6) 

 
The parameters collected into 𝚯 are calibrated using the Bayesian approach (Box and 
Tiao, 1992). This method combines the prior knowledge on the parameters, which is 
contained in the prior distribution of 𝚯, 𝑓′(𝚯), with the information provided by the data, 
which is contained in the likelihood function, ℒ(𝚯). The posterior distribution of the 
parameters 𝑓′′(𝚯) is defined as follows:  
 

 𝑓′′(𝚯) = 𝑘ℒ(𝚯)𝑓′(𝚯), (7) 
 
and it is obtained by dividing the product ℒ(𝚯)𝑓′(𝚯) by the evidence k, which is the 
following normalizing constant:  
 

 
𝑘./ = XY

0𝚯
ℒ(𝚯)𝑓′(𝚯)d𝚯Z, 

(8) 

 
 where Ω𝚯 is the parameters space. The posterior distributions 𝑓′′(𝚯) obtained after the 
calibration can be used to find a point estimate for the model by ignoring the epistemic 
uncertainties in the model parameters. An alternative approach is used in the present 
study, which also accounts for the epistemic uncertainties in the model parameters. This 
alternative approach assumes 𝚯 as random variables and find a predictive estimate of 
𝐶(𝐫, 𝐬', 𝚯) in agreement with (Gardoni, Der Kiureghian and Mosalam, 2002) as follows:  
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 𝐶[(𝐫, 𝐬') = Y
0𝚯

𝐶(𝐫, 𝐬'; 𝚯)𝑓′′(𝚯)d𝚯 (9) 

Since an analytical solution for Eq.(9) is often missing, it is opportune to find a numerical 
approximation of the distribution of 𝐶K(𝐫, 𝐬') by sampling from 𝑓′′(𝚯) and finding the 
corresponding realizations of 𝐶(𝐫, 𝐬'; 𝚯). Non-informative priors are chosen in the form 
of Gaussian distribution with zero means and large variance for all the parameters. 

In order to facilitate the use of the model and its possible implementation into technical 
standards, it should be parsimonious (i.e., with a correction term constructed by means of 
a limited number of explanatory functions 𝑛) and as accurate as possible (i.e., with a small 
value of standard deviation 𝜎). However, a reduction of 𝑛 usually entails a higher value 
of 𝜎. Therefore, the model has been reduced by following a step-wise deletion of the 
parameters. The step-wise deletion process allows finding a trade-off between parsimony 
and accuracy (Stone, 1996). The stepwise deletion process used in this paper starts with 
a model that includes all the candidate explanatory functions, and at each step removes 
the explanatory function with the highest coefficient of variation (COV) of the 
corresponding 𝜃", as proposed in (Gardoni, Der Kiureghian and Mosalam, 2002). Once 
an explanatory function is removed, the model is re-calibrated and the deletion process 
repeated. The deletion process ends when either 𝜎 grows beyond an undesirable 
threshold, or the increment of 𝜎 is too large compared to the reduction of the model 
complexity. 

The model calibration with all terms leads to a 𝜎 equal to 0.76 until the 23rd step. At 
this step, the model error has a significant increment until stabilizing at 0.78. The further 
reduction of the model error leads to a standard deviation close to 0.9-1, observed in the 
linear model. Therefore, the authors chose the 34th step for model truncation for two 
reasons. Further steps lead to a significant increment of the model error, which would 
become close to the one like in the first-order model, thus impairing the advantages of the 
more advanced formulation. Secondarily, the 34th step is not associated with overfitting, 
as proved by the good agreement between the fitting of the calibration set and the data 
set. Therefore, the selected model possesses 20 explanatory function, which are not 
reported in this paper for brevity. The discussion of the model performance is carried out 
by comparing it with the predictions of a first-order one, shown in Eq.10, and a 
modification of the deterministic model in Eq.11 to eliminate the bias in the estimates. 

  log[𝐶(𝐫, 𝐬', 𝚯)] = 𝜃111 + 𝜃/11ℎ/11 + 𝜃1/1ℎ1/1 + 𝜃11/ℎ11/ + 𝜎𝜀 (10) 
 log[𝐶(𝐫, 𝐬', 𝚯)] = log3𝐶A(𝐫, 𝐬', 𝚯)9 + 𝜃111 + 𝜎𝜀 (11) 

Table  1 Comparison between predictive models, where σ is the standard deviation. 
 

Models 𝜎 R	! adj-R	! 
First-order Model 1.230 0.409 0.401 

Fib Model 1.580 0.023 0.018 
Proposed model 0.781 0.818 0.788 

 
Tab.1 compares the performances of the first-order model in Eq.10, the unbiased Fib 
Model in Eq.11 and the proposed one, see Fig.1. The standard deviation of the model 
error reduces from the Fib Model to the first-order and the proposed one, being nearly 
1.5, 1.2 and 0.8, respectively. As highlighted by (Ortega et al., 2018), concrete fatigue 
evidence a highly scattered response. Therefore, it is not possible to further reduce the 
modelling error due to the significant fraction of 𝜎 related to the dataset, which is 
irreducible. The ranking between the three models in terms of 	R. and adj-	R. is more 
evident. The first-order model has an R. close to 0.4. On the other hand, the 𝑅	. of the 
Fib-model is extremely low, nearly about 0.023. Conversely, the proposed model has a 
satisfactory 𝑅	., approximately equal to 0.8.  
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Figure  1: Predicted versus measured number of cycles to failure for the Fib model, the 
first-order and the proposed ones. 
PROBABILISTIC DEMAND MODEL  
The demand model gives the expected number of cycles cumulated at a given year 𝑛!. 
By assuming a probabilistic model of the number of load cycles per year, the demand 
model can be written as:  

 𝐷"𝐫, 𝐩, 𝐬', 𝑛!, 𝚯* = 𝑛!3𝐷!(𝐫, 𝐩, 𝐬', 𝚯)9 (12) 
The expected number of load cycles per year (𝐷!(𝐫, 𝐩, 𝐬', 𝚯)) cannot be directly obtained 
from the database collecting the details of the train traffic of the past years. The traffic 
load includes a wide range of train loads, typologies and velocities. Therefore, the load 
cycles caused by the traffic load vary in amplitude and, accordingly, stress level. 
However, according to existing fatigue models, the number of cycles to failure always 
refers to a given stress level, generally expressed as the ratio between the maximum stress 
to the material resistance. As highlighted in the description of Eq.1, the number of cycles 
for capacity and demand are homogenized to a given stress level, defined by vector 𝐬', 
collecting the maximum and minimum stress ratios.  

The expected number of homogenized cycles per year can be estimated as follows:  
 

𝐷!(𝐫, 𝐩, 𝐬', 𝚯) =a
2"

#3/

𝑙#
2𝑛4,#

⋅ ℋ(𝐫, 𝐬# , 𝐬', 𝚯) 
(13) 

where 𝑖 indicates the i-th train, 𝑛/ the total number of trains per year, 𝑙" the length of 
the i-th train, 𝑛0," the number of vehicles of the i-th train, while ℋ"(𝐫, 𝐬', 𝐬" , 𝚯) is an 
homogenization factor. 

The homogenization factor can be expressed in terms of the capacity model. In fact, 
the number of load cycles can be homogenized to their effect on fatigue given the stress 
level associated with the cycle. The ℋ"(𝐫, 𝐬" , 𝐬', 𝚯) factor can be written as:  

 
 

ℋ#(𝐫, 𝐬𝐢, 𝐬', 𝚯) =
𝐶(𝐫, 𝐬# , 𝚯)
𝐶(𝐫, 𝐬', 𝚯)  

(14) 

 
 where 𝐬" is the stress ratio associated to the i-th train, while 𝐬'" is the reference stress 

ratio. 
 
 

BRIDGE MODEL  
The stress level vector of the i-th train collects the maximum and minimum stress ratios 

reached during the load cycles:  
 𝐬# = {𝑆&,()*.# , 𝑆&,(+,,#} (15) 
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 𝑆&,()*,# =
𝜎&,()*, 𝑖
𝑓&

 (16) 

 							𝑆&,(+,,# =
𝜎&,(+,, 𝑖
𝑓&

 (17) 

where 𝑓% is the concrete resistance, 𝜎%,'(), and 𝜎%,'*+ are the maximum and minimum 
stresses during the load cycles corresponding to the i-th train transit. The concrete 
resistance is considered as a random variable:  

 
 𝑓& = 𝑓&7 + 𝜎&𝜀 (18) 

 
where 𝑓%1 is the mean concrete strength referred to the concrete resistance class of the 

bridge, while the product 𝜎%𝜀 expresses the resistance scatter, with standard deviation 𝜎% 
and normally distributed random variable 𝜀. For the sake of simplicity, a constant value 
for 𝜎% is adopted. Specifically, based on the extensive investigation by Shimizu et al. 
(Shimizu, Hirosawa and Zhou, 2000), the adopted coefficient of variation for 𝑓%1 is equal 
to 0.20. The maximum and minimum stresses are obtained from a Train-Track-Bridge 
Interaction (TTBI) model, as follows:  

 
 𝝈&,()*,# =ℳ(𝒑#) (19) 

 
where ℳ is the TTBI model, and 𝒑", following the notation in Eq.1, collects the 

information of the i-th train.The bridge model (ℳ) is obtained from the separate 
modelling of the bridge and the track illustrated in Fig.2. The displacement response of 
the bridge under a train transit is used to calibrate the parameters of the FD model, see 
Fig.3. 

 

 
Figure  2: Illustration of the bridge model Comparison between the experimental and 
simulated displacement response obtained with the optimized parameters. 
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Figure  3: Illustration of the bridge model Comparison between the experimental and 
simulated displacement response obtained with the optimized parameters. 
 

   The comparison is very satisfactory. The displacement peaks are almost 
corresponding. Additionally, the oscillations damp after each train load, as observed in 
the experimental data. Therefore, the calibrated FD model can be reliably used to predict 
the stress level inside the bridge. 

 
CASE STUDY 

The authors estimate the fragility curves and the fatigue life for a short-span 
prestressed concrete railway bridge. The bridge in Fig.4 is in the Orte-Falconara railway 
line, in the municipality of Trevi (Italy). The viaduct consists of 46 spans of about 20 m 
lengths. Each span consists of 8 pre-tensioned beams equipped with four crosspieces with 
rectangular cross-sections. 

  

 
(a) (b) 

Figure  4: (a)View of the viaduct and (b) cross-section of a sample span. 
    

There is a 20 cm thick reinforced concrete slab with 1.40 cantilevered elements, which 
support the side walkways to the railway line and the parapets. The total width of the deck 
is about 12.40 m and bears two running tracks. Tab.6 lists the geometrical characteristics 
of the bridge cross-section. The demand model in Eq.13 is estimated from the 2017-2021 
database collecting the information of the trains that crossed the considered bridge. Fig.5 
shows the histogram plots of the most relevant information referred to 2017 in terms of 
train weight, length, number of vehicles and velocity. The values cannot be approximated 
by continuous probability density functions, as proven by attempting a fitting of the 
weight, length and vehicles using a Weibull probability distribution. Most of the trains 
have a 200 ton weight with a 400m length, 9 vehicles and a 200km/h velocity. The train 
traffic for the considered bridge does not significantly change between 2017 and 2021. 
Therefore, the database for 2017 has been chosen for estimating the demand model in 
Eq.13. 

 
FATIGUE LIFE ASSESSMENT 

Fig.5 shows the fragility curves for the considered bridge in Fig.4. It plots the 
estimated failure probabilities (left y-axis) and the reliability indexes (right y-axis) as a 
function of the number of years, chosen as intensity measure. The two figures have been 
obtained by varying the standard deviation of the fatigue model, set equal to 0.78 and 1.5 
following the above calculations. The reference stress levels used for normalization are 
𝒔 = {𝑆%,123 , 𝑆%,1"$} = {0.01, 0.18} Therefore, the parameters assumed constant in the 
calculations are the concrete compression strength 𝑓%,=45, and the standard deviation of 
the fatigue model (𝜎 = 0.78). These values are also reported in the title of each figure to 
facilitate the reader. Fig.6 shows the mean of the fragility and reliability curves and a 
selection of curves obtained from the direct Monte Carlo simulations. 
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 Figure  5: Fragility curves (left y-axis) and reliability indexes (right y-axis) for 

railway concrete bridges with variable stress level and train traffic by assuming fck=45, 
Sc,min=0.01, c=100km/h, nv=10. The standard deviation of the fatigue model (σ) is 
assumed equal to 0.78. 

 
Table  2: Estimated fatigue life in years (𝑛'!) and associated standard deviation (𝜎!) 

for the considered case study bridge by assuming two values for the standard deviation 
of the fatigue model. 

  
 𝜎   𝑛%"   𝜎"  

 0.78   10   2  
1.5   1   <1  

 
Tab.2 lists the estimated fatigue life by assuming the two standard deviations. 

According to the proposed model, the fatigue life equals ten years with a two-year 
standard deviation. Conversely, the fatigue life obtained with σ = 1.5 is equal to 1 year. 
The above results highlight the following aspect. If the stress level (S4,'()) exceeds the 
asymptote 0.1, the fatigue life is far below the nominal life of a railway concrete bridge. 
This is also valid if the proposed fatigue model with a lower standard deviation is used. 
Therefore, the evaluation of the stress level inside a concrete bridge should be as accurate 
as possible, since the fatigue life is extremely sensitive to the stress level.  

 
CONCLUSIONS 

This paper proposes a general probabilistic framework for estimating the fatigue life 
of concrete railway bridges. The fatigue life is obtained from the empirical estimates of 
the fragility curves following a direct Montecarlo approach and a homogenization 
strategy based on S-N curves. The fragility curves plot the failure probability as a function 
of the number of years, chosen as intensity measure for the fragility estimate. Failure is 
reached when the number of cycles obtained from the demand model at a given year 
exceeds the number of cycles to failure obtained from a probabilistic fatigue model. The 
paper highlights the limits of available fatigue models, which are deterministic and 
affected by a high modelling error when fitting experimental data. Following [70], the 
authors used a database of fatigue tests on normal strength concrete samples to calibrate 
a novel probabilistic capacity model. The proposed model, calibrated following a 
Bayesian approach, exhibits a good fitting of the experimental data with R	. 
approximately equal to 0.8. However, it is impossible to reduce the standard deviation 
below 0.8 without overfitting issues. The fatigue model is obtained by correcting the Fib 
Model 2010 with 30 regressors, selected following a model deletion process based on the 
coefficient of variation values (Gardoni, Der Kiureghian and Mosalam, 2002). The 
demand model used for predicting the number of load cycles per year is obtained from a 
homogenization approach by aligning the number of cycles to the stress level using the 
probabilistic fatigue model. The stress level inside the structure is estimated from an 
analytical train-track-bridge interaction model, calibrated on experimental data. 
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The significant uncertainty of the fatigue response significantly reduces the expected 
fatigue life. If the stress level (𝑆%,123) exceeds the asymptote 0.1, the fatigue life is far 
below the expected lifetime of a concrete railway bridge. This result is also valid if the 
proposed fatigue model with a lower standard deviation is used. The train traffic reduces 
the structural reliability. However, the effect of the stress level is enormously more 
significant than that of the train traffic, in the considered ranges of variation. Therefore, 
the evaluation of the stress level inside a concrete bridge should be as accurate as possible 
since the fatigue life is extremely sensitive to the stress level. 

 
REFERENCES 

Aarthi, K., Arunachalam, K. and Thivakar, S. (2016) ‘A probabilistic fatigue failure analysis for 
FRSCC with Granite sawing waste’, Computers and Concrete, 18(5), pp. 969–982. 
Bolotin, V. V, Babkin, A. A. and Belousov, I. L. (1998) ‘Probabilistic model of early fatigue 
crack growth’, Probabilistic engineering mechanics, 13(3), pp. 227–232. 
Box, G. E. P. and Tiao, G. C. (1992) Bayesian Inference in Statistical Analysis. John Wiley \& 
Sons, Ltd. 
Casas, J. R. (2009) ‘A probabilistic fatigue strength model for brick masonry under 
compression’, Construction and Building Materials, 23(8), pp. 2964–2972. 
Castillo, E. and Fernández-Canteli, A. (2001) ‘A general regression model for lifetime 
evaluation and prediction’, International Journal of Fracture, 107(2), pp. 117–137. 
Castillo, E. and Fernández-Canteli, A. (2009) A unified statistical methodology for modeling 
fatigue damage. Springer Science \& Business Media. 
Code, F. M. (2012) ‘International Federation for Structural Concrete (fib): Lausanne’. 
Switzerland. 
Gardoni, P., Der Kiureghian, A. and Mosalam, K. M. (2002) ‘Probabilistic capacity models and 
fragility estimates for reinforced concrete columns based on experimental observations’, 
Journal of Engineering Mechanics, 128(10), pp. 1024–1038. 
Kwon, K. and Frangopol, D. M. (2010) ‘Bridge fatigue reliability assessment using probability 
density functions of equivalent stress range based on field monitoring data’, International 
journal of fatigue, 32(8), pp. 1221–1232. 
Lio, Y. L., Tsai, T.-R. and Wu, S.-J. (2009) ‘Acceptance sampling plans from truncated life 
tests based on the Birnbaum--Saunders distribution for percentiles’, Communications in 
Statistics-Simulation and Computation, 39(1), pp. 119–136. 
Lohaus, L., Oneschkow, N. and Wefer, M. (2012) ‘Design model for the fatigue behaviour of 
normal-strength, high-strength and ultra-high-strength concrete’, Structural Concrete, 13(3), pp. 
182–192. 
Luo, J. and Bowen, P. (2003) ‘A probabilistic methodology for fatigue life prediction’, Acta 
materialia, 51(12), pp. 3537–3550. 
Mankar, A. et al. (2019) ‘Probabilistic reliability framework for assessment of concrete fatigue 
of existing RC bridge deck slabs using data from monitoring’, Engineering Structures, 201, p. 
109788. 
McCool, J. I. (2004) ‘Statistical error in crack growth parameters deduced from dynamic fatigue 
tests’, International journal of fatigue, 26(11), pp. 1207–1215. 
Mohammadi, Y. and Kaushik, S. K. (2005) ‘Flexural fatigue-life distributions of plain and 
fibrous concrete at various stress levels’, Journal Of Materials in civil engineering, 17(6), pp. 
650–658. 
Olsson, K. and Pettersson, J. (2010) ‘Fatigue Assessment Methods for Reinforced Concrete 
Bridges in Eurocode. Comparative study of design methods for railway bridges’. 



The New Boundaries of Structural Concrete 
 

 40 

Ortega, J. J. et al. (2018) ‘Number of tests and corresponding error in concrete fatigue’, 
International journal of fatigue, 116, pp. 210–219. 
Owen, W. J. and Padgett, W. J. (2000) ‘A Birnbaum-Saunders accelerated life model’, IEEE 
Transactions on Reliability, 49(2), pp. 224–229. 
Pimentel, R. L. (1997) ‘Vibrational performance of pedestrian bridges due to human-induced 
loads’, Ph.D. Thesis, Univeristy of Sheffield, Sheffield, UK. 
Raju, P. R. M. et al. (2012) ‘Evaluation of stress life of aluminum alloy using reliability based 
approach’, International Journal of Precision Engineering and Manufacturing, 13(3), pp. 395–
400. 
Shimizu, Y., Hirosawa, M. and Zhou, J. (2000) ‘Statistical analysis of concrete strength in 
existing reinforced concrete buildings in Japan’, in 12th World Conference on Earthquake 
Engineering, Auckland, New Zealand. 
Standard, B. (2004) ‘Eurocode 2: Design of concrete structures—’, Part 1, 1, p. 230. 
Stone, C. J. (1996) A course in probability and statistics. Belmont: Duxbury Press. 
Suzuki, T., Ohtsu, M. and Shigeishi, M. (2007) ‘Relative damage evaluation of concrete in a 
road bridge by AE rate-process analysis’, Materials and Structures, 40(2), pp. 221–227. 
Walraven, J. C. and others (2012) Model Code 2010-Final draft: Volume 1. fib Fédération 
internationale du béton. 
Wang, C. et al. (2020) ‘Fatigue assessment of a reinforced concrete railway bridge based on a 
coupled dynamic system’, Structure and Infrastructure Engineering, 16(6), pp. 861–879. 



The New Boundaries of Structural Concrete 
 

 41 

Bond-Slip Law for SRP-Concrete Interface 
F. Ascione16, M. Lamberti17, A. Napoli18 and R. Realfonzo19 

 

ABSTRACT: An analytical procedure recently proposed by the authors is applied for an indirect 
identification (also called “back analysis”) of the local bond-slip model describing the interfacial behaviour 
between concrete and Steel Reinforced Polymer (SRP) strips. To this purpose, results from a wide 
experimental investigation performed at University of Salerno have been considered, which included 130 
direct single-lap shear (DSLS) tests performed on SRP strips bonded to concrete. The key parameters 
characterizing - case by case - the bond-slip laws to implement in the analytical procedure were calibrated 
by best-fitting the experimental load-slip curves available from DSLS tests. The interface models identified 
through back analysis by varying the compressive strength and the surface finish of concrete were, then, 
compared with those previously found by the authors via “direct method”, i.e., by using the experimental 
measures of SRP strains available from the DSLS tests. 

INTRODUCTION and background of the study 
Steel Reinforced Polymers (SRPs) represent a new generation of composite materials 
very promising for the external strengthening and repairing of reinforced concrete (RC) 
and masonry structures. These composites entail the use of of High Tensile Strength Steel 
(HTSS) micro wires which are twisted into small diameter cords or strands that are 
uniaxially embedded into an epoxy matrix. Based on the cord spacing, the construction 
market offers the possibility of spanning among different steel tape densities (r), i.e.: low 
(L, r = 0.157 cords/mm), low-medium (LM, r = 0.314 cords/mm), medium (M, r = 0.472 
cords/mm) and high (H = 0.709 cords/mm). 

By focusing on the SRP application to concrete members, an overview of the 
experimental research performed over the years can be found in De Santis et al. (2016) 
and in a more recently published state of the art by Krzywoń (2020). Among the several 
aspects dealt with in these papers, the SRP-concrete interface bond is widely debated 
since it is often responsible of a premature failure of strengthening system; however, the 
researchers highlight that the topic needs further investigation as the information today 
available is sometimes controversial and the experimental test results rather scattered. 

With the aim to contribute on this topic, a wide experimental investigation was 
performed at the University of Salerno (Italy), consisting of 130 direct single-lap shear 
(DSLS) tests on SRP-concrete joints with different concrete surface finishes, i.e.: 
sandblasted (SB), bush hammered (BH) and grinded (GR). In these tests, the concrete 
blocks had 200×150 mm2 cross‐section and 400 mm length; they were manufactured from 
different concrete batches to have average values of the cylindrical compressive strength, 
fcm, at 28 days spanning between about 13 and 45 MPa. Among the 130 tests, 29, 48 and 
53 were carried out on concrete blocks with SB, GR and BH surface finish, respectively. 

Within each type of concrete surface finish, test samples were divided in two main 
subgroups termed “low strength concrete” (LSC), with fcm in the range 13-26 MPa, and 
“high strength concrete” (HSC), with fcm values ranging between 40 and 45 MPa. Only in 
SB group the samples were made with the same batch, characterized by fcm = 13 MPa. 

For each fcm value, specimens were grouped in smaller test sets depending on the layout 
of the SRP strip, in particular:  
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18 Assistant professor, Department of Civil Engineering, University of Salerno, annapoli@unisa.it 
19 Full professor, Department of Civil Engineering, University of Salerno, rrealfonzo@unisa.it 
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- the steel tape density (L, LM, M, H); 
- the length of the bonded strip, lb. (ranging between 100 and 350 mm); 
- the width of the bonded strip bf (bf = 100 mm, except for some SB specimens for 

which bf = 20 and 40 mm were also investigated).  
The main mechanical properties of the dry steel fabric investigated in the experimental 

program can be found in a previous paper (Ascione et al. 2022). They include: the mass 
density (γ); the equivalent design thickness (tf); the tensile strength (ff,u), the Young’s 
modulus (Ef), and the ultimate strain (εf,u). Information about the polymeric matrix can be 
found in technical sheets provided by the manufacturer (Kerakoll 2021). 

The results of these tests, well detailed in previous papers (Ascione et al., 2019 
Ascione et al., 2020), were used to develop a simplified analytical procedure simulating 
the DSLS tests in which closed‐form solutions can be obtained to predict the entire 
debonding propagation process. This procedure, widely described in Ascione et al. 
(2021), requires the implementation of a proper local shear stress‐slip (τ‐s) law from 
which specific expressions for the interfacial shear stress distribution, the axial stress 
profile and the concrete‐SRP relative displacement (slip) function can be derived; 
analytical estimates of the SRP effective bonded length can be obtained as well as 
relationships for calculating the maximum axial stress (or peak force) at SRP debonding. 

Another interesting application of the proposed modelling, which is the scope of this 
paper, consists of indirectly identifying the relevant parameters of the local bond‐slip 
interface law through the so‐called “back‐analysis”; it is based on finding the interface 
law that yields the numerical load-slip (F-s) global response which fits the corresponding 
experimental curve best. This procedure, recently described in Ascione et al (2022) and 
applied to identify a (τ‐s) law suitable for concrete substrates with SB finish, is used again 
in this paper and extended to the other two concrete treatments investigated (BH and GR) 
in the experimental program. Therefore, the resulting bond-stress models are compared 
to each other and with the (τ‐s) laws previously obtained by using the experimental 
measures of SRP axial strains recorded during the tests (Ascione et al., 2020). The 
obtained results highlight a good experimental-numerical agreement in terms of F-s 
curves especially when using the interface models calibrated by back analysis. Of course, 
further research is undergoing to better investigate the SRP-concrete interface modeling.  
IDENTIFICATION OF THE BOND-SLIP MODEL 

Analytical Procedure 
In a recent study, Ascione et al. (2021) presented a simple mechanical model describing 
the problem of the SRP-concrete debonding, which is governed by the following second 
order differential equation in the interfacial slip s(x): 

𝐸8	𝑡8 	
𝑑9𝑠(𝑥)
𝑑𝑥9 = 𝜏[𝑠(𝑥)] (1) 

By adopting an appropriate constitutive law t(s) integrable in closed form, from Eq. 
(1) it is possible to find the unknown function s(x) which describes the trend of the slip, 
s, along the steel tape. Then, once s(x) has been determined, the normal and shear stress 
distribution along the fiber -s(x) and t(x) can be derived by using simple mathematical 
relationships. For more details about the analytical procedure, reference to the paper by 
Ascione et al. (2021) can be made, in which the solution to Eq. (1) is provided by 
considering three constitutive bond-slip, t(s) laws, each defined by a specific number of 
characterizing parameters. 

Conversely, another interesting application of the proposed modeling consists of 
indirectly identifying the relevant parameters of the local bond-slip interface law through 
the so-called “back-analysis” which makes use of experimental axial load-loaded end slip 
curves (F-s) or, equivalently, of normal stress-loaded end slip curves (s-s), where s is 
obtained by dividing the axial load F by the cross-section area of the steel tape (Af =tf×bf). 
Therefore, based on the experimental curves available from the performed DSLS tests, 
the identification process can be obtained by minimizing the scatter between the 
experimental and theoretical results by varying the parameters upon which the 
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constitutive bond-slip law is dependent.  
By focusing on the bilinear 3-parameter (tm, sm, su) model shown in Figure 1a, the 

application of this procedure requires the analytical derivation of the axial stress-slip law 
s(s) as detailed in Ascione et al. (2022) and summarized here; in order to by-pass the 
dependence on the substrate’s concrete strength, the peak shear stress tm can be replaced 
by 𝜏7̅ = 𝜏7/s𝑓&7 as generally done in bond modelling problems (Lu et al., 2005). 

Summarizing, the procedure starts from a tentative triad of values for the parameters 
{�̅�7	; 𝑠7; 𝑠;}	<	,	and, for each experimental value of the slip si measured at the loaded end of 
the strip at the i-th step of loading – provided that si is lower than the tentative value 𝑠;< – 
the corresponding theoretical value of the shear stress 𝜏=>(𝑠 = 𝑠#) is calculated based on 
the expressions in Figure 1a, specified for the cases of 𝑠# ≤ 𝑠7 and 𝑠7 < 𝑠# ≤ 𝑠;.  

Hence, the function 𝜎=>(𝑠) can be derived through an energy-based formulation 
(Cosenza et al. 1997, Pecce et al. 2001) between the area underneath the (t-s) curve and 
the area underneath the (s-e) curve (assumed linear elastic) multiplied by the thickness 
of the steel tape tf, i.e.: 

𝑠 ≤ 𝑠7 

𝜎=>(𝑠) = v
𝐸8
𝑡8
𝜏7
𝑠7
𝑠 

𝑠7 < 𝑠 ≤ 𝑠; 

𝜎=>(𝑠) = v
𝐸8
𝑡8
𝜏7 w𝑠7 + (𝑠 − 𝑠7) x1 +

𝑝
𝑠7
(𝑠; − 𝑠){| 

(2) 

By plugging 𝑠 = 𝑠# in Eq. (2), the current value of the theoretical axial stress s(𝑠#)=>, 
corresponding to the experimental one s(𝑠#)?@A,can be estimated. 

Therefore, the optimal set of values for the parameters {𝜏7̅	; 𝑠7; 𝑠;} is obtained by 
minimizing the Root Mean Square Error (RMSE), calculated as: 

𝑅𝑀𝑆𝐸 = 𝑚𝑖𝑛v
∑ ∑ 𝐸##3/,-23/,B"#$"

𝑁7?CD
 with 𝐸# = [s(𝑠#)=> − s(𝑠#)?@A]9 (3) 

where k represents the number of steps of loading considered for each test, Ntest is the 
number of tests considered together in the error minimization process and Nmeas is the 
total number of considered measures. 

In the use of the experimental data related to a given test, it is important to check if - 
for each tentative set of parameters - the development length ld needed to achieve the 
theoretical maximum axial stress (𝜎9) is lower than the actual bonded length lb (the 
analytical expressions for the estimate of ld and 𝜎9 are already provided in Ascione et al., 
2022). If this is the case, the 𝜏(𝑠) law in Figure 1a is completely developed (i.e., up to 𝑠 =
𝑠;) and, consequently, all the experimental s values up to s(su) have to be included in the 
minimization process, while s values corresponding to s>su are not taken into account in 
the RMSE estimate. 

Conversely, if lb<ld, the theoretical maximum axial stress - that can be estimated by 
plugging x = lb in the s(𝑥) laws provided in Ascione et al. (2022) - is lower than 𝜎9, and 
only the experimental s values up to s(lb) have to be considered in the process. 

Figures 1b-d better clarify the two mentioned analysis cases. In the theoretical model, 
when 𝑙E = 𝑙F, the axial stress-slip curve just stops at 𝑠 = 𝑠;, i.e., at the achievement of the 
maximum stress at debonding initiation 𝜎9. Conversely, when 𝑙E > 𝑙F, the maximum stress 
𝜎. is kept constant under values of the slip higher than 𝑠;, since the interface is capable 
of redistributing the released stresses upon debonding initiation; the more or less long 
plateau depends on how much 𝑙E is greater than 𝑙F to allow for the gradual propagation of 
debonding toward the free end of the SRP strip. (Case 1 in Fig. 1b). Of course, the brittle 
response is always expected when 𝑙E < 𝑙F and debonding initiation occurs for stress values 
lower than the maximum achievable ones (Case 2 in Figs. 1c,d). 

(a) (b) Case 1: lb > ld 
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𝑠 ≤ 𝑠! 

𝜏(𝑠) = 𝜏!
𝑠
𝑠!
			 

𝑠! < 𝑠 ≤ 𝑠" 

𝜏(𝑠) =
𝜏!
𝑠!

	𝑝	(𝑠" − 𝑠)	 

𝑝 =
𝑠!

𝑠" − 𝑠!
  

(c) Case 2a: l1 £ lb £ ld (d) Case 2b: lb £ l1 

  
Figure 1. (a) Bilinear (t-s) law used in the analytical procedure; and (b-d) theoretical 

axial stress-slip curves. 
Application of the analytical procedure to different concrete surface finishes 
The back analysis was applied to the whole experimental database, in which the three 
different concrete surface finishes (SB, BH, GR) were treated separately. Within each 
surface finish, tests were considered together or grouped in smaller sets based on the 
concrete strength value, fcm. In the first case, a unique local bond stress-slip law was 
identified which is suitable for any concrete strength; in the second case, several (t-s) 
laws were found, each valid for a specific fcm value. For the sake of brevity, this paper 
presents only the (t-s) models suitable for any concrete strength (the first case mentioned 
above). In particular, the considered DSLS tests with GR finish are 40 over 48 included 
in the experimental program, characterized by fcm values in the range 13-45 MPa and by 
a strip’s width equal to bf = 100 mm. In the case of BH surface, the considered tests are 
25 over 34, all referred to “soft bush-hammering” (Ascione et al., 2020) and characterized 
by fcm values in the range 13-26 MPa and bf = 100 mm. Finally, in the case of SB finish, 
the DSLS tests under consideration are 21 over a total of 29, in which the concrete blocks 
were all characterized by fcm = 13 MPa and by the same sandblasting typology (Ascione 
et al., 2020); the bf value was always equal 100 mm. For this surface, some results of the 
analytical procedure can be already found in Ascione et al. (2022). 

Table 1 summarizes the main details of these tests, i.e.: the concrete strength, the tape 
density and the bonded length; N identifies the number of identical tests with same fcm, 
tape density and lb. In the minimization process, these tests were considered together (Ntest 
= 40, 25 and 21 in Eq. 3, for GR, BH and SB finish, respectively), thus neglecting the 
influence of the tape density in the identification of the interface (t-s) law. 

In Figures 2a,c,e the normalized shear stress-slip laws calibrated via back analysis 
(let’s say indirect method) for the three finishes are plotted and compared with those 
previously obtained through the direct calibration process (Ascione et al., 2019; Ascione 
et al., 2020). In this process (let’s say direct method), the parameters defining such laws 
were found by applying an error minimization technique between the theoretical and the 
experimental shear stress at given slip values. In particular, the couples of experimental 
(τ, s) values were evaluated by using the strain readings provided by the gauges bonded 
to the SRP strip and by applying the procedure described in (Ascione et al., 2019). 

As observed, for a given surface finish, the (τ-s) laws obtained through direct and 
indirect method are significantly different in the values of the characterizing parameters 
but quite similar in terms of fracture energy (ΓF), defined by the area underneath the (t-
s) law, which is always higher for the model calibrated by direct way; of course, higher 
the fracture energy, the greater the maximum stress estimated at the strip debonding. 

Table 1. Details of the DSLS tests used in the back analysis. 

t

s

tm

sm O Ss(l1)=sm

s2= s(ld)

s(s)

s1= s(l1)

s(ld)=su

O S

s(s)

     s(lb) < s2

s(lb) < su

s1

O S s(lb) < sm

s(s)

s1= s(l1)
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Concrete Surface fcm (MPa) Tape density lb (mm) N 

GR 

13 
Low (L) 10 1 

High (H) 10 1 
35 1 

19 

Low (L) 10 1 
30 1 

Medium (M) 
15 2 
20 1 
30 3 

High (H) 15 1 
30 1 

23 

Low (L) 

10 1 
15 1 
20 1 
30 1 

Medium (M) 
15 1 
20 1 
30 2 

High (H) 
15 2 
30 1 
35 1 

26 

Low (L) 
15 1 
20 3 
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a) b) 

  
BUSH HAMMERED SURFACE (BH) 

c) d) 

  
SANDBLASTED SURFACE (SB) 

e) f) 

  

Figure 2. (a,c,e) Shear stress-slip (t-s) laws: comparison between indirect and direct 
method; and (b,d,f) simulation of the experimental curves: comparison between indirect 
and direct method in terms of model errors. 

 
Specifically, in the case of the GR surface, the indirect method yields a normalized 

peak stress �̅�7 = 𝜏7/s𝑓&7which is about the 61% of the value found per direct way (0.29 
vs 0.48 MPa). Conversely, the interfacial slip at peak sm is equal to 0.13 mm (against 0.02, 
see Fig. 2a), resulting in a first branch significantly less stiffer than the response obtained 
through the direct method; in terms of ultimate slip su, instead, the two methods do not 
differ so much (su = 0.58 mm vs 0.44 mm, see Fig. 2a); in terms of ΓF, the value provided 
by the direct method is 20% higher.  

In the case of the BH surface, the normalized peak stress obtained from the indirect 
method is about the 70% of the value found per direct way (0.43 vs 0.62 MPa). 
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Conversely, the slip sm is equal to 0.17 mm (against 0.04, see Fig. 2c) resulting, again, in 
a first branch significantly less stiff than the response obtained through the direct method; 
in terms of su, instead, the two methods do not differ so much (su = 0.63 mm vs 0.49 mm, 
see Fig. 2c); the direct method yields only a slightly higher ΓF value (12%). 

Finally, in the case of the SB surface, the 𝜏7̅ = 𝜏7/s𝑓&7value obtained from the indirect 
method is about the 70% of the value found per direct way (0.47 vs 0.67 MPa). 
Conversely, the values of sm and su are equal to 0.228 mm and 0.683 mm, respectively, 
against 0.032 mm and 0.576 mm obtained from the direct method (see Fig. 2e); the value 
of ΓF provided by the direct method is 17% higher than ΓF estimated through the back 
analysis. 

Overall, whatever the calibration method, it is noted that the fracture energy estimated 
in the case of the SB surface is the highest one, followed by the BH and, last, by the GR 
surface, thus confirming the trend experimentally observed based on which the best bond 
performance is experienced by the best surface treatment (Ascione et al., 2020). 

In order to better investigate the accuracy of the numerical simulations in terms of (F-
s) or (s-s) response, the bar charts in Figures 2b,d,f report, for each surface treatment, the 
per cent mean errors between the experimental axial stress values and the corresponding 
numerical ones estimated on both the single dataset of DSLS tests and all the tests 
together. In particular, in this case the datasets are identified based on the steel strip’s 
density (L, LM, M and H), as reported in Table 1. In the bar charts, the model errors are 
estimated according to the Mean Absolute Percentage Error (MAPE) given by: 

𝑀𝐴𝑃𝐸 =
∑ ∑ �s(𝑠#)

?@A − s(𝑠#)=>
s(𝑠#)?@A

� ∙ 100#3/,-23/,B"#$"

𝑁7?CD
 (4) 

where the symbols are the same used in Equation 3. 
For each experimental test, the error was calculated up to a slip value equal to s; of the 

considered (t-s) law only if the bonded length 𝑙E	in the DSLS test was at least equal to the 
development length 𝑙F theoretically estimated through the analytical procedure (Ascione 
at al., 2021; Ascione et al., 2022). Conversely, the error count was stopped to a slip value 
equal to 𝑠(𝑙E) – to which corresponds s(𝑙E) – if the bonded length 𝑙E was lower than 𝑙F; 
again, 𝑠(𝑙E) and s(𝑙E) were estimated according to the relationships reported in Ascione at 
al. (2021) and in summary published in Ascione et al. (2022).  

Figures 2b,d,f show that the use of the new (t-s) models provide more accurate 
estimates than those obtained by using the interface laws by direct method, both for a 
given density and for all test treated together. By focusing on the direct method, the 
highest errors are calculated in the case of the SB surface while the accuracy slightly 
improves in the case of BH surface. Overall, whatever the concrete surface, the errors 
yielded by the indirect method are about 30% with generally better predictions for the 
lower densities. However, in making this comparison it is worth highlighting that, in the 
direct calibration method, the interface laws were derived from the experimental strain 
measures provided during the DSLS tests by a number of strain gauges arranged on the 
SRP strips; these measures were available for a reduced number of tests and, in some 
cases, were discharged since they were considered not reliable. 

Figures 3 and 4 show some experimental-numerical comparisons in terms of F-s 
curves for DSLS tests with the same fcm; the different colours used in the plots refer to the 
variation of the tape density from low (L, green curves), low-medium (LM, red curves), 
medium (M, blue curves) to high (H, black curves). The plots in Figures 3a-d refer to tests 
with GR surface and fcm values equal to 13, 19, 23 and 45 MPa, the plots in Figures 4a,b 
refer to tests with BH surface and fcm values equal to 13 and 23 MPa whereas those in 
Figures 4c,d to tests with fcm = 13 MPa and SB surface. For each density, the experimental 
curves are compared with two numerical simulations, one making use of the (t-s) law 
calibrated through the direct method (solid line curve) and the other one employing the 
interface law obtained from the back analysis (dotted line curve).  
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a) b) 

  
 Indirect method Direct method  Indirect method Direct method 
 𝑙d (mm) s2 (MPa) 𝑙d (mm) s2 (MPa)  𝑙d (mm) s2 (MPa) 𝑙d (mm) s2 (MPa) 

L 180 1142 115 1306 L 162 1266 104 1448 
M - - - - M 282 768 181 833 
H 382 536 246 613 H 361 728 222 680 

c) d) 

 
 

 Indirect method Direct method  Indirect method Direct method 
 𝑙d (mm) s2 (MPa) 𝑙d (mm) s2 (MPa)  𝑙d (mm) s2 (MPa) 𝑙d (mm) s2 (MPa) 

L 156 1315 100 1504 L 131 1564 84 1789 
M 271 756 174 865 M - - - - 
H 332 618 213 706 H 279 734 179 840 

Legend: 
 Exp. Curve – L density  Indirect method – L density   Direct method – L density 
 Exp. Curve – M density  Indirect method – M density   Direct method – M density 
 Exp. Curve – H density  Indirect method – H density   Direct method – H density 

Figure 3. Axial force-slip curves for GR surface: comparison between indirect and 
direct method for different fcm values: (a) fcm = 13 MPa; (b) fcm = 19 MPa; (c) fcm = 23 

MPa; and (d) fcm = 45 MPa. 
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a) b) 

  
 Indirect method Direct method  Indirect method Direct method 
 𝑙d (mm) s2 (MPa) 𝑙d (mm) s2 (MPa)  𝑙d (mm) s2 (MPa) 𝑙d (mm) s2 (MPa) 

LM 201 1163 153 1110 LM 194 1208 133 1278 
M 248 946 188 902 M 238 983 164 1039 
H 303 772 231 737 H 292 802 200 848 

c) d) 

  
  Indirect method Direct method  
  𝑙d (mm) s2 (MPa) 𝑙d (mm) s2 (MPa)  
 L 160 1615 110 1757  
 LM 226 1142 155 1243  
 M 278 929 190 1011  
 H 340 758 233 825  

Legend: 
 Exp. Curve – L density  Indirect method – L density   Direct method – L density 
 Exp. Curve – LM density  Indirect method – LM density   Direct method – LM density 
 Exp. Curve – M density  Indirect method – M density   Direct method – M density 
 Exp. Curve – H density  Indirect method – H density   Direct method – H density 

Figure 4. Axial force-slip curves for BH and SB surfaces: comparison between 
indirect and direct method for different fcm values: (a) fcm = 13 MPa and BH surface; 

(b) fcm = 23 MPa and BH surface; and (c,d) fcm = 13 MPa ad SB surface. 
Both numerical simulations are obtained by imposing increasing values of the slip up 

to the largest ultimate value achieved in each set experimental tests and calculating the 
corresponding stress value through Eq. (2); then, the force F is obtained by multiplying 
the stress value by the cross-section area of the dry steel fabric (= 𝑏8 ∙ 𝑡8). Of course, for 
slip values greater than the values of 𝑠; calibrated in the found (t-s) laws, the 
corresponding axial stress is always equal to the maximum one s9, provided that the 
condition 𝑙E > 𝑙F is satisfied. 

To this purpose, the values of the development length ld and of corresponding 
maximum stress s2, estimated through both the indirect and direct method and for each 
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fcm and density, are reported below each plot. In this way, a more immediate comparison 
between the bonded length lb adopted in the DSLS tests and the corresponding estimated 
value ld can be useful to better understand the trend of each experimental curve. As an 
example, the two curves highlighted by a solid circle in Figure 4b and plotted separately 
on the right are relative to two DSLS tests characterized by: BH surface, fcm = 23 MPa, H 
density and lb = 150 mm; these two curves show a rather brittle response probably due to 
the reduced bonded length used for these tests with respect to ld = 292 mm estimated 
through the indirect method. 

Apart from the consideration about the experimental value of lb and the estimated 
development length ld, the comparisons in Figures 3 and 4 show a general good agreement 
between the experimental and the numerical curves with a better matching when using 
the (t-s) laws calibrated via indirect method, mainly in terms of stiffness in the pre-peak 
phase. As expected, the (t-s) laws obtained by direct method yield higher values of the 
debonding force (the fracture energy ΓG is higher).  
CONCLUSIONS 
An analytical procedure recently proposed by the authors has been used for an indirect 
identification of the concrete-SRP interface law by varying the concrete surface finish. 
To this purpose, experimental results from direct single-lap shear (DSLS) tests on SRP 
systems bonded to concrete blocks were taken into account. The calibrated shear stress-
slip laws were compared to those previously found through a direct calibration method 
based on the use of experimental strain measures. For a better comparison, the stress-slip 
models were, then, implemented within the analytical procedure to simulate the load-slip 
curves of the DSLS tests. The results showed a good experimental-numerical agreement 
when using the interface models calibrated by back analysis. However, further research 
is undergoing to better investigate the SRP-concrete interface modeling. 
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Mechanical properties of cementitious mortar mixed with 
cellulose fibres and structural characterization of masonry 

panels to be used as new green building material 
 

F. Bencardino20, R. Curto21, M. Nisticò22 and R. do Carmo23 

 

ABSTRACT: The construction sector faces huge challenges due to climate changes; 
therefore, the investment in sustainability and in circular economy became the main 
priorities today. A possible green answer is the use of cellulose fibres, obtained from the 
recycling process of waste paper, as a constituent element of cementitious mortars. Three 
different dosages of cellulose fibres, 0%, 1% and 2%, were added to a classical masonry 
mortar composed by cement, fine sand, lime and water. The specimens were tested to 
obtain the mechanical proprieties compressive and flexural tensile strengths. The results 
show a slight increase of the compressive and of the flexural tensile strengths of mortar 
with 1% of cellulose fibres comparing with the reference mixture. In addition, small 
masonry panels were tested in compression aiming to assess their mechanical behaviour. 
The results confirm the possibility of applying 1% of cellulose fibres in cementitious 
mortars without decrease the structural capacity and having at the same time 
environmental benefits. 
 

INTRODUCTION  
In recent years, the main theme pursued by scientific research concerns sustainability. 
Particular attention was paid to the reuse of waste materials, to reduce environmental 
pollution and carbon dioxide emissions. 

In most countries of the world are carried out every day the waste sorting, with the aim 
of differentiating the waste that is subsequently subjected to recycling processes. In the 
paper industry, waste paper is used as an alternative to the use of virgin cellulose for the 
production of tissue paper. However, this process generates waste material called deink 
paper sludge. Therefore, this paper sludge is the ink-impregnated surface part of paper 
that is recycled by the paper industry; the typical greyish colour of this product is 
determined by the amount of ink and the type of grinding used. Many researchers such as 
Monte M. C., 2009, have carried out careful studies on this waste material. Only in Italy 
are produced about 100.000 tons/year of deink paper sludge of which about 46% is 
disposed of for incineration and 4% is disposed of in landfill, with considerable costs but 
especially with significant environmental impacts. This is why it is interesting to make 
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this waste material of the paper industry, deink paper sludge, an interesting raw-second 
material for use in the construction industry, in particular as a constituent of mortars.  

In first part of this work, three different mortars were made: a traditional mortar, 
without cellulose fibres (0%), and two mortars with 1% and 2% by weight of cellulose 
fibres, respectively. After this, 21 specimens were made for each type of mortar and 
subsequently tested to compression and flexural tests on three points. The results of the 
traditional mortar were compared with the results of the mortars made using cellulose 
fibres. In second part, 20 small-scale masonry panels were produced to assess their 
compressive strength, 10 specimens made with traditional mortar and the remaining 10 
with the new ecological mortar, using 1% of weight of cellulose fibres. Here too, a 
comparison of the results obtained from the compression tests has been made. Must be 
pointed out that these results are a continuation of the first studies made by Bencardino 
et al. at 2019 about this new ecological mortar.  

The aims of this experimental work are: i) identify the maximum percentage of 
cellulose fibres that can be added to the mortar composition, in order to maintain 
unchanged the mechanical characteristics of traditional mortar; ii) perform a mechanical 
characterization of these new ecological mortars; iii) evaluate the effects of their 
application on masonry panels.  

The effects of the application of these ecological mortars on masonry panels could have 
a great impact on the techniques and materials used for the numerous interventions of 
reinforcement of existing masonry structures, which make up most of the Italian, 
European and international building stock. 
MATERIALS AND METHOD 

Deink paper sludge 
The deink paper sludge composition is hybrid, partly inorganic and organic. It consists 
mainly of calcium carbonate (about 65% by weight), paper fibres (about 30%) and 
moisture (about 5%). Analysis of several batches of deink sludge showed that the 
chemical and physical characteristics of the material are homogeneous, moreover the 
production cycle of tissue paper from waste paper is a standardized industrial process. 
Specific chemical analyses were also carried out showing that the deink sludge was not 
dangerous. The chemical, mineralogical and morphological composition of this material 
was studied and provided by Frías M. et al., 2011. Through the dimensional analysis, it 
was possible to evaluate the particle size distribution, while through the loss by ignition 
it was possible to evaluate humidity, ashes and volatile solid content. Particle size analysis 
using different sieves with pore sizes between 3000 and 50 μm showed that the most 
abundant fractions of particles are those retained at 2000 and 800 μm. However, the deink 
sludge must be subjected to specific treatments before be used: first, drying in a ventilated 
oven for 4 hours at 105°C and second grinding with RETCH lab scale hammer mill (Fig. 
1a). Previous studies have shown that grinding with a size reduction (bimodal 
distribution) between 500 and 150-50 μm can be suitable for the use of sludge as a 
rheological additive in mortars composition. The SEM analysis in Fig. 1b shows the 
presence of fibres and inorganic particles, which is why the distribution is considered 
bimodal. Table 1 shows the results of the dimensional analysis carried out on the grinded 
sample obtained (Fig.1) in order to evaluate the particle size distribution. The percentage 
value given in Table 1 was evaluated by weight. 

For construction industry, given the low cost of sludge compared to traditional 
rheological additives, this represents an opportunity for development new formulations 
and for production more economical and sustainable mortars but equally performing. 
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(a)                                                               (b) 

Figure 1. Deink paper sludge: a) sample of grinded with hammer mill and b) SEM 
image. 

Table 2. Results of the dimensional analysis of the grinded deink paper sludge sample. 
Pore size 

[μm] 
Differential retained 

[%] 
Cumulative retained  

[%] 
3350 0.00 0.00 
2000 0.18 0.18 
800 17.38 17.56 
500 29.26 46.82 
400 3.89 50.71 
300 8.04 58.71 
150 14.67 73.42 
0 19.56 92.98 

Lesser size 7.02 100.00 
 

Traditional Mortar 
The traditional mortar is used as material for masonry works or as plaster for interior and 
exterior surfaces like brick, rough concrete, blocks, stones, and network port plaster. In 
this study, the traditional mortar was used as reference and as control parameter.  

The mechanical characteristics obtained from tests on this type of mortar were 
compared with those of mortars with cellulose fibres. The traditional mortar was prepared 
with the following proportion in volume of sand, cement, and lime (5:1:1). Portland 
Cement Type II and hydraulic lime were used in combination with natural river sand.  
 
Mix Design (%) 
Mix-design refers to the composition of the eco-friendly mortar, in particular the 
percentage of cellulose fibres used. In this research work, two types of ecological mortars 
were produced: first using a 1% of cellulose fibre compared to the total weight of the 
traditional mortar constituents; secondly using 2% of cellulose fibre compared to the total 
weight of the traditional mortar constituents.  

 

Mortar Specimens 
The three mixtures identified above were used to produce several specimens with the 
following dimensions 40 x 40 x 160 mm3, according to EN 1015-11:2007 (Fig. 2). The 
labelling used was TM, TC.1 and TC.2, corresponding to traditional mortar, mortar with 
1% and 2% of cellulose fibres, respectively. 
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(a)                                                                (b) 

Figure 2. Mortar specimens: (a) formworks; and (b) TC.1 prisms. 
 
Twenty-one, 21, prismatic specimens were produced for each type of mortar. After curing 
at room temperature (28 days), compression and flexural tests were carried out to 
determine the compressive and the flexural tensile strengths of the mortars. 

 

Masonry Panels Specimens 
For the tests on masonry panels, 10 samples of small-scale masonry panels were made 
using traditional bricks and mortar (Fig. 3a); another 10 samples were made using the 
same type of bricks and the new ecological mortar with 1% by weight of cellulose fibres. 
The samples were labelled TM and TMC, respectively. Before building the panels of size 
510 x 125 x 315 mm3 according to EN 1052-1:2001, the brick units were soaked in water 
(Fig. 3b) for 2 hours to limit and prevent the absorption of the mixing water.  

In order to assure a uniform distribution of the load applied during the test, pad caps 
were made at the starts and at the ends of each panels using a mortar with the following 
characteristics: ftm=8.24 MPa and fcm=38.72 MPa. Lastly, the surfaces were cleaned with 
a wet sponge (Fig. 4a). The Figure 4b shows the geometric configuration of the specimens 
described above.  

After 28 days of curing, the specimens were tested at the Laboratory of Materials and 
Structures, Department of Civil Engineering - University of Calabria. 

 

 
(a)                                                               (b) 

Figure 3. Masonry panels specimens: (a) production of masonry panels samples; and 
(b) brick units soak in water. 
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(a)                                                                (b) 

Figure 4. Masonry panels specimens: (a) cleaning with a wet sponge; and (b) pad 
caps and LVTDs placement.  

EXPERIMENTAL INVESTIGATION AND TEST SET-UP 
Mortar Flexural Test 
The 63 (21x3 types of mortar) specimens were subjected to a three-points flexural test 
until failure using the set-up illustrated in Figure 5.  

 

 
(a)                                                                     (b) 

Figure 5. Bending Test: (a) test sample placement; and (b) crack pattern. 
 

Mortar Compression Test 
Each specimen was divided into two pieces after the flexural test being performed, and 

each halve was used to subjected to compression test. So, for this test the pieces have a 
40 x 40 mm2 section (A = 1600 mm²) and variable length. From the initial 63 specimens 
126 further samples are obtained. Figure 6 shows the compression test until failure. 
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(a)                                                             (b) 

Figure 6. Compression Test: (a) test sample placement; and (b) crack pattern. 
 

Masonry Panels Compression Test 
This type of test was carried out to evaluate the compressive capacity of small masonry 
panels. The monotonic compressive load was applied gradually as recommended by EN 
1052-1:2001, using a universal hydraulic compression machine equipped with a 3000 kN 
load cell. The load was applied using force control with rate of 0.6 N/(mm2-min). 

To measure the vertical strain, 2 Linear Variable Displacement Transducers (LVDTs) 
were placed on each face of the specimen for a total of 4 devices, also as recommended 
by EN 1052-1:2001.  

Figure 7 shows the compression test configuration with the LVDTs positions. The test 
samples were positioned and centred in the test machine to minimize harmful 
eccentricities and avoid tension/shear stresses. 

Ten tests were carried out for each type of mortar resulting in total twenty tests. 
 

 
(a)                                                                (b) 

Figure 7. Compression Test: (a) test sample placement; and (b) crack pattern. 
 

ANALYSIS OF THE RESULTS  
Mortar Flexural and Compression Test 
From the data obtained by the flexural and compression tests, it was possible to calculate 
the average value of the flexural tensile strength ft,m, the average value of the compressive 
strength fc,m and the corresponding coefficient of variation (C.o.V.). 
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In Table 2 are summarized the results of the tests. 
 

Table 2. Average value of the flexural tensile and compressive strength; and the 
corresponding C.o.V. of mortar specimens. 

Specimens 
 

ft,m  
[MPa] C.o.V. sx kn ft,k  

[MPa] 
fc,m 

[MPa] 
C.o.V. sx kn fc,k 

[MPa] 
TM 2.67 0.247 0.659 1.757 1.51 6.50 0.288 1.870 1.64 3.43 

TC.1 2.95 0.116 0.342 1.757 2.35 7.47 0.071 0.531 1.64 6.60 
TC.2 2.30 0.086 0.197 1.757 1.96 5.14 0.090 0.463 1.64 4.38 

 
The standard deviation was obtained from the following equation: 

 
The coefficient of variation was obtained from the following equation: 

      
 

Where fi,m is the average value of the flexural tensile and compressive strength; ft,m and fc,m 
, respectively. The symbol n is the number of tested samples; xi is the result of each test. 
From a first analysis of the results of mechanical tests (Table 2) it is possible to note an 
increase in flexural tensile and compressive strength (2.95 MPa and 7.47 MPa, 
respectively ) of the TC.1 mortar with 1% by weight of cellulose fibres. These values 
decrease as the percentage by weight of the fibres increases. In fact, the TC.2 mortar 
specimens (2% by weight of cellulose fibres) show a lower flexural tensile and 
compressive strength (2.30 MPa and 5.14 MPa, respectively). The only variable between 
the two mortars is the percentage by weight of cellulose fibres, so the decrease in flexural 
tensile and compressive strength can be ascribed to the amount of cellulose fibres used. 

Considering the significant number of tests performed, the characteristic value at 5% 
of the flexural tensile and compressive strength can be calculated according to the criteria 
suggested in the EN 1990 (2002). The evaluation of the test results is based on statistical 
methods, which take into account the average value ft,m and fc,m, the deviation standard sx 
and the values of kn for the 5% characteristic value. This coefficient of variation is not 
known from prior knowledge and so needs to be estimated from the samples. According 
to the above-mentioned European Standard, for a number of specimens equal to 21 the kn 
is 1.757; instead for a number of specimens greater than 30, the kn can be assumed 1.64. 
The same Table 2 shows the results of characteristic tensile ft,k and compressive fc,k values 
obtained from the tested samples using the following equation: 

 
From the critical analysis of the results, it is clear that the flexural tensile and 

compressive strength of the test specimens, which include 1% cellulose fibres, are higher 
than the values of traditional mortar test samples. The flexural tensile and compressive 
strengths were increased by an average value equal to 10.5% and 14.9%, respectively, 
comparatively to traditional mortar in TC.1. For the TC.2 mortar the trend was the 
opposite, the flexural tensile and compressive strengths were decreased by an average 
value equal to 13.9% and 20.9%, respectively. 

The use of 1% by weight of cellulose fibres entails a small improvement of the 
mechanical proprieties compared to traditional mortar. However, the use of 2% by weight 
of cellulose fibres in the mortar results in a decrease of the mechanical properties 
compared to traditional mortar. Despite the small decrease in flexural tensile and 
compressive strengths, the results obtained are acceptable. This solution is a good 
compromise between the mechanical proprieties required and the use of the greater 
quantity of waste material.  
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Masonry Panels Compression Test 
Table 3. Compressive load and strength values of the masonry panels. 

Specimens 
 

Pmax  
[kN] 

σmax  
[MPa] 

Specimens 
 

Pmax  
[kN] 

σmax  
[MPa] 

TM-1 981.60 15.40 TMC-1 1113.48 17.47 
TM-2 1209.84 18.98 TMC-2 1020.36 16.01 
TM-3 1099.92 17.25 TMC-3 1251.00 19.62 
TM-4 1055.28 16.55 TMC-4 1344.84 21.10 
TM-5 925.44 14.52 TMC-5 964.08 15.12 
TM-6 917.64 14.39 TMC-6 1007.88 15.81 
TM-7 779.16 12.22 TMC-7 916.56 14.38 
TM-8 950.64 14.91 TMC-8 1117.56 17.53 
TM-9 1088.64 17.08 TMC-9 987.66 15.49 
TM-10 1072.56 16.82 TMC-10 1239.48 19.44 
AVG 1008.07 15.81 AVG 1096.28 17.20 

sx 121.761 1.910 sx 142.260 2.232 
C.o.V. 0.121 0.121 C.o.V. 0.130 0.130 

kn 1.92 1.92 kn 1.92 1.92 
Pmax,k ; σmax,k 774.29 12.15 Pmax,k ; σmax,k 823.14 12.91 

Table 3 lists the main results of the experimental tests carried out on masonry panels being 
the most relevant the failure load (Pmax) and the failure strength (σmax).  

The number of tests carried out also allows to calculate the characteristic value at 5% 
of the failure load and the failure strength according to the criteria suggested in the EN 
1990 (2002), using the equations [1], [2] and [3]. Therefore, for a number of specimens 
equal to 10 the kn is 1.92. The same Table 3 shows the results of characteristic failure load 
Pmax,k and characteristic failure strength σmax,k obtained from the tested samples. 

 

a)  
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(b)                                                                

Figure 8. Compressive test results of the small-scale masonry panels specimens: (a) 
TM; and (b) TCM. 

Figure 8 shows the stress-strain (σ – ε) curves for each specimen. The trend of the 
curves does not change significantly because all specimens have a similar behaviour. 
Specifically, Figure 8a shows the results of the tests concerning the specimens made with 
traditional mortar. The average stress value (σmax,AVG) reached at failure and the average 
strain value recorded in the masonry panels were15.81 MPa and 0.004429, respectively. 
The results of masonry panels made with 1% by weight of cellulose fibres in the mortar 
are shown in Figure 8b. In this case, the average stress value (σmax,AVG) reached at failure 
and the average strain value recorded in the masonry panels were 17.20 MPa and 
0.004039, respectively. Comparing the two graphs it is possible to see how the mortar 
with 1% by weight of cellulose fibres leads to an increase in strength but a lower strain 
capacity. A careful analysis of the results highlights that the failure load and the failure 
strength of the test specimens, that used the mortar with 1% of cellulose fibres, are higher 
than the values of small-scale masonry panels made with traditional mortar. In particular, 
the compressive strength increased by an average value equal to 8.8%. 

 

CONCLUSIONS 
Starting from an urgent and real problem regarding environmental pollution, this research 
aims to define and test a new ecological material made with waste materials such as deink 
paper sludge. For this purpose, 63 mortar samples (21x3 different types) and 20 small-
scale masonry panels were produced, tested and analysed, varying the composition of the 
mortar according to the percentage by weight of cellulose fibres used in the mixture (0%; 
1%; and 2%). The standard-sized mortar test samples were subjected to flexural (three-
points) and compression tests.  
The results showed that: 
- an improvement around 10-15% of the main mechanical characteristics was obtained in 
mortars using of 1% by weight of cellulose fibres compared to the traditional mortar; 
- a deterioration around 14-21% of the main mechanical characteristics was obtained in 
mortars using 2% by weight of cellulose fibres compared to traditional mortar, probably 
because 2% of cellulose fibres absorb a greater amount of water preventing proper 
hydration of the concrete, which is then reflected in the decrease of compressive and 
tensile strengths. 
However, both mixtures meet the requirements for the definition of a reliable structural 
mortar. Considering the main objective of this work, the mortar made with 2% by weight 
of cellulose fibres is the right compromise between the necessary mechanical 
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characteristics and the greater reuse of waste material. Therefore, this new eco-friendly 
mortar can be recommended and used in sustainable interventions. 

To validate the use of these mortars in real applications, 20 masonry panels were built 
and tested. From the comparison between the samples made with bricks and traditional 
mortar and those made with bricks and mortar containing 1% by weight of cellulose 
fibres, it emerged that:  
- the use of cellulose fibres leads to an increase (average value 8.8%) of the failure load 
and the failure strength. 

The results are promising and the search for new sustainable materials is going in the 
right direction. In fact, this is a scientific field that is still open and under development. 
In conclusion, the results obtained regarding the use of cellulose fibres in mortars can be 
considered positive and acceptable, which is supported by a fair number of tests carried 
out. 

More experimental tests are needed to corroborate the results herein presented and to 
better understand the scatter recorded in some tests.  
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Influence of steel Rebars in Hi-bond Steel-concrete Composite 
Slabs 

C. Bernuzzi24, M. Bosio25, M.A. Pisani1, P. Riva2 and M. Simoncelli1* 

 

ABSTRACT: Steel–concrete composite slabs represent an efficient floor solution combining the 
key performance of two different materials: the concrete, able to resist to compressive stresses 
and the steel of the hi-bond thin profiled sheeting, supporting tensile forces. In the actual design 
procedures, only standard slabs are concerned and the influence on the load carrying capacity of 
steel rebars in addition to the profiled steel sheeting is not considered. For this reason, an extensive 
experimental campaign has been carried out, which is summarized in the paper, comparing the 
results obtained on concrete-steel slabs with or without the use of longitudinal steel bars 
embedded in the concrete. The experimental results were then used to evaluate the longitudinal 
shear strength of the slabs considering or neglecting the presence of the additional steel rebars.  

BRIEF INTRODUCTION  
As well established in literature (Nigro et al., 2011; Ranzi et al., 2013; Rahman et al., 2022), 
steel–concrete composite slabs represent a very efficient floor solution combining the key 
performance of two different materials: the concrete, able to efficiently resist to 
compressive stresses and the steel of the hi-bond thin profiled sheeting, supporting tensile 
forces, see Figure 1. The most common steel-concrete slabs, herein named standard slabs, 
are realized by pouring the concrete directly on the steel sheet without any additional 
rebars inside (just a welded steel mesh on top realized with small rebars). As a 
consequence, the composite action depends only on the interface behavior between the 
steel sheeting and the concrete, i.e. by the chemical bond and the mechanical interlock 
between the two materials (Cosenza et al., 1999). Despite the use of additional steel rebars 
leads to non-negligible improvements of the load carrying capacity, especially for hot-
design, recent research studies (Crisinel and Marimon, 2004; Sirimontree et al., 2021) and 
also the actual European design standard (EN1994-1-1, 2004) consider only the standard 
slabs. No attention has been paid on the response of reinforced slab with rebars embedded 
inside the concrete ribs of the composite system. Actually, in case of presence of steel 
rebars designers can select between: i) to neglect the presence of rebars; ii) to neglect the 
presence of the hi bond metal decking.  
The standard design procedure for composite slab contained in EC4 (2004) is based on 
approximate hypothesis: i) at the ultimate limit state, it is assumed that the steel sheet 
response is always in the plastic range independently on the stress level reached in the 
cross-section and ii) the concrete inside the ribs gives no contribution to the final 
resistance. These simplified assumptions affect the resistance domain and could leads to 
a non-reliable estimation of the level of interaction between concrete and steel. 
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Figure 1. typical steel-concrete slab panel. 

 
In the paper an experimental campaign is presented, which has been carried out on both 
standard and reinforced steel-concrete slabs. The experimental results allowed for a 
direct appraisal of the degree of interaction (h), i.e. the longitudinal shear strength (tu) of 
the metal decking. 

THE EXPERIMENTAL ACTIVITY 
An extensive experimental campaign has been carried out on both standard and 
reinforced slabs characterized by 5 different total lengths. For each length, 2 nominally 
equal specimen were tested under monotonic and cyclic loads. The experimental results 
have been used to quantify the increase of the load carrying capacity and of the shear 
strength due to the presence of the steel rebars.  

 
Test setup 
The considered test setup was developed in accordance with the prescription of part 1-1- 
of EN1994, “Design of composite steel and concrete structures” (2004). As showed in 
Figure 2, four-point bending tests were executed by applying concentrated loads at a 
quarter of the distance between the two vertical supports (L/4). The distance between the 
center line of the supports and the end of the specimens was always less than 100 mm 
(mean value 80 mm). Tests were performed under displacement control by monitoring 
continuously the displacements at both ends of the middle cross-section and the lateral 
relative displacement (slip) between steel and concrete, by means linear transducers 
(LVDTs). In particular, two transducers were located in the middle of the slab (ch_2 and 
ch_3) and 4 transducers were located in the lateral position (ch_4, ch_5, ch_6 and ch_7). 
The specimens were characterized by the same cross-section: the steel hi-bond had 0.7 
mm of nominal thickness and was made by S350GD steel grade; the concrete was a 
C28/35 concrete grade poured directly in the laboratory with a control condition of 
humidity and temperature. In the reinforced slabs, the steel rebars were F12 made by 
B450C steel grade. The total height of the section (steel + concrete) was 180mm and the 
width was equal to 660mm (Figure 2). The properties of all the materials (yielding and 
ultimate tension) were experimentally evaluated before testing. The EC4 load protocol 
was followed: 

• I test. The first set of specimens were loaded with an increasing monotonic load 
until the collapse. The ultimate load was assumed as the force for which the slip 
between steel and concrete started. When this target force was reached, the force- 
lateral displacement graphs (ch_4 to ch_7) showed value of displacements greater 
than zero; 
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• II test. The second set of nominally equal specimens were tested under a cyclic 
load which ranged from 0.2 to 0.6 the previous collapse load. More than 5000 
cycles were applied in a period not less than 3 hours (nominally 3.5 hours). These 
dynamic tests were useful to simulate the in-service life period of the slabs. Once 
the cyclic load protocol was finished the load was increased until when the bond, 
between the two materials, was considered destroyed.  

The collapse was characterized by slippage of the two materials, i.e. the full destruction 
of the specimens was never reached.  
 

 
Figure 2. test setup. 

 
As total of 10 standard and 10 reinforced slabs were tested considering different lengths 
(L), as showed in Table 1.  

 
Table 3. layout of the tested steel-concrete slabs. 

Standard Reinforced 
Name L [mm] Test type name L [mm] Test type 
S20m 2000 I R26m 2600 I 
S20c II R26c II 
S24m 2400 I R30m 3000 I 
S24c II R30c II 
S28m 2800 I R34m 3400 I 
S28c II R34c II 
S32m 3200 I R38m 3800 I 
S32c II R38c II 
S36m 3600 I R42m 4200 I 
S36c II R42c II 

 
Experimental results 
Typical results obtained in the I test on a standard specimen, are reported, as an example, 
in Figures 3a and 3b, representing the force-middle displacement and the force-lateral 
displacement graphs, respectively.  
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a)              

       b) 

Figure 3. typical response of standard slab, S20m specimen. 
 
It can be noted that, after the reaching of the ultimate load (for S20m specimen was equal 
to 66.17 kN) the load drops immediately, and the slippage occurs (Figure 3b). After this 
point if the vertical displacement is increased the response of the slab is characterized by 
a different global stiffness, i.e. changing in the slope of the curve. In this post slippage 
phase the materials are not working together anymore and the response is characterized 
by a nil interaction.  
A similar response characterizes the behavior of standard specimens during the II test 
type. As an example, the response of the specimen S20c is reported in Figure 4. Figure 
4a represent the force -vertical displacement response during the cyclic phase, while 
Figures 4b and 4c depict the force displacement after the cyclic phase.  

 
Figure 4. typical response of standard slab, S20c specimen. 

 
The response of the slab is close to the one registered in the I test (Figure 3). Also, the 
difference in the ultimate load is quite negligible (7% lower). 
Quite different is the response of reinforced specimen, as reported in Figures 5a and 5b, 
and Figures 6a, 6b and 6c for the I and the II test phases, respectively.  
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a)   b) 

Figure 5. typical response of reinforced slab, R34m specimen. 
 

 
Figure 6. typical response of reinforced slab, R34c specimen. 

 
As observed, in standard slabs when the slippage load is reached (ultimate load), a drop 
of the load is registered and one or two lateral LVDTs start to move. However, for theses 
slabs, if the vertical displacement is increased, the change in the global stiffness is quite 
low. This behavior was observed for all the tests for both test I and II. From a design 
standpoint the post-slippage behavior was not consider, despite the fact that the slip load 
was always overpassed.  
In table 2 is reported the ratio between the ultimate load obtained in test I, Fu,m, over the 
one obtained in test II, Fu,c. Moreover, also the ratio between the bending moment 
obtained after the two tests, Mtest,m /Mtest,c is reported too. The bending moment values 
were evaluated considering both the contribution of the applied forces and of the self-
weight of the specimen. 
 
 

Table 4. non-dimensional ultimate load and bending moment. 

standard reinforced 
name Fu,m / Fu,c Mtest,m / Mtest,c  name Fu,m / Fu,c Mtest,m / Mtest,c  
S20 1.056 1.054 R26 1.083 1.080 
S24 0.949 0.951 R30 0.982 0.982 
S28 0.730 0.745 R34 1.050 1.048 
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S32 0.927 0.933 R38 1.071 1.066 
S36 1.072 1.064 R42 0.992 0.992 

 
The ultimate loads obtained after the I test and the one associated with the II tests are 
generally quite close: except for S28 case the maximum difference is less than 8%, with 
mean values less than 4%, for both standard and reinforced slabs. The load carrying 
capacity of the reinforced slabs is approximately two times greater than the one associated 
with the standard slabs. 

LONGITUDINAL SHEAR STRENGTH  
Starting from the experimental results the degree of interaction (η) and then the 
longitudinal shear strength (tu) was evaluated by following the procedure of EC4 only for 
the standard slabs. Since for reinforced slabs there are no indication on the code, a new 
procedure is proposed in the following. 
 
Standard slabs 
As discussed, for standard slabs, the procedure to evaluate the partial interaction domain 
is detailed reported in EC4. The main hypotheses of the procedure are: i) at the ultimate 
limit state (ULS) the thin steel hi-bond works always in plastic range independently on 
the stress level reached in the cross-section. The position of the plastic axis of the steel 
sheet is identified by terms ep; ii) the concrete inside the ribs gives no contribution to the 
final resistance; iii) when the degree of interaction is equal to zero (η =0), only the 
effective bending resistance of the steel sheeting is considered. For this case the effective 
properties of the steel hi-bond under pure bending were evaluated following the 
prescriptions of EC3 (EC3-1-3, 2006; Baldassino et al. 2019). The maximum compression 
which is assumed to act on the concrete, Ncf, is equal to (Figure 7): 
 

           (1) 
 
where b is the width of the section, hc is the height of the concrete slab above the steel hi-
bond and fcm is the median value of the cylindrical resistance of the concrete, 
experimentally determined.  
From the equilibrium between the maximum compression on the concrete and the 
maximum tension on the steel, it is possible to evaluate the position of the neutral axis, 
x: 

;            (2a,b) 
 
where Ap is the area of the steel sheeting and fyp is the correspondent yielding tension 
experimentally obtained. 
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Figure 7. stresses distribution on the standard composite section. 

 
For the partial interaction (i.e., 0< η <1) the position of the neutral axis depends on the 
grade of interaction, x’ = η x. It can be noted that when the grade of interaction is nil, the 
neutral axis coincides with the top axis of the section. As consequence, also the force on 
the compressed part decreases with the decrement of η, Nc = η Ncf. 
The bending resistance is then obtained considering the equilibrium to the rotation with 
respect the neutral axis, ranging from the maximum value, Mp,Rm, obtained with η = 1 to 
the minimum one, i.e. the bending resistance of the steel sheeting (Figure 8).  
The value of the degree of interaction is obtained by entering with the experimental 
bending moment Mtest into the domain. 

 
Figure 8. determination of the degree of interaction (EC4). 

 
Finally, the longitudinal shear strength, tu, is directly obtained from equation: 

 

           (3) 
where ls is the distance between the force and the support, equal to L/4. 
 
Reinforced slabs 
For the reinforced composite slabs it was assumed that, in the case of nil interaction (η 
=0) there is no contribution of the reinforced concrete section and only the resistance of 
the steel sheets in bending was considered (as already did for standard slabs). On the 
other hand, when full interaction was considered (η =1), steel sheeting and the rebars are 
fully effective. The equilibrium of the internal forces can be written as: 
 

          (4) 
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where Ar is the area of the steel rebars and fyr is the associated mean yielding tension 
experimentally obtained. The neutral axis is obtained from (Figure 9):  
 

        (5) 
 

 
Figure 9. bending resistance of the reinforced composite section. 

 
The total area of the steel hi-bond can be assumed as the sum of the contribution of the 
top flanges, Ap1, webs, Ap2, and bottom flange, Ap3. In the case of fully interaction the 
steel is in tension, therefore distance xR of Figure 9 is nil. In this condition, the steel hi-
bond is fully in tension, i.e. Ap = Ap1 +Ap2 +Ap3 = Atp. 
In the intermediate cases (0<  <1), it is assumed that also the contribution of the rebars 
is reduced by the partial interaction, i.e. Ar = , to have continuity between the nil and 
the fully interaction solutions. Equation 4 can be update as: 
 

        (6) 
where, Atp is the part of the sheet in tension and Acp is the remain part in compression. 
Since Ap = Atp + Acp, expression 6 can be rewritten as: 
 

       (7) 

With geometrical consideration it is possible to evaluate the position of the axis xR, and 
to appraise the bending resistance. 
Once determined the M-η domain it should be applied the previous procedure to evaluate 
the longitudinal shear strength in case of reinforced slab (Figure 8 and equation 3). 
 
Comparison of the results 
To understand the efficiency of the additional rebars in the slabs in Figure 10 the 
comparison between the two interaction domains is reported. Using the hypotheses 
previously discussed, when the interaction is equal to zero the standard and reinforced 
slabs have the same resistance (i.e. the bending resistance of the steel sheeting). On the 
contrary the resistance of the reinforced slabs is approximately two times greater in case 
of fully interaction. This is confirmed also by Figure 11, where the ratio between the 
bending resistance with the rebars, Mp,Rm,r, over the one without them, Mp,Rm,s, is 
presented versus the degree of interaction.  
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Figure 10. comparison of the interaction domain. 

 
Figure 11. ratio between the interaction domain. 

Finally, the degree of interaction, η, evaluated by means the use of Figure 8, is presented 
in non-dimensional form in Table 3, with the ratio ηm / ηc, where subscripts m and c are 
related to the I and to the II tests, respectively; if equation 3 is considered it can be noted 
that these ratios are coincident with the ratios between the longitudinal shear strength, τu,m 
/ τu,c. 
The degree of interaction is influenced by the type of tests: except for S28 specimens, the 
maximum difference is up to 25%. When the slabs are reinforced by means the use of 
steel rebars, the mean value of the longitudinal shear strength resistance is 2.36 times 
greater. 
 

Table 5. ratio between the degree of interaction after test I and II. 
standard reinforced 

name ηm / ηc name ηm / ηc 
S20 1.191 R26 1.157 
S24 0.836 R30 0.973 
S28 0.400 R34 1.075 
S32 0.811 R38 0.995 
S36 1.232 R42 0.987 

 

CONCLUSIONS 
In the paper the results of an experimental campaign carried out on both standard and 
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reinforced steel-concrete slab are presented. The experimental results were used to 
evaluate the degree of interaction (h) and the longitudinal shear strength (tu) of the 
specimens considering or not the presence of the longitudinal steel rebars. While for the 
standard slabs the discussed procedure is exactly the one reported in EC4, for the 
reinforced ones a new design strategy is presented. The results showed that the use of 
additional bars brings to an increasing of the load carrying capacity and of the longitudinal 
shear strength of the composite slabs. The discussed design procedure can be improved 
by removing the simplified hypothesis assumed in EC4 by assuming more sophisticated 
numerical procedures (Pisani, 1996).  
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Finite-Element modelling of the tensile behavior of fiber-reinforced 
concrete with end of life tyres recovered fibers  

G. Blasi26 and M. Leone1 

 

ABSTRACT: The adoption of fiber-reinforced concrete in structural members is one of the most 
innovative solutions in the field of civil engineering. The addition of reinforcing fibers in concrete increases 
the toughness and the ductility of the matrix, due to the bridging effect of the fibers across the cracks. 
Furthermore, the main advantage in adopting this solution is the possibility of using recycled fibers, as the 
steel networks recovered from waste tyres. The need of identifying green solutions in civil engineering is 
indeed one of the major emergencies for the environment. 
The present study is aimed at providing a model reproducing the tensile response of reinforced concrete 
with recycled steel fibers. A finite-element model is developed in ABAQUS to simulate crack tip opening 
displacement tests on fiber-reinforced concrete samples available in the literature. A parameter ruling the 
post-cracking response of concrete in the mechanical model used for the simulation is calibrated according 
to the inverse analysis basing on the test results. 
The results obtained in the present work represent a starting point for the development of more accurate 
formulations defining the behavior of fiber-reinforced concrete and possibly contribute to the development 
of code-oriented provisions.  
 
KEYWORDS:  Meso-modelling, waste-tyres fibers, fiber-reinforced concrete, inverse analysis, 
ABAQUS. 

INTRODUCTION 
The inclusion of tension-resisting fibers in concrete has been widely adopted in civil 
engineering to complement or replace the conventional reinforcement. The presence of 
the fibers enhances the post-cracking performance of the composite and increases the 
performances of the structural elements (Centonze et al. 2012). The performance increase 
highly depends on the type and amount of the fibers, as well as their geometry. 
The inclusion of fibers in the concrete matrix might also lead to a change of failure modes 
with respect to conventional reinforced concrete. An increase in ductility is indeed 
obtained in fiber-reinforced concrete (FRC), since the presence of fibers modifies the 
post-cracking behavior by increasing the dissipated energy (Di Prisco et al. 2009). Ductile 
fibers (e.g. steel fibers) guarantee a significant post-yielding contribution in terms of 
displacement capacity and, consequently in terms of ductility (Di Prisco et al. 2009).  
On the other hand, the presence of fibers in the matrix generally reduces the workability 
of concrete (Ferrara and Meda 2006; Yazici et al. 2007; Mohammadi et al. 2008). 
Referring to steel fiber reinforced concrete (SFRC), only a small fiber percentage is 
generally suggested in codes and guidelines (ACI Committee 544 1999), due to the loss 
of workability and the cost of the fibers. Aiello et al. (Aiello et al. 2009) observed a 
complete loss of workability for a fiber percentage by volume equal to 26%. Cordoni 
(Cordoni 2015) defined an upper limit for fibers dosage to obtain similar construction 
costs to traditional RC. On the other hand, the earliest structural applications of FRC were 
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in slabs, tunnel linings and roof sheets, where a low amount of steel fibers was required 
to replace the conventional rebars and guarantee similar structural performance. In recent 
years, the use of super-plasticizers to increase the workability and the improvement in 
mix design techniques allowed the use of larger fiber dosage.  
Several numerical models were developed in the literature, with the aim of simulating the 
interaction phenomena between concrete matrix and fibers or predicting the global 
performance of SFRC elements. Caggiano et al (Caggiano et al. 2015) performed a 
numerical simulation to validate an analytical model for predicting of the bond behavior 
of steel fibers embedded in concrete matrix. The numerical simulation showed a 
satisfactory agreement with experimental results obtained in a previous campaign. Pereira 
et al (Pereira et al. 2008) calibrated a constitutive model of SFRC by numerically 
simulating punching shear tests on slabs. The results evidenced the high contribution of 
steel fibers in punching shear strength. Conforti et al. (Conforti et al. 2020) proposed 
improvement of existing formulation for predicting mean crack spacing of SFRC 
elements subjected to bending load. The improved formulations were calibrated 
according to inverse analysis, by numerical simulation of three-point bending tests on 
SFRC specimens. 
The environmental impact of construction industry is now an issue of utmost importance 
and an increasingly number of studies on sustainable materials for constructions is being 
conducted. In this regard, one of the state-of-art solutions from both an environmental 
and technical standpoint is to reuse waste tyres (Bjegovic et al. 2013). The great increase 
of vehicle ownership leads to major issues in the waste tyres disposal and, consequently, 
to serious environmental issues. For this reason, the use of recovered fibers from waste 
tyres in FRC, alongside the commercial fibers, has examined extensively in the last 
decade. 
This study focuses on the calibration of a numerical model, which implements a smeared 
cracking approach, to simulate the tensile response of SRFC. A finite-element model 
featuring shell elements was developed in ABAQUS, to simulate the behavior of a SFRC 
specimen subjected to four-point bending test. As for previous studies (Pereira et al. 2008; 
Zamanzadeh et al. 2015), a non-linear equivalent material was selected to define the 
behavior of fiber-reinforced concrete. Inverse analysis was used to approximate the load-
crack tip opening displacement (Load-CTOD) curves obtained from different four-point 
bending tests available the literature. Three fiber dosages were considered, to analyze the 
relationship between the post-peak behavior of the SFRC and the amount of steel fibers. 
The paper presents one of the few available numerical studies on the mechanical 
characterization of recycled SFRC and highlights the need for further investigation aimed 
at providing code-oriented design recommendations.  

TEST DATA COLLECTION 
The results of four-point bending tests (4PBTs), performed as part of past studies (Aiello 
et al. 2009; Centonze et al. 2012, 2016) on FRC specimens, were collected in the present 
work. The specimens tested comprised different amounts of reinforcement, composed of 
recycled steel fibers recovered from the shredding of waste tyres. All the considered tests 
were performed according to the Italian standard for fiber reinforced concrete (UNI 
11039). 
Due to the high variability of the fibers’ shape, a preliminary characterization of their 
geometric configuration was carried out through statistical analysis (Aiello et al. 2009; 
Centonze et al. 2012, 2016). A great variability of the fiber diameter, which ranged 
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between 0.1 and 2.8 mm, was founded, with a coefficient of variation (COV) equal to 40-
50%. A similar trend was observed referring to the fiber length, which ranged between 
12.6 and 37 mm. The tensile strength of the fibers was computed considering three 
classes, based on the average diameter, and ranged between 2239 MPa and 2578 MPa. 

 
Figure 1. Waste tyres recovered fibers. 

The tests considered in this study analyzed three mix-design solutions with different 
amount of fibers volume (Table 6), named RSF_23, RSF_30 and RSF_46, featuring 23%, 
30% and 46% of nominal fibers volume, respectively. 
Table 6. Mix design of the specimen tested in (Aiello et al. 2009; Centonze et al. 2012, 

2016) 
Material unit RSF_23 RSF_30 RSF_46 
Cement kg/m3 350 300 350 
Water l/m3 188 180 180 

Aggregate kg/m3 795 679 795 
Sand kg/m3 940 1150 940 

Fibers kg/m3 15 16 30 
 
The specimens tested in (Aiello et al. 2009; Centonze et al. 2012, 2016) had dimensions 
equal to 150x150x600 mm and notched in the mid-span, in order to control the first 
cracking point. The load was applied according to a displacement-controlled protocol, 
aiming to capture the post-cracking tensile response. The crack tip opening displacement 
(CTOD) was monitored through linear transducers placed at both sides of the specimens. 
The test set-up is illustrated in Figure 2. 

 
Figure 2. Test set-up adopted in (Aiello et al. 2009; Centonze et al. 2012, 2016). 
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The Load-CTOD curves obtained for all the considered tests are provided in Figure 3. It 
is worth mentioning that specimens RSF_23 and RSF_46 were tested within the same 
experimental campaign (Aiello et al. 2009) and, consequently, were made with the same 
mix-design. For this reason, a comparison between RSF_23 and RSF_46 (Figure 3a and 
c, respectively) is more reliable, since fewer parameters influence the results. Although 
no significant increase of the tensile strength is observed by increasing the fiber volume 
from 23% to 46%. The post-cracking behavior obtained referring to these two fiber 
volumes is highly influenced by the fiber ratio; the softening gradient is higher in RSF_23, 
due to the lower contribution of the fibers after cracking. Furthermore, higher 
displacement capacity and residual strength was observed in RSF_46 compared to 
RSF_23. 

 
(a) (b) (c) 

Figure 3. Load-CTOD curves obtained by (Aiello et al. 2009; Centonze et al. 2012, 
2016) for (a) RSF 23, (b) RSF 30 and (c) RSF_46. 

 

The results obtained by Centonze et al. (Centonze et al. 2016), reported in Figure 3b 
show a significantly higher tensile strength comparing to RSF_23 and RSF_46. The trend 
of the post peak behavior was similar to that of RSF_23, evidencing a low contribution 
in terms of both softening slope and residual strength prior to failure. 
The first cracking strength, fIf, computed according to equation (1), and the corresponding 
displacement, CTOD0, are reported in Table 7. In equation (1), PIf is the load 
corresponding to the onset of cracking, b is the width of the specimen and a0 is the height 
of the notch. 

 𝑓56 =
𝑃56𝑙

𝑏(𝑏 − 𝑎7).
	 (1) 

Table 7. Obtained results in terms of fIf and CTOD0, along with COV (Aiello et al. 
2009; Centonze et al. 2012, 2016). 

Specimen CTOD0 [µm] fIf [MPa] 
RSF_23 Average 10.6 2.7 

COV 16.6% 4.6% 
RSF_30 Average 26.2 4.67 

COV 12.1% 6.5% 
RSF_46 Average 20.4 2.23 

COV 7.5% 11.1% 

NUMERICAL SIMULATION 
The ABAQUS finite element package (Dassault Systemes 2016) was used in this study 
to simulate the 4PBTs described in the previous section. Aiming to reduce the 
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computational time, a two-dimensional model was developed (Figure 4), featuring four-
node quadrilateral plane strain elements (CPE4). The boundary conditions were simulated 
by including vertical restraints to the nodes in correspondence of the supports and a 
linearly time-dependent displacement.  
The dimension of the shell elements was reduced in the mid-span, aiming to better match 
the cracking process. A denser mesh was also adopted in correspondence of the supports 
and the points of application of the displacement. The concrete damaged plasticity model, 
available in the package, was used to simulate the mechanical behavior of the fiber 
reinforced concrete. The selected mechanical model features a customable compressive 
and tensile response of concrete, allowing to account for the presence of fibers in the 
mixture. The plastic flow and yield function parameters were assumed considering the 
values suggested in the literature (Lubliner et al. 1989; Lee and Fenves 1998), while the 
viscoplastic regularization (Lee and Fenves 1998) was set to a near-zero value, aiming to 
accurately reproduce the post-cracking response. The formulation proposed by Mander 
et al (Mander et al. 1988) was considered to define the compressive behavior, while the 
tensile response featured an elastic branch up to the attainment of the cracking strength, 
followed by tension stiffening. 

 
Figure 4. 2D Finite-Element model adopted for the numerical simulation. 

The tension stiffening mechanical model of the concrete was defined according to the 
equation (2), expressing the value of post-cracking stress, st, depending on the ratio 
between post-cracking strain and the cracking strain, ep/ecr and the cracking strength, scr.   

 
𝜎/ =

𝜎%8

`
𝜀9
𝜀%8
a
: 	

(2) 
The proposed tension stiffening model was calibrated based on the test results, by 
adjusting the parameter a and the cracking strength, scr, depending on the fiber amount, 
in order to match the experimental Load-CTOD curves. 
A qualitative illustration of the compressive and tensile stress-strain relationships is 
reported in Figure 5a and b. 
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(a) (b) 

Figure 5. Compressive (a) and tensile (b) stress-strain relationship assumed for the 
numerical simulation. 

It is worth evidencing that the fibers were not explicitly defined in the finite element 
model, since their contribution was implicitly considered in the tensile stress-strain 
response of concrete mechanical model. Hence, a comparison between numerical and 
experimental failure mode could not be provided, since the model was unable to simulate 
fibers slippage or yielding across the crack.   

Numerical vs experimental results comparison 
In the present section, the output of the numerical simulation is compared to the test 
results for each case analyzed. The results are also compared in terms of cumulative 
energy dissipated up to failure (EDC), obtained as the area under the Load-CTOD curve. 
It is worth mentioning that EDC is a parameter introduced to assess the accuracy of the 
finite-element model in an objective manner and does not represent the actual energy 
dissipated by the specimen.       
In the case of RSF_23, the best match in terms of strength was obtained for a = 0.8, as 
reported in Figure 6a. The numerical peak strength, Fcr, was equal to 10.16 kN (+6% 
with respect to the average test result). However, a significant reduction of the residual 
strength is observed in the numerical model, which led to a lower EDC with respect to the 
physical test, as shown in Figure 6b. 

 
(a) (b) 

Figure 6. Numerical-vs-experimental results for RSF_23 in terms of (a) Load-CTOD 
and (b) EDc-CTOD. 

Despite the mismatch in terms of energy dissipation capacity, the test result is accurately 
reproduced up to a CTOD equal to 0.5 mm, in terms of elastic stiffness, peak strength and 
softening gradient. The significant variability of the displacement capacity, observed 
comparing the three tests, suggests that the response after 0.5 mm can be assumed less 
relevant for the characterization of the material.  
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Considering RSF_30, a significant increase of the peak load, comparing to RSF_23 and 
RSF_46, was obtained in the test, probably caused by the higher compressive strength of 
the concrete. The best agreement in terms of strength was obtained for a = 0.95, as 
reported in Figure 7a.   
The numerical result obtained for Fcr was equal to 15.72 kN, namely 5% lower than the 
average test result, equal to 16.54 kN. The comparison of the EDc-CTOD curves shows 
a significant scatter between the three tests, suggesting the need of conducting further 
investigations, to better characterize the composite material. For this reason, the finite-
element simulation did not accurately reproduce all the EDc-CTOD curves. 
 

 
(a) (b) 

Figure 7. Numerical-vs-experimental results for RSF_30 in terms of (a) Load-CTOD 
and (b) EDc-CTOD. 

A very good agreement between numerical and experimental results was obtained for the 
specimen characterized by the highest peak load capacity, RSF_30, for which accurate 
values of elastic stiffness, peak strength, residual strength and energy dissipated were 
obtained numerically.   
In the case of RSF_46, the best agreement in terms of strength was obtained for a = 0.25, 
as reported in Figure 8. The value of Fcr obtained from the numerical simulation was 
equal to 8.52 kN, namely 8% higher than the average value obtained from the tests. 

 
(a) (b) 

Figure 8. Numerical-vs-experimental results for RSF_46 in terms of (a) Load-CTOD 
and (b) EDc-CTOD. 
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On the other hand, a different softening behavior is observed in the numerical simulation. 
The high amount of fibers used in RSF_46 leads to a strength increase in the post-peak 
phase, probably influenced by the yielding of the fibers. After this stage, the softening 
response is characterized by a low gradient, which is adequately captured by the 
numerical simulation.  
A good agreement is observed in terms of numerical and experimental EDc-CTOD 
curves, even though a significant variability of the displacement capacity and, 
consequently, of the EDc, was observed comparing the tests results. The results suggest a 
relationship between the parameter a and the fiber content, since a significantly lower 
value was obtained comparing the case of RSF_46 (i.e. high fiber content) to RSF_23 (-
68.8%) and to RSF_30 (-73.7%). The reduction of a leads, indeed, to a lower slope of 
post-cracking behavior, corresponding to a greater contribution of the fibers on the 
response. On the other hand, higher values of a were obtained in RSF_30 compared to 
RSF_23, although this effect may be related to the different mix design of concrete rather 
than the difference in fiber content between the two specimens. This outcome may 
suggest a negligible influence of the fibers on the post-cracking behavior of SFRC in case 
of low fiber content.   

CONCLUSIONS 
The use of novel solutions in reinforced concrete structures is being encouraged in the 
present days and a deal of attention is paid to environmental-friendly techniques. The 
adoption of waste tyres recovered fibers represents one of the most innovative approaches 
from a circular economy standpoint. In fact, the increasing number of vehicles produced 
each year leads to major issues in tyre disposal.  
The results provided in this study led to the calibration of an analytical model to predict 
the tensile response of recycled steel fiber reinforced concrete, depending on the 
percentage of fibers. The proposed formulation was calibrated through inverse analysis, 
by developing a finite-element model to simulate different tests from the literature. The 
analytical formulation proposes the use of an exponential parameter to account for the 
effect of fiber dosage.  
The results obtained from the numerical simulation are in good agreement with the 
experimental curves, showing a very satisfactory correspondence in terms of peak 
flexural strength, elastic stiffness, post-peak response and energy dissipation capacity. 
Additionally, a correlation between the exponential parameter and the volume percentage 
was observed, even though additional investigation should be carried out to provide a 
more accurate calibration of the analytical model proposed. Particularly, further 
experimental studies are required to investigate a wider range of variation of fibers’ 
volume percentage. The results obtained are meant to lay the basis for the characterization 
of mechanical behavior of recycled steel fiber reinforced concrete, in order to encourage 
its adoption in practical design.  
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Confinement of concrete cylinders by means of inorganic-
based composites: an experimental investigation 

Alessio Cascardi1, Salvatore Verre2, Luciano Ombres2 and Maria Antonietta Aiello1,3 

 

ABSTRACT: In the last years, the research in the field of concrete column’s confinement was relevantly 
stressed due to the introduction of the inorganic-based composite’s family, namely the Fabric Reinforced 
Cementitious Mortars (FRCMs). The reason arises from the need of providing a valid alternative to the 
more commonly adopted Fiber Reinforced Polymers (FRPs); whose epoxy-based matrix demonstrated to 
be poorly compatible with the concrete substrates, particularly from the breathability point of view. On the 
other hand, inorganic matrix (generally lime- or cement-based) has a brittle behavior and easily manifests 
multi-crack patterns when tensile overstressed. As a consequence, the composite action may be very limited 
if the reinforcing fabric tends to slip within the damaged mortar. For this reason, further knowledge needs 
to be achieved from the experimental point of view in order to provide additional evidence on the FRCM-
performance in case of confinement.  

In this perspective, the present work aims to study the effectiveness of a carbon fabric enbembbed into two 
different cement-based mortars by varying their compressive strength’s grade. Moreover, the confinement 
by means of multi-ply installation was investigated considering a single, double and triple wrapping 
schema. The outcomes are reported in terms of axial stress-strain curves with the aim of remarking both 
the strength and ductility gains. In this sense, the improvements demonstrated to be correlated to both the 
grade of FRCM-matrix and number of FRCM-ply.  

Keywords: concrete, confinement, strengthening, FRCM, testing. 

INTRODUCTION 
In Reinforced Concrete (RC) structures, the concrete core of columns is devoted to the 

axial load bearing capacity. In the past, there were many cases in which the demand of 
such load increased, for example, due to a change of serviceability. In order to achieve 
(at least) the same increment in terms of capacity, the confinement was worldwide 
assessed. In fact, by wrapping with a tensile high-strength material, a beneficial 
hydrostatic-like pressure is activated by the lateral expansion of the column itself 
corresponding to the axial load which produces the longitudinal shortening of the column. 
This strengthening solution was achieved in different ways depending on the time-line; 
therefore chronologically: RC-jacket, steel plates, Fiber Reinforced Polymers (FRPs) – 
Micelli et al. (2018) (2021) - wrap and, more recently, Fabric Reinforced Cementitious 
Mortars (FRCMs) plaster. The last consists of a fiber open grid embedded within an 
inorganic matrix; e.g. in Longo et al. (2020). Due to the damaging behavior of the mortar 
(which for sure occurs prematurely with respect to the failure of the fibers), the FRCM-
confinement is quite a complex phenomenon to predict. For this reason, the experimental 
evidence needs to be widened with the aim of mining a deeper knowledge.     
 
 
_________________________ 
 

1ITC-Constructio Technologies Institute, CNR-Italian National Research Council, 70124 - Bari, Italy 
2Department of Civil Engineering, University of Calabria, 87036 - Cosenza, Italy 
3Department of Innovation Engineering, University of Salento, 73100 - Lecce, Italy 

 



The New Boundaries of Structural Concrete 
 

 82 

STATE-OF-KNOWLEDGE AND RESEARCH SIGNIFICANCE 
The FRCM is a valuable system oriented on the strengthening of, among the others, 

existing RC-members; Azam et al. (2014) and Pino et al. (2017). Nonetheless, the relevant 
different behavior of the two constituents (i.e. fiber open grid and mortar-matrix) 
produces a quite hard predictable behavior of the composite in tensile stress state. 
Towards a huge number of tests, the Italian National Research Council (CNR) produced 
a technical document focused on the design of the FRCM-strengthening, namely CNR 
DT 215 (2018) in which the tensile constitutive law (i.e. tensile stress versus strain) was 
defined as a tri-linear phases. The first is mainly according to the strength and stiffness 
of the mortar, while the last assumes a trend close to the Young’s modulus of the dry 
fabric. The maximum stress and strain are commonly close to the fiber’s strength and 
elongation, respectively. An intermediate phase is characterized by a series of zig-zags 
according to the number of cracks in the matrix. The relevancy of one phase with respect 
to the others depends on the geometrical and mechanical properties of the two constituents 
(e.g. grid size, mortar thickness, fiber stiffness, tensile strength of the mortar, etc.) which 
may be very sundry and disagree. Definitely, the FRCM-confinement could be more or 
less effective depending on the combined contribution of both the constituents.  

Many studies are currently available concerning this topic, whereby a short review is 
proposed in the following. Recently, a series of circular and square columns strengthened 
with PBO-FRCM under concentric load was investigated in Tello et al. (2021). Among 
the main achievements, the authors found that the circular cross-section columns, 
strengthened with more than one ply of FRCM, had a higher capacity than the square. 
Moreover, all the wrapped columns had a gain in ductility that was more pronounced 
according to the number of plies. The use of Glass-FRCM jacket was also found able to 
improve both the confined compressive strength and axial strain capacity in Faleschini et 
al. (2020).  

Furthermore, Donnini et al. (2019) investigated two unconfined circular RC-columns 
compared with different confinements assessed by means of FRP, FRCM and High-
Performance Mortar (HPM) systems. FRCM demonstrated to be less effective than FRP 
in concrete confinement. The peak strength of the cylinders confined with Carbon-FRCM 
systems was about 30% lower than that of the same fabric coupled with an epoxy resin 
and 17% lower when using PBO fabrics. Accordingly, the concrete cylinders confined 
with FRP failed due to fibers’ breakage, while the failure observed in FRCM confined 
specimens was mainly due to the slippage of the fabric within the inorganic matrix. In 
addition, HPM jacketing (30 mm thickness) exhibited to significantly increase the 
compressive strength, stiffness and ductility of the concrete cylinders. The authors 
concluded that the FRCM-matrix plays a key-role in the effectiveness of the confinement; 
hence, it cannot be neglected for the proper design of this strengthening solution.  

Mercimek et al. (2022) demonstrated that the ultimate load capacity of reinforced 
concrete columns strengthened with C-FRCM strips (i.e. discontinuous confinement) was 
increased to 1.19–1.78 times with respect to the unconfined. The effectiveness was higher 
in case of columns manufactured with low concrete compressive strength.  

Further evidence was provided by Chen et al. (2021). This research reported about an 
experimental and numerical investigation on the compressive behavior of concrete 
columns confined with a composite reinforcement layer, which was combined by Basalt-
FRCM and Engineered Cementitious Composites (ECC). The aim was to investigate the 
effects of spacing and number of textile layers on the performance of the composite 
column. As a result, the columns confined with ECC achieved a higher ultimate load 
capacity than those confined with B-FRCM. Furthermore, the bonding action between 
the textile and ECC was discovered to be sensitive to both the number of layers and the 
spacing of the textile.  

This evidence is also consistent with the case of masonry columns; e.g. in Cascardi et 
al. (2017a, b) (2018), Di Ludovico et al. (2020) and Aiello et al. (2021).  

These and other studies pushed in the direction that the number of FRCM-plies and 
the mechanical strength of the matrix are two crucial aspects affecting the efficiency of 
the FRCM-confinement of RC-columns. For this reason, the varying parameters herein 
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investigated are the number of plies for C-FRCM and the grade of the mortar-based 
matrix when confining standard concrete cylinders (small-scale).  

EXPERIMENTAL EVIDENCE 
Both the concrete- and cement-based material were cured for 28-days at temperature 

and relative humidity standard conditions. The used concrete cylinders were confined 
with carbon mesh and two different cement-based mortar, namely M25 and M50. The 
confinement procedure is illustrated in Figure 1a-d for a single ply case, while the steps 
in Figure 1a-c were repeated according to the number of extra-plies to be reached (i.e. 
two or three). The overlapping was constrained to be not superposed in case of multi-ply.  

                         a)                          b)                                      c)                             d) 

Figure 1 Specimen’s preparation: a) first mortar layer, b) carbon mesh wrapping, c) 
second mortar layer and c) specimen prepared. 

 
The notation used for the concrete cylinder test is U-x for the Unconfined concrete with 
x indicating the sequential number of the test itself. In case of confined cylinders, the 
label of the sample is My-wL-x type. The y indicates the grade of the mortar matrix (i.e. 
25 or 50 MPa); w indicates the number of FRCM-ply (1, 2 or 3) and x indicates again the 
sequential number of the test. The whole test-layout is reported in Table 1. 
 

Table 1. Test lay-out. 

Label n of 
ply 

Type of 
mortar 

Type of 
fabric 

Diameter 
(mm) 

Height 
(mm) Overlap length 

U1 NA* NA* NA* 

150 300 

NA* U2 
M25-1L-1 1 

M25 

Carbon fiber 
balanced 

mesh 

¼ of the 
circumference 

M25-1L-2 
M25-2L-1 2 M25-2L-2 
M25-3L-1 3 M25-3L-2 
M50-1L-1 1 

M50 

M50-1L-2 
M50-2L-1 2 M50-2L-2 
M50-3L-1 3 M50-3L-2 

Material characterization 
The Carbon-mesh (C) presents the fiber bundles along the two orthogonal directions 

with a span of 10 mm according to what is shown in Figure 2. As a consequence, the 
equivalent thickness in both principal directions t* was equal to 0.046 mm (balanced 
mesh), as reported in Ruregold (2022).  
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Figure 2 Detail of the mesh size of Carbon fabric. 
Tensile strength, ultimate strain, and elastic modulus of the fibers are reported in Table 

2 since they were evaluated by testing three specimens of dry fibers. The coupons had a 
length and a width equal to 500 mm and 50 mm, respectively. All the tests were conducted 
in displacement control with a rate of 0.5 mm/min, as suggested in the Italian Linea Guida 
(2018). At the ends of the specimens two pairs of aluminum plates, aimed to improve the 
gripping, were attached by means of thermosetting epoxy resin. Moreover, the fiber strain 
was measured by an extensometer with a gauge length of 50 mm. 

Table 2. Mechanical properties of the Carbon fabric 
Label Carbon (C) 

Tensile strength σuf [MPa] (CoV) 1982 (13%) 
Ultimate strain εuf [%] (CoV) 0.91 (13%) 

Elastic modulus Ef [GPa] (CoV) 239.8 (1%) 
 
Two inorganic cement-based mortar with different nominal compressive strength 
equal to 25 MPa (M25) and 50 MPa (M50) respectively were employed. The 
mechanical parameters (i.e. flexural/tensile and compressive strength) were evaluated 
according to UNI EN 1015-11 (2007) by testing three prismatic specimens each. The 
average values were reported in Table 3 with the relative coefficient of variation 
(CoV).  

Table 3. Mechanical properties of the matrix 
Label M25 M50 

Flexural tensile strength fct,mat  [MPa] (CoV) 3.5 (8%) 3.5 (4%) 

Compressive strength fc,mat  [MPa] (CoV) 27.3 (3%) 43.5 (3%) 

 
The FRCM specimens were named using the following notation DT - M25 (or M50)-

Z. DT indicating that the specimen was subjected to direct tensile test. M25 (or M50) 
indicates the type of mortar used and Z the specimen number. All DT-specimens were 
reinforced with one layer of C-fiber, and the direct tensile tests were performed under 
displacement control at a rate of 0.2 mm/min in accordance with the Italian Linea Guida 
(2018). 

The FRCM specimens’ tests were performed toward gripping method, and the 
displacement was applied at the bottom while the other side was restrained at the end. 
Two pairs of aluminum tabs were glued on the FRCM specimens at both top and bottom, 
respectively, in order to distribute the gripping force uniformly. Two Linear Variable 
Displacement Transducers (LVDTs) were fixed lengthwise at the side of the FRCM 
specimen by steel supports to evaluate the axial displacement in the gauge length of 300 
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mm. The behavior can be approximated by tri-linear phases: phase-I un-cracked, phase-
II cracks development zone and phase-III cracked phase up to the rupture. The values of 
the mechanical parameters in terms of stress (σIII), strain (εIII) and tensile modulus (EIII). 
for the third phase for each FRCM specimens are collected in Table 4. 

Table 4. FRCM DT-results 

Label n of ply Type of 
mortar 

Strain 
εIII 
[-] 

Stress 
σIII 

[GPa] 

Tensile Modulus 
EIII 

[GPa] 
DT-M25-1L-1 

1 M25 
0.008 774 84 

DT-M25-1L-2 0.008 807 109 
DT-M25-1L-3 0.008 852 149 

Average 0.008 811 114 
CoV 1% 5% 29% 

DT-M50-1L-1 
1 M50 

0.007 929 114 
DT-M50-1L-2 0.007 992          109 
DT-M50-1L-3 0.007 1014 134 

Average 0.007 969 119 
CoV  5% 4% 11% 

 
Six specimens of FRCM-concrete joints were tested by single-lap (direct) shear test 

setup using the push–pull configuration Ombres et al. (2019). All the specimens were 
named with similar nomenclature used for the FRCM-specimens, except for the DS 
notation that indicates the type of test conducted (i.e. single-lap direct shear). The test 
setup used is similar to that reported in Ombres et al. (2019), where the concrete joint 
(150x200x400 mm3) was positioned under the steel frame. At the top of the composite 
strip, a couple of aluminum tabs were glued on the dry fiber by thermosetting epoxy to 
apply the load uniformly at the fiber bundles. During the test, the average value of the 
displacement of the dry fibers was evaluated by the reaction of an L-shaped aluminum 
plate attached to the dry fiber at the top near the bonded area by two LVDTs, glued at 
both sides of the bonded area. All the tests reported in this work were conducted under 
displacement control using a universal testing machine. The rate adopted was 0.2 mm/min 
in accordance with the Italian Linea Guida (2018). The results are reported in Table 5 in 
terms of peak load Peak Load P* and average value of P*avg evaluated for each group of 
the specimens. 
The failure observed was due to the debonding at the fiber-matrix interface with 
substantial slippage of the fibers. This phenomenon is called telescopic failure in the 
literature, where the outer filaments of each single bundle are impregnated with mortar 
while the internal filaments presented a better ease of slippage due to the friction amongst 
the single filaments themselves, e.g. in Longo et al. (2021). 

 
 
 
 
 

Table 5. FRCM DS-results 
Label n of ply Type of 

mortar 
Peak Load  

P* 
[kN] 

Average Peak 
Load   
P*avg 

[kN] (CoV) 
DS-M25-1L-1 

1 M25 
2.48 

2.44 (2%) DS-M25-1L-2 2.46 
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DS-M25-1L-3 2.38 
DS-M50-1L-1 

M50 

3.17 

3.10 (2%) DS-M50-1L-2 3.02 
DS-M50-1L-3 3.10 

Pure compression tests 
The pure compression tests were performed in dispatchment control with a load rate 

of 0.3 mm/min. The specimen was placed in between of two rigid steel plates (50 mm 
thick) as illustrated in Figure 3. The base one imposed the load while the top ensured the 
contrast. The load was recorded by means of a 30-ton load cell located on the specimen 
and a further rigid steel plate (30 mm thick) was placed in between in order to make the 
sustained load uniform on the cylinder top cross-section. The shortening of the concrete 
cylinder was measure by two LVDTs with length measuring equal to 100 mm. These 
were put in contact with the steel plate in two opposite points in order to evaluate potential 
bending of the sample and/or provide more accurate outcomes by averaging of the results. 

 

Figure 3 Compression test set-up. 

 

The foremost achievements are reported in Table 6 in terms of compressive strength of 
the unconfined concrete (fc), compressive strength of the FRCM-confined concrete (fcc), 
peak axial strain of the unconfined concrete (εc), peak axial strain of the FRCM-confined 
concrete (εcc) and the energy absorption assumed equal to the area underlying the axial 
stress-strain curve. 

Table 6. FRCM-confinement main results. 
Label fc  

[MPa] 
fcc  

[MPa] 
εc 

[%] 
εcc 

[%] 
Energy  

absorption 
 [MPa] 

U1 12.13 - 0.096 - 0.009 
U2 12.32 - 0.082 - 0.009 

M25-1L-1 - 12.45 - 0.062 0.008 
M25-1L-2 - 15.40 - 0.076 0.010 
M25-2L-1 - 16.43 - 0.091 0.012 
M25-2L-2 - 15.87 - 0.061 0.007 
M25-3L-1 - 19.79 - 0.068 0.013 
M25-3L-2 - 18.23 - 0.062 0.016 
M50-1L-1 - 12.37 - 0.078 0.012 
M50-1L-2 - 15.14 - 0.111 0.027 
M50-2L-1 - 19.37 - 0.278 0.084 
M50-2L-2 - 18.14 - 0.083 0.018 
M50-3L-1 - 20.14 - 0.250 0.068 
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M50-3L-2 - 24.98 - 0.251 0.121 

DISCUSSION OF THE RESULTS 
In order to fully understand the experimental outcomes, the axial stress-strain curves 

for the confined specimens were plotted according to Figure 4. The vertical axis was 
normalized per the un-confined concrete strength; in such a way the effectiveness of the 
strengthening solution is made evident when the curve overcomes fcc/fc=1. While the 
horizontal axial reports the axial strain in percentage. The ply’s effect was highlighted 
with a color legend, or rather black, red and light-blue line for the 1-, 2- and 3-ply 
respectively. On the other hand, the matrix’s effect was exhibited by grouping the curves 
in two sets, namely M25 (see Figure 4a) and M50 (see Figure 4b).  

First of all, it was noticed that the 1-ply confinement could be ineffective (one case 
M25 and M50 each) due to the poor amount of fiber and very thin cement-matrix. 
Nonetheless, the FRCM-confinement was found able to increase the concrete strength 
proportionally with the geometrical percentage of fibers: the higher was the number of 
FRCM-ply the higher was the fcc/fc ratio. It should be remarked that by increasing the 
number of fabric-plies, the thickness of the mortar-matrix increases accordingly (3mm, 
6mm and 9mm for 1, 2 and 3 plies respectively), so proving an additional confining 
pressure. On the other hand, this gain was significantly larger in case of M50-matrix series 
with a maximum value for the M50-3L-2 manifesting two times the strength of the 
unconfined concrete. Quite similar considerations can be made for the enlargement of the 
axial strain. The matrix effect was more manifest since the M25-based series demonstrate 
a negligible ductility gain. On the contrary, the M50-based series provided high-ductility 
to all the specimens. As a consequence, the energy absorption due to the confinement was 
relevantly higher for the M50-based series.  

�  �  
� a) � b) 

Figure 4. Normalized axial stress versus axial strain: a) M25- and b) M50-series. 
The recordings were consistent with the observed failure modes. The unconfined 

concrete typically crushed in a sudden way after the opening of vertical cracks passing 
the whole specimens in the longitudinal direction (see Figure 5a). The 1-ply confinement, 
especially in case of M25-matrix, exhibited the FRCM-jacket opening corresponding to 
the overlap length (see Figure 5b). This crisis was responsible for the almost null 
confinement effect. Generally, the M25-series with multi ply confinement manifested a 
series of vertical and large cracks (see Figure 5c). On the other side, the M50-series 
showed similar crack patterns, but with significantly thinner cracks. In the opinion of the 
authors this is an indication that M50 was able to better put in tension the fabric since 
larger cracks means sliding of the fabric within the matrix (see Figure 6).    
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a) b) c) d) 
Figure 5. Typical failure modes: a) crushing of the un-confined concrete; b) jacket 

opening in single ply 25MPa-based matrix confinement; c) large vertical crack in 
25MPa-based matrix confinement and d) thin vertical crack in 50MPa-based matrix 

confinement. 
 

 
 

 
Figure 6. Detail of the fiber yarn sliding within a 6.45mm large crack of the M25-

matrix (x10 magnification). 

CONCLUSIONS AND FINAL REMARKS 
The jacketing of concrete columns is an interesting topic as testified by the numerous 
researches currently available. The study of the literature suggested to further 
investigate the role of the FRCM-constituents when dealing with confinement. At this 
scope, an experimental campaign was planned considering small scaled concrete 
cylinders, carbon fabric and two cement-based matrices. The discussion of the findings 
provided that the follow conclusions can be achieved: 

• two different FRCMs were characterized by varying the compressive strength 
of the matrix and so different tensile and bond strength were measured (better 
performances were met in case of higher mortar strength’s grade);  

• FRCMs were found to be a suitable solution for the enlargement of both the 
strength and ductility of concrete cylinders by means of external confinement; 
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• the effectiveness of the confinement was demonstrated to be strongly dependent 
of two main factors, such as, the number of FRCM-ply and the mortar-matrix’s 
compressive/tensile strength; 

• a single FRCM-ply may be insufficient for assessing a significant confinement 
lateral pressure; 

• the load bearing capacity increased almost proportionally to the number of 
FRCM-ply;  

• the specimens exhibited non the same performance when comparing the series 
with different mortar-matrix per the same number of confining-ply; 

• the axial ductility was relevantly improved when using the M50-matrix, while 
the case of M25 manifested to be not suitable for the scope; 

• the best result in terms of strength and ductility gain was met by the M50-3L-2 
as also testified by the energy absorbing which was 1300 times higher with 
respect to the unconfined concrete; 

• the observed failure modes evidenced that the low grade of the mortar-matrix 
favored the slippage of the fabric while the high grade-made tended to the 
breakage of the yard. 

The present achievements should be considered as a preliminary result which need to 
be strengthened by means of further investigations concerning the mechanical 
characterization of the multi-ply scheme and the congruency between the hoop strains at 
the concrete core and FRCM-jacket level after the cracks open within the mortar-matrix.   
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Life cycle structural performances of RC structures for 
different Corrosion Risk Scenarios 

E. Casprini27, C. Passoni28, A. Marini29, G. Bartoli30 and P. Riva31 
 
ABSTRACT: A reliable assessment of structural performances of existing RC structures should necessarily 
account for their actual level of deterioration, mostly related to corrosion effects. In this perspective, the 
DEMSA assessment protocol was recently proposed, enabling the definition of a possible Corrosion Risk 
Scenario as an output of a guided on-site diagnostic campaign, and the calibration of equivalent corrosion 
damage parameters to be included in the structural models. In this paper, the protocol is applied to a 
reference 2D RC frame considering different aggressiveness conditions. The influence of the damage on 
the seismic vulnerability of the structures is evaluated through pushover analyses. Following the same 
approach, a Life Cycle Structural Performance curve of the structural behaviour over time can be defined, 
allowing for the estimation of the frame residual life, and providing major indications for the selection of 
the renovation strategy. 

INTRODUCTION  
The building sector: impacts and strategies 
In 2020, the Institution of Structural Engineers based in London, along with other built-
environment organizations and professional bodies around the world, declared a climate 
and biodiversity emergency (Matthews, 2020). Since the building sector is the most 
impacting sector worldwide, effective strategies need to be urgently undertaken. 

As for the environmental impacts, the building sector is responsible for 50% raw 
material consumption, 35% of waste production, 35% of energy consumption and 36% 
of greenhouse gas emissions (European Commission, 2012). 

Furthermore, 55% of Italy’s 11 million buildings have already reached 40 years of 
service life and more than 40% are in a very poor state of preservation. In addition, more 
than 6 million buildings (and 24 million people) are located in high seismic risk areas, 
where 70% of the buildings were built before seismic regulations came into force 
(Freyrie, 2017). Therefore, there is an urgent need to upgrade such an enormous, unsafe, 
and aging building stock while addressing both environmental and safety issues. 

The attention to the problem is increasing worldwide, as demonstrated by the definition 
of common shared objectives, such as European target of decarbonization by 2050 and 
the sustainable development goals introduced by the United Nations in 2015, which 
represent the main reference for efforts geared towards sustainable development 
(https://sdgs.un.org/goals). One of such seventeen goals is addressed to make cities and 
human settlements inclusive, safe, resilient, and sustainable. At a national level, within 
the framework of the Next Generation EU (2020), a huge investment effort was made 
through the national recovery and resilience plan (2021), addressing more than 22 billion 
in interventions aimed at improving the efficiency and safety of existing buildings.  

For all these efforts to be effective in the present and future life of the building sector, 
a new definition of sustainable renovation of buildings was recently introduced, which 
expands the concept of sustainable renovation to embrace all the pillars of sustainability 
and to include safety and resilience (Marini et al., 2015; Caverzan et al., 2016). With this 
new definition of sustainable renovation, the role of structural engineering has been 
emphasized, as it should enable the design of retrofit solutions able to reduce all possible 
life-cycle costs and environmental impacts, such as energy related carbon dioxide (CO2) 
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emissions, waste, losses and even casualties along the whole renovated-building life 
cycle, which is the time frame from the retrofit intervention to the end-of-life of the 
renovated construction. In this process, LCT principles, such as eco-efficiency, loss 
control, waste reduction, adaptability, and durability among others (Passoni, et al. 2021) 
should be adopted, therefore redefining the concept of Life Cycle Structural Engineering. 
 
The role of corrosion effects on the assessment and retrofit of existing RC 

structures 
To maximize the sustainability of this renovation process, the building structural 
performances along its Life Cycle should be estimated considering both the as-is 
condition, to define the structural residual life and investigate the feasibility and 
effectiveness of the retrofit intervention, and after the retrofit, to specify sustainable 
maintenance criteria and scheduling.  

When dealing with this kind of evaluation for RC structures, the effect of corrosion 
cannot be disregarded. Corrosion-induced deterioration is not always visible at a first 
inspection, and too often this aspect is ignored in the current practice. Corrosion damage 
may lead to a global reduction of the actual capacity of the structure with respect to the 
original one, or may weaken some structural elements, thereby introducing further 
vulnerabilities.  Corrosion of steel bars leads to the reduction of the bar’s cross-section, 
the expansion of corrosion products and consequently the cracking of concrete cover 
surrounding the bars, which can finally result in concrete cover spalling or delamination 
(Bertolini et al. 2013, Andrade 2019). Also, the bond strength between steel and concrete 
may be reduced or completely lost in some regions, with the possibility of buckling of 
bars subjected to compression. The bar ductility may be reduced for the strain 
concentration due to the uneven attack distribution along the bar length. All these possible 
effects are significant not only for the durability of RC concrete structures, but also for 
structural safety against static and seismic loads. 

Beyond the residual capacity of the single structural members, the variation of stiffness 
and capacity induced by corrosion effects in the beams or columns cause an internal 
action redistribution, which may introduce further criticisms in the structural system. 
Finally, a realistic and effective modelling of the structure can be carried out only when 
these aspects are correctly investigated, identified, and taken into account. Since a correct 
understanding and modelling of the structure is fundamental for a reliable assessment of 
the structural performances of an existing building over time in its as-is or retrofitted 
condition, and for preliminary selection of possible intervention strategies, 
straightforward scientific tools are required to evaluate durability performances and 
technical feasibility in the renovation process. 

THE DEMSA PROTOCOL: DETERIORATION EFFECTS MODELLING FOR 
STRUCTURAL ASSESSMENT 

The definition of such tools involves multifaceted aspects, which cannot be faced by a 
single disciplinary field, requiring experience in several sectors such as diagnostics, 
electrochemistry, material and structural engineering. In absence of this multidisciplinary 
approach, all the knowledge available in each field risks to be not applicable in the daily 
practice (Casprini, 2021). Therefore, a simplified assessment procedure was proposed by 
the authors, with the aim of collecting and systematizing the already validated state-of-
the-art in each step of the process and introducing new tools to cover the missing key 
steps. The DEMSA Protocol (Deterioration Effect Modelling for Structural Assessment) 
is conceived to guide the professional engineers from the building inspection to the 
structural evaluation. The focus is on the relevance of corrosion effects on the structural 
behaviour and on the choice of an effective renovation strategy. 
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The DEMSA Protocol: a step-by-step assessment procedure 
A simplified summary of the Protocol is represented in Figure 1 (Casprini et al. 2022a). 
The first step consists in the initial on-site survey for damage detection with visual 
inspection, for which an abacus of visible deterioration conditions on RC structures is 
provided. In the second step, the deterioration risk is identified in relation to the 
environmental and aggressiveness conditions, in which corrosion may occur (herein 
classified in Corrosion Risk Scenarios – CRS) and the results of slightly destructive 
instrumental tests; then, in relation to each Scenario, equivalent damage parameters 
(EDP) are calibrated in the third step, describing the quantitative effects of such type of 
corrosion, thus providing an estimate of the deterioration level. By adopting these 
parameters, in the fourth step, sensitivity analyses are carried out in order to evaluate the 
relevance of deterioration effects on the structural behaviour. Finally, the impact on 
modelling and/or on retrofit strategies is defined as a protocol outcome. For a detailed 
description of the protocol procedure, reference can be made to Casprini et al. (2022a). 
 

 
Figure 1. Steps of the DEMSA Protocol: 1) visual inspection – 2) Corrosion Risk 

Scenario Identification – 3) Setting of the equivalent damage parameters – 4) definition 
of the modelling/retrofit strategy 

 
The DEMSA Protocol: Corrosion Risk Scenarios and equivalent damage 

parameters 
The core proposal of the DEMSA Protocol is to relate easy-measurable environmental 
and aggressiveness conditions with the expected characteristics of the corrosion attack. 
Investigations carried out on existing RC structures and data collected from the literature 
showed that a preliminary description of the corrosion attack intensity and pattern may 
be predicted starting from these considerations. Therefore, different environmental and 
aggressiveness conditions are classified in Corrosion Risk Scenarios.  

The possibility to have one or more Scenarios is evaluated by progressively examining 
the environmental exposure conditions, thus by checking the presence of aggressiveness 
substances in the concrete cover, namely carbon dioxide (carbonation penetration depth, 
EN14630, 2006) and chlorides (EN14629, 2007). The guided Scenario Identification 
Procedure (for detail see Casprini et al. 2022a) allows performing such tests following a 
systematized methodology, which is designed to confirm the hypothesis of a certain 
Scenario, thus carrying out only the necessary tests, in few strategic locations. 

Corrosion Risk Scenario 1 is related to carbonation-induced corrosion, which becomes 
critical from a structural point of view only in presence of frequent contact with water, 
water stagnation or high Relative Humidity (R.H. >70%); such conditions may be found 
in structural elements not sheltered from rain, or where problem of leakage or infiltration 
are found. 

Corrosion Risk Scenario 2 is related to carbonation-induced corrosion in simultaneous 
presence of low chloride content in the cementitious matrix (0.1% < Cl- < 0.4% with 
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respect to cement weight); although limit are imposed on the chloride content in modern 
structures, this Scenario cannot be excluded a priori in existing RC structures, since 
chlorides may have been introduced in the cementitious matrix, due to the use of 
contaminated raw materials or to the addition of accelerant admixtures based on calcium 
chloride (structures built in the 60’s and 70’s). In this case, corrosion attack may become 
relevant also in moderate humidity condition (R.H. > 50%) since the hygroscopic nature 
of chloride-contaminated concrete attracts and retains a higher level of moisture. 

Finally, Corrosion Risk Scenario 3 is referred to chloride-induced corrosion (Cl>0.4%), 
typical of structures exposed to marine environment, industrial brines, or infrastructure 
where de-icing salts are used. 

The main characteristics of the corrosion attack, required to calibrate the equivalent 
damage parameters (i.e., the average and minimum bar residual cross-sections, the 
reduced compressive strength of concrete cover, the equivalent ultimate strain of bars and 
the residual bond strength) are the average corrosion rate, i.e. the rate of the corrosion 
attack penetration on rebars, measured for practical applications in µm/year, and the 
maximum to average attack ratio on the bar section (Rp), as proposed also in the 
CONTECVET manual (2001) and Berto et al. (2012). 

A tentative proposal of values defined for these characteristics in each Scenario 
(detailed in aggressiveness classes depending on the level of moisture and chloride 
content) is presented in Table 1, based on data measured on existing structures (Casprini, 
2021) and collected from the literature (Bertolini et al. 2013, Martínez and Andrade 2009, 
RILEM 1996, Tuutti 1982). 
 
Table 8. Representative values of the corrosion attack characteristics in each Corrosion 

Risk Scenario (CRS) 

Attack characteristic Aggressiveness 
Class CRS 1 CRS 2 CRS 3 

Average corrosion rate vavg [µm/year] 
Ordinary  2÷10 10÷50 

High 2÷10 10÷50 50÷100 
Extreme 10÷50 100÷200 100÷300 

Maximum to average attack ratio Rp 1÷2 3÷7 4÷10 
 

While the equivalent damage parameters describing the sectional behaviour of structural 
members can be calibrated starting from the characteristics proposed in Table 1 through 
formulations available in the literature (Andrade 2021, Coronelli and Gambarova 2004), 
a relationship between the Corrosion Risk Scenario and the expected attack pattern along 
the element length is still lacking; nevertheless, it would be necessary to estimate the 
member ductility reduction or the possible loss of steel-concrete bond strength.  
 A simplified method which allows defining a simplified corrosion pattern 
(described by a single equivalent defect, characterized by a certain length and by the 
minimum bar residual cross-section) and an uneven corrosion attack distribution was 
proposed by the authors in Casprini et al. (2022b). Once the equivalent damage 
parameters are calibrated, they can be adopted in analytical models for the estimation of 
the residual capacity of single structural elements (Coronelli 2020) or implemented in 
numerical modelling to perform sensitivity analyses on the structural behaviour of the 
structural sub-assembly and whole building, or to estimate the variation of the 
performances over time. 

SEISMIC VULNERABILITY OF CORRODED RC FRAMES  
The equivalent damage parameters can be adopted in the structural analyses to evaluate 
the seismic vulnerability of existing structures, by describing the actual expected 
corrosion pattern, or simulating different exposure and aggressiveness conditions. In the 
following paragraph, as a proof of the concept, a reference 2D RC frame is considered, 
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and a corrosion pattern is selected. The vulnerability of the frame in different Corrosion 
Risk Scenarios is evaluated through the definition of its capacity curve by adopting fibre 
modelling technique (Spacone et al. 1996, Dizaj et al. 2018), particularly suitable to 
describe corrosion patterns and nonlinear behaviour of RC structures, since both the 
reinforcement detailing and the concrete section geometry, as well as their mechanical 
properties, can be varied within the same structural element. 

 
Description of the reference RC frame 
The reference 3-bay and 3-storey frame shown in Figure 2 has a bay length L=4.5 m and 
an inter-storey height H=3m. In the uncorroded condition, the columns have a cross-
section of 30 cm x 30 cm and 4ϕ16 as reinforcement (Figure 2b), while the beams have a 
section of 30 cm x 36 cm, with 4ϕ16 and 3ϕ16 as top and bottom reinforcements, 
respectively (Figure 2c). The concrete cover depth is c=3 cm. A distributed load on the 
beams equal to 32 kN/m is considered to represent the dead floor load. Each structural 
element is divided into a number of nonlinear finite fibre elements (from 10 to 13 
depending on the corrosion pattern) and the number of integration sections along the 
single element varies between 3 and 7 to have a homogeneous distance between them. 
The element section is divided in fibre cells (dimensions of concrete cells 1.5 cm x 1.5 
cm) as reported in Figure 2b-c. 
 

 
  

(a) (b) (c) 

Figure 2. (a) Geometry and dimensions of the reference 2D RC frame and 
characteristics of the (b) columns and (c) beams modelled through fibre models 

(adapted from Casprini et al. 2022b).  
 

The Park Model (with fy=360 MPa, fu=540 MPa, Es=210000 MPa, εsh=0.009, εsu=0.1) and 
Nagoya Highway corporation Model (with σck=fc=25 MPa, εcc=0.002, εcu=0.004) are 
adopted as constitutive relationship for steel and concrete material, respectively (symbols 
defined in the MidasGen user manual, release 2020). The steel material properties defined 
for the initial uncorroded bar are kept constant, while for concrete, the cracked cover 
compressive strength is reduced, according to the average corrosion attack penetration (as 
proposed in Coronelli and Gambarova, 2004); possible beneficial confinement effect on 
the concrete core compressive strength is neglected. 
 In this preliminary phase, the shear inelastic behaviour is not modelled, and failure 
is assumed to occur for flexure; also, the effect of corrosion on bond strength is neglected. 
Therefore, the corrosion effects considered in the FEM model through the equivalent 
damage parameters are the reduction of longitudinal steel bars cross-section, the reduced 
compressive strength of the concrete cover, and the attack distribution along the element 
length, the latter introduced by adopting the simplified model described in Casprini et al. 
(2022b). This model defines two different sections in the corroded element, one with the 
minimum cross-section modelled in a portion of length Lc (equivalent defect length) and 
one with the average cross-section in the remaining length of the member. This simplified 
corrosion pattern in the bar is defined as to provide the same ductility reduction of a bar 
characterized by an uneven natural corrosion pattern, subjected to a constant distribution 
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of a tensile axial force. Therefore, in this numerical model, the likely ductility reduction 
is due to the uneven cross-section reduction along the bar length, and not to possible 
embrittlement effect at material level, which issue is currently under investigation 
(Andrade, 2021).  

 
Definition of the corrosion attack characteristics and equivalent parameters 
The corrosion attack characteristics are selected from Table 1, assuming for all the 
Scenarios an aggressiveness class H, and the initiation time (i.e. the time in which 
aggressive substances reached the steel bars) equal to 10 years. Being the structure age 
assumed as 50 years, the effective duration of the corrosion attack is 40 years. The 
corrosion attack penetration in the bar section is given by the average corrosion time 
multiplied by the duration of the attack. Then, for a preliminary evaluation, the residual 
cross-sections are calculated by assuming a simplified equivalent circular cross-section 
and a model for the attack penetration (from all side of the bar or mainly penetrating from 
one side, as in this example). The selected values of the corrosion attack characteristics 
and the calibrated equivalent damage parameters are summarized in Table 2. 
 

Table 2. Corrosion attack characteristics and equivalent damage parameters selected 
for each Scenario: average and minimum residual diameter, compressive strength of 

cracked concrete cover 

CRS vavg  
[µm/year] 

Rp 

 

Lc 
[%Lelement] 

ϕavg 
[mm] 

ϕmin 
[mm] 

fc
*

column 
[MPa]  

fc
*

beam 
[MPa] 

1-H 10 2 10 15.6 15.2 13.6 10.2 
2-H 30 5 5 14.8 10.0 7.1 4.7 
3-H 50 7 1.5 14.0 2.0 4.8 3.1 

 
A possible corrosion pattern is chosen to represent a typical distribution of the corrosion 
attack; the columns at the ground floor are corroded (yellow portion in Figure 3a), while 
all the other elements do not present corrosion damage. This may represent the case of an 
external colonnade where the columns are not sheltered from rain, and the other elements 
present finishing (Figure 3b). As to represent the worst case-scenario, the single defect 
with the maximum attack (orange portion in Figure 3a) is modelled at the base of the 
columns, where the location of plastic hinges is expected, and the length of the defect is 
assumed to decrease by increasing the aggressiveness of the attack. 
 
Seismic vulnerability for different Corrosion Risk Scenarios 
The capacity curves describing the base shear – total drift relation at 50 years of service 
life in the three different Scenarios (MidasGen, 2020) are reported in Figure 4 and 
compared with the behaviour in the uncorroded condition (curve ‘No Damage’). A slight 
global elastic lateral stiffness reduction is observed for the corroded frames; the corrosion 
of the columns at the ground floor strongly affects the performance of the frame, both in 
terms of shear capacity and ductility, being the failure mechanism in the undamaged 
condition mainly dominated by a soft-storey collapse mechanism at the ground floor. In 
this case, the capacity in terms of base shear is governed by the characteristics of the 
columns base section, while the displacement capacity is related to the difference between 
the minimum and average residual cross-sections along the element and the length of the 
equivalent defect. 
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(a) (b) 

Figure 3. (a) possible corrosion pattern (P1) on the reference 2D RC frame: 
corrosion of the columns at the ground floor, (b) example of a building with a similar 

pattern.  
 

 
Figure 4. Comparison of capacity curves of the reference frame in the undamaged 

condition (‘No Damage’), in Corrosion Risk Scenario S1H, S2H, S3H (adapted from 
Casprini et al. 2022b) 

The simple example reported in this paper highlights the importance of defining a 
simplified strategy for modelling realistic expected corrosion patterns when evaluating 
existing RC structures. Furthermore, such evaluations need to be carried out along with 
the understanding of the structural behaviour, since detecting some aspects may be 
fundamental while the uncertainties on others may be less relevant. It should be also 
emphasized that uneven corrosion patterns may introduce further structural 
vulnerabilities or lead to a variation of the failure mechanism, therefore also this 
possibility should be taken into account. Finally, also in terms of static behaviour, when 
corrosion affects few selected members, a variation of the internal actions distribution 
may occur, which may lead to an increase of the actions in some elements, simultaneously 
to the reduction of their capacity, thus further reducing their residual life. 
 

LIFE CYCLE STRUCTURAL PERFORMANCES 
As shown in the previous paragraph, the proposed protocol can be used to detect the 
possible risk of corrosion and to calibrate equivalent damage parameters for the 
assessment of the structure in the as-is condition, both against static and seismic actions. 
The same procedure can be used to define a performance curve of the structural behaviour 
over time, by evaluating the performance at different stages, considering the evolution of 
corrosion damage. 
 Such a curve (as for example the black line in Figure 5), can be then used as the 
basis for the definition of the retrofit intervention scheduling and timing, either for 
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ordinary and extraordinary durability maintenance, and for structural interventions. Once 
the performance curve is defined, and an acceptable limit condition is set (in the example 
in Figure 5, the achievement of 85% of the initial capacity is considered), the maximum 
allowable time left to a retrofit intervention is defined for the structure in the as-is 
condition (residual life) and different strategies can be conceived and compared from an 
economical and environmental point of view. 

 
 

Figure 5. Example of the implementation of the predictive models in the assessment of 
the residual life of existing structures and in the maintenance schedule and planning, 

adapted from Casprini et al. 2022a 

For example, repair techniques to stop the corrosion process and its future activation 
can be undertaken at the time of the survey (A) or at the achievement of a given limit state 
(B). If structural retrofit is not considered, an equivalent damage parameter describing the 
residual capacity of the structure should be implemented in any further modelling of the 
structural behaviour. It can be also decided to perform a structural retrofit (for example 
integration of bars or other strengthening method) to restore the initial capacity (C) or a 
higher one (D-E-F). In this case, the new time left to corrosion initiation may depend on 
the concrete cover characteristics or dimensions. If aggressiveness conditions are not 
changed, it may be expected that future deterioration follows the same trend as the 
original curve (D); on the other hand, some mitigation measures for future corrosion 
attack, such as the reduction of environmental R.H., may be carried out in order to either 
reduce the curve slope (E) or stop future activation of corrosion (F). The example reported 
herein, as a proof of the concept, shows the importance of having a tool to perform 
evaluations of the structural behaviour over time when affected by corrosion damage 
effects. It also emphasizes the need of a further collaboration between structural engineers 
and material and corrosion experts to plan and carry out repair techniques, able to obtain 
the maximum beneficial effect for both maintenance costs over service life, and structural 
behaviour expected in the as-is condition and after the retrofit intervention.   

CONCLUDING REMARKS AND RESEARCH NEEDS 
Simplified tools are required to integrate the effects of corrosion in the structural 
assessment; such effects are a fundamental input information to perform a reliable 
modelling of the structural behaviour and define an effective plan of intervention, and the 
correct retrofit strategy. 
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In this context, the DEMSA Protocol is aimed at detecting the possible risk of corrosion 
and at calibrating simplified equivalent damage parameters to be implemented in the 
structural analyses. The results presented in this paper show the importance of considering 
such effects in the evaluations; also, the performance curve obtained can be used as a 
basis for designing the intervention timing and scheduling. Nevertheless, for such tool to 
be effective and reliable, further research is needed, to better detail the corrosion attack 
characteristics associated with each Corrosion Risk Scenario. Many data should be 
measured in existing corroding structures and collected in a database along with the 
environmental and aggressiveness condition measured. This would allow reducing the 
uncertainty of the expected corrosion pattern and intensity and performing more accurate 
evaluations. 
However, the protocol is conceived as a flexible procedure, open to the introduction of 
updated research contributions, since each formulation can be easily substituted in any 
step of the protocol. Although the DEMSA protocol was firstly conceived for the 
evaluation of buildings, research activities are being carried out by the authors to extend 
the protocol to bridge structures (in the context of RELUIS-DPC WP4). Indeed, the 
recently introduced national assessment guidelines (CSLPP, 2020) allow the definition of 
an attention class for each bridge, and, if deterioration processes are manifest, 
consideration of their effects in the further structural evaluation is required. Accordingly, 
the protocol may be adapted to bridge structures to provide the input data to be 
implemented in the structural models, starting from the definition of Corrosion Risk 
Scenarios and equivalent damage parameters, able to account for specific problems of 
bridge structures.    
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Ultimate shear capacity for unreinforced RC elements: a 
comparative analysis of code-based approaches  
Nicola Caterino32,33, Francesca Ceroni34 and Giovanni Crisci35 

 

ABSTRACT: The ultimate behavior of Reinforced Concrete (RC) slabs or beams without specific shear 
reinforcement could be affected by shear issues, especially in the case of concentrated loads close to the 
supports. The assessment of shear strength of such elements still is a challenging problem. Several 
formulations are available in the current standards for beams, however they give quite different predictions. 
For slabs, instead, specific formulations are not available, so the ones provided for the beams are usually 
adapted to the use. This work focuses on the critical comparisons between several code formulations in 
order to check their reliability and to highlight which are the main geometrical and the mechanical 
parameters they involve and how they affect the estimate of the ultimate shear capacity. Successively, a 
numerical evaluation of the shear capacity of a RC beam available in literature and failed for shear is 
developed by means of a non-linear Finite Element Model (FEM) aimed to: i) check the suitability of the 
FE model into catch the experimental behavior, and ii) check the reliability of the code formulations into 
predict the experimental failure load. 

 

INTRODUCTION 
The shear capacity formulations provided by several standards concerning the Reinforced 
Concrete (RC) slabs or beams are based on different parameters which might affect the shear 
strength. It is well known that the shear strength of RC slabs and beams is provided by several 
resistant mechanisms, such as the interlocking effect of the aggregate along the cracks, the dowel 
action provided by the longitudinal steel bars, the shear stresses in the un-cracked concrete, which 
involves the concrete compressive strength, the behavior of the struts constrained in the un-
cracked concrete, the level of compression or pre-compression eventually present in the element, 
and the arching effect. Therefore, based on such evidence, the standard codes consider, as 
parameters for estimating the shear strength, the concrete compressive strength, the aggregate 
size, the longitudinal reinforcement ratios, geometric parameters such as the effective member 
depth, d, and the ratio of the shear length-to-the effective depth, av/d.  
However, because several phenomena coexist in the shear resistance mechanism of a RC element, 
and so thus many parameters are involved, and the experimental results, especially concerning 
slabs, are not very numerous, nowadays a solid knowledge and understanding of the shear 
behavior of RC members is still lacking and no unified and complete theory about shear behavior 
is available. The most commonly adopted models are, indeed, the model of Regan, (1987), or 
Bresler and MacGregor (1967), the Modified Compression Field Theory (MCFT, Vecchio and 
Collins, 1986), and the Critical Shear Crack Theory (CSCT, Muttoni, 2003). 
Depending on the standards, different ways are adopted to take into account the parameters 
influencing the shear strength, leading to have quite different calculation models from each other. 
In this paper, the European standard (EC2), the fib Model Code, the American standard ACI, the 
Swiss standard SIA 262, and the Italian guidelines for existing bridges (DM 578) are considered. 
The calculation models provided in each standard are based on different theoretical methods, 
which could be grouped among them. In particular, the EC2 and ACI 318 are based on evidence 
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from Regan (1987), or Bresler and MacGregor (1967). The fib Model Code is derived from the 
MCFT (Vecchio and Collins, 1986). Finally, the Swiss standard SIA 262 and the Italian DM 578 
derive from the CSCT (Muttoni, 2003).  
The main aim of this study is to compare the shear strength provided by different formulations 
now available in national and international standards for RC beams without shear reinforcement, 
firstly in order to identify the geometrical and mechanical parameters involved, then to assess 
how they affect the ultimate shear capacity. Successively, a numerical evaluation of the shear 
capacity of a RC benchmark beam available in literature and failed for shear is developed by 
means of a non-linear Finite Element Model (FEM) aimed to: i) check the suitability of the FE 
model into catch the experimental behavior, and ii) check the reliability of the code formulations 
into predict the experimental failure load. 

DESIGN FORMULATIONS FOR SHEAR STRENGTH 
As argued in the previous section, several are the calculation models to establish the theoretical 
value of the shear strength.  
According to EN 1992-1-1:2005 (EC2, Eurocode 2, 2005), the shear strength for a structural 
member without shear reinforcement can be calculated according to Eq. (1). 

 

 
(1) 

k = 1+(200/d)0.5≤ 2                                ρl = Asl/(bw·d)                                     

 

where CRd,c = 0.18, k is a shape factor, ρl is the geometrical reinforcement ratio referred 
to the area of reinforcement in tension, Asl; bw is the base and d is the effective depth of 
the cross-section, fck is the characteristic value of the concrete cylindrical compressive 
strength (MPa), σcp (MPa) is the average compression stress acting in the cross section (< 
0.2·fcd), and γc = 1.5 is the safety factor of the concrete. 

 
According to ACI 318 (2014), the shear strength can be evaluated by Eq. (2): 
 

 (2) 

where the parameters have the same meaning already introduced and, in addition, VEd and 
MEd are the shear force and the bending moment applied to the reference cross-section. 
ACI 318-14 provides also a simpler formulation (Eq. 2a), used by the most engineers, 
where the geometrical reinforcement ratio and the acting forces are neglected: 
 

 (2a) 

 
A formulation similar to Eq. (2a) is provided by the fib Model Code 2010, as in Eq. (3): 

 

 (3) 

where kv represents the ability of cracked concrete into propagate the shear stresses by 
means of aggregates effect and it depends on the calculation approach (i.e. so called Level 
of Approximation, LoA). Model Code provides two Levels of Approximation: LoA I and 
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LoA II. 
The LoA I is generally used for preliminary design for elements with no significant axial 
load and when fck ≤ 70 MPa, the yield stress of longitudinal reinforcement fyk ≤ 600 MPa, 
and the maximum aggregate size dg is not less than 10 mm. Under such assumptions, the 
parameter kv is equal to (see Eq. 4): 
 

LoA I:                                             (4) 

On the contrary, the LoA II calculates the shear strength on the basis of a more accurate 
determination of the parameter kv, which is assumed to be a function, in addition to the 
effective height d, of the strain value εx in the beam at mid-height of the cross section (it 
represents, therefore, the average longitudinal strain state) and the maximum aggregate 
size, dg,max. In LoA II, the parameter kv can be, thus, determined as follows (see Eq. 5): 
 

LoA II:                                    

(5)  

 

where MEd, VEd, and NEd are the bending moment, the shear and the compression force 
applied to the reference cross-section, while Es and As are the Young’s Modulus and the 
area of the ordinary steel bars.  
 
An update of the MC2010 formulations is provided by the fib Model Code 2020, where 
a different relation for kv is presented for the two LoAs, as follows (see Eq. 6): 
 

LoA I:                                 
(6) 

LoA II:                    (7) 

where kv and kdg assume the same expressions provided in MC2010, i.e. Eq. 5. 
 

According to SIA 262, the shear strength can be evaluated by Eq. (8): 
 

 

(8) 
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where the parameters have the same meanings already introduced and MRd is the flexural 
strength of the beam cross section.  
 
A similar formulation, completely inspired by the SIA 262 standard, was recently 
provided by the Italian Ministerial Decree n. 578 (DM 578, 2020), as follows (see Eq. 9): 

 

 
(9) 

THE CASE STUDY 
Properties of the RC beam 
The experimental study assumed as benchmark for the present work is the specimen 
BN50D, extracted by an extensive experimental program carried out in the Department 
of Civil Engineering at the University of Toronto and described in detail in Bogdan A., 
1998. The RC beams is 3000 mm long with a constant cross section along the beam of 
300 mm x 500 mm (Figure 1). The longitudinal reinforcement includes 2ϕ20 and 1ϕ25 
steel bars at the bottom and further 10ϕ10 steel bars distributed along the height. No 
transversal reinforcement was provided. The concrete has a compressive strength of 37 
MPa after 28 days and the steel is characterized by a yielding stress of 490 MPa. The 
beam is simply supported with supports placed at 150 mm from the ends and the load is 
applied in a single point at the mid-span; thus, the length of the loading pattern is L = 
2700 mm. 

 

 
(a) 

 
 

(b) 
Figure 1. Layout of BN50D specimen; b) detailing of the cross sections. 

 
 
The Finite Element Model 
A three-dimensional finite element software (Midas FEA NX, 2020) was used to simulate 
the experimental case study. To simulate the concrete, a Smeared Crack Model is adopted, 
i.e. a total strain crack model which provides several stress strain relationships for both 
tension and compression behavior. For the purposes of this study, the non-linear behavior 
of the concrete in compression is simulated with the model proposed by Thorenfeldt et 
al. (1987) (Fig. 2a), while the behavior in tension is simulated with the model proposed 
by Hordijk (1991) (Fig. 2b). Moreover, for the concrete in tension, the softening behavior 
is assumed to be a function of the ratio G’f / h, where G’ is the fracture energy, which 
depends on the compressive strength of concrete, h is the total crack band width 
(suggested to be assumed as the mesh size of the concrete).  
For the reinforcement steel bars, a uniaxial elastic-plastic behavior (both in tension and 
compression) is adopted using the Von Mises (1913) yielding criteria. 
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Due to the symmetry of the beam, in order to reduce the computational effort and at the 
same time use a refined mesh, only half beam is modelled (Fig. 2c). An eight-node 
hexahedron linear element is generated automatically (14172 elements) to mesh the 
concrete, while a two-node bar element (10 mm length) is used to mesh the reinforcement 
in which the steel proprieties (area of the bars) can be defined.  
The boundary conditions are achieved by constraining the nodes of the first support only 
along the vertical direction, i.e. the Z axis, while, in the symmetry section corresponding 
to the mid-span of the real beam, the nodes are constrained in the both vertical and 
horizontal directions, i.e. the Z and X axis, to replicate the symmetry conditions.  
The vertical load was applied on the nodes of the symmetry cross-section, i.e. the mid-
span of the real beam, by applying increasing displacements. The ‘full Newton-Raphson’ 
iterative method is selected to achieve the implicit solution strategy by imposing a 
maximum displacement of 8 mm by means of 100 steps. 

 

 
(a) 

 
(b) (c) 

Figure 2. a) Compressive behavior of the concrete; b) Tension behavior of the 
concrete; c) FE model of half beam. 

 
Numerical vs. Experimental results 
This section describes in detail the experimental results of the BN50D specimen, 
previously introduced. Figure 3 reports the experimental relation between the shear force, 
i.e. the half of the applied vertical load, and the displacement measured at the mid-span. 
As discussed in (Bogdan A., 1998), the beam initially expressed a typical flexural 
behaviour, characterized by a crack pattern localized at the mid-span cross section. 
Suddenly, a flexural-shear crack caused the failure of the beam and the end of the test. 
Such a crack (about 45° oriented, located around a quarter of the beam span) extended 
for more than half of the specimen depth, abruptly formed as it intersected the tips of the 
existing flexural cracks. 

 

 
Figure 3. Experimental vs. numerical shear force-displacement. 

 
The beam ultimately failed at a shear force Vu,exp = l62 kN. Approaching this value of 
shear, during the test the beam did not display any warning of the imminent failure and, 
after the shear crack developed, it did not show any post cracking capacity. The 

s

e

f c

0eu

s

e

f t

e to

G' f / h

s

e

f c

0eu

s

e

f t

e to

G' f / h

 

0

40

80

120

160

200

0 1 2 3 4 5 6 7 8

Sh
ea

r F
or

ce
 [

kN
]

Displacement at mid-span [mm]

Experimental test

FEM simulation



The New Boundaries of Structural Concrete 
 

 106 

experimental relation between the shear force and the mid-span displacement describes a 
brittle failure in terms of global behaviour and, indeed, a sudden drop in the shear is well 
evident in Figure 3 at around 6 mm of displacement.  
The FE model was validated by comparing the predicted shear–displacement response 
and the cracking pattern, the ultimate values of both shear and deflection with the 
experimental results. Figure 3 shows that the numerical curve appears to recall the 
experimental trend in detail, showing, indeed, once again, a large reduction in force in 
correspondence with the same experimental displacement, i.e. around 6 mm. For low 
values of the shear force, on the other hand, and more significantly before the first 
cracking, the numerical trend is stiffer than the experimental one, while the two curves 
appear to be increasingly similar as the cracking of the concrete enhances. Such a higher 
stiffness of the numerical curve might be due to the fact that the steel bars were modelled 
perfectly bonded to the concrete, while in the real behaviour there are slips along the 
interfaces that make the experimental behaviour more deformable. Moreover, it has to be 
considered that the beam was probably affected by shrinkage micro-cracks that further 
increased its deformability and influenced the experimental shear-deflection relation. 
The ultimate shear force attained in the experimental test, Vu,exp, and the value provided 
by the FE model, Vu,FEM, are very similar (162 and 168 kN, respectively), with a difference 
of around 3.6%. Analogously, the difference in term of ultimate deflection at the mid-
span is quite limited, i.e. 4.8% (5.90 and 6.20 mm, respectively).  
Figure 4 shows a comparison between the numerical (right side of the beam) and the 
experimental (left side of the beam) results in terms of principal tension strain in concrete 
and crack pattern and status for three values of shear V.  
The numerical distribution of the principal tension strain in the concrete (Fig. 4a, 4b, 4c) 
is consistent with the position of the experimental cracks. It seems quite clear the tensile 
direction, indeed, and, thus, the direction of opening cracks. It is worth noting that the 
cyan represents a tensile strain level of 4‰, whereas the light green, around of 1%, rather 
important. The tensile strain corresponding to the tensile strength ft is also indicated, i.e. 
et = 0.01%. 
 

 
(a) V= 125 kN (77% Vu,exp) 

 
(d) V= 125 kN (77% Vu,exp) 

(b) V= 150 kN (93% Vu,exp) 
 

(e) V= 150 kN (93% Vu,exp) 

 
(c) V= 162 kN (100% Vu,exp) 

 
(f) V= 162 kN (100% Vu,exp) 

 
 

Figure 4. Experimental vs. numerical results: (a), (b) and (c) principal tensile solid 
strain; (d), (e) and (f) Crack pattern. 

 
Analogously, the numerical crack pattern, shown in Figure 4d, 4e, and 4f is in good 
agreement with the experimental one. It shows, indeed, that when V = 125 kN, i.e. 77% 
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of Vu,exp (Fig. 4d), the cracks have the typical trend of a flexural behaviour, being quite 
vertical. Conversely, at V = 150 kN, i.e. 92% of Vu,exp (Fig. 4e), the outermost existing 
cracks begin to show a certain deviation from the vertical, until at V = Vu,exp (Fig. 4e), a 
sudden inclined crack forms from the support to the load section confirming the 
experimental brittle failure. Moreover, it is worth noting that the FE model provides not 
only the position of the cracks, but also their level of opening by means of different colors. 
The blue represents partially open (in loading) cracks, the magenta indicates partially 
open (in unloading) cracks, the red represents fully open cracks and the green represents 
closed cracks. Thus, at V = Vu,exp (Fig. 4e), the shear crack appears fully open. 
Finally, all the comparisons evidence that the numerical approach implemented in the FE 
model is reliable and could be used as a valid numerical tool in investigating the shear 
behavior of RC beams.  
 

 
Assessment and reliability of code provisions 
The experimental and numerical results previously described are compared in this section 
with the predictions given by the code formulations introduced in Section 2. The values 
of the shear strength provided by all the approaches, Vu,th, are listed in Table 1 and were 
calculated assuming the partial safety factor equal to 1 (γc = 1). The formulations coming 
from ACI 318-14 (Eq. 2) and from LoA II of the fib Model Code (Eqs. 5 and 7) depend 
on the applied bending moment, which was calculated at the mid-span section.  
Moreover, the flexural capacity, MRd = 290 kNm, which appears in the SIA 262 
formulation (Eq. 8), is calculated according to the usual assumptions for RC sections and 
the mean experimental values of the materials properties provided in section 3.1. Such a 
flexural capacity was also used to establish the values of the shear, VFlex, corresponding 
to the attainment of MRd at the mid-span section (i.e., VFlex = 2·MRd/L = 215 kN). Such a 
value is greater than Vu,exp (162 kN) and, thus, highlights that the beam and its 
reinforcement were correctly designed to induce a premature crisis due to shear, rather 
than a flexural collapse.  
 

Table 9. Theoretical shear strengths for 
the benchmark beam 

Standard Code ID Vu,th 
[kN] 

EC2, Eq. (1) SC1 142 

MC 2010 LoA I, Eq. (3), (4) SC2 95 

MC 2010 LoA II, Eq. (3), (5) SC3 120 

MC 2020 LoA I, Eq. (3), (6) SC4 96 

MC 2020 LoA II, Eq. (3), (7) SC5 120 

ACI 318-14, Eq. (2) SC6 139 

ACI 318-14, Eq. (2a) SC7 140 

SIA 262, Eq. (8) SC8 117 

DM 578, Eq. (9) SC9 124 
 

 

 
Figure 5. Theoretical, experimental and 

numerical shear strengths for the benchmark 
beam. 

 
Figure 5 reports the comparison between the theoretical, Vu,th, the experimental, Vu,exp, 
and the numerical, Vu,FEM, values of the shear strengths for the benchmark beam. It is 
worth to clarify that the shear strengths according to EC2, MC LoA II and Eq. (2) of ACI 
318-14 are calculated assuming a geometric reinforcement ratio ρl = 1.2%, which 
corresponds to consider both the bottom layer of steel bars and three levels of f10 steel 
bars (Fig. 1b). Such an assumption is justified by both the FE analysis and the calculation 
of neutral axis in ultimate and serviceability conditions, which evidenced that these are 
really loaded in tension.  
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Table 1 shows that the maximum and the minimum values of the shear strength are 
provided by Eq. (1) of EC2 (142 kN) and by the LoA I of MC2010 (Eq.(3)-(4), 95 kN), 
respectively. However, it is worth underling that all the code formulations underestimate 
the experimental value. In particular, Eq. 1, along with ACI 318-14 (Eqs. 2 and 2a), 
provide the best estimate of the experimental result, with an underestimation of about 
13%, on average. Then, a second group of formulations, i.e. LoA II of both MC2010 and 
MC 2020, SIA 262 and DM578, give similar predictions, ranging in 117-124 kN, and 
provide an average underestimation of 26%. Finally, the predictions given by the LoA I 
of both MC2010 and MC2020 show the largest distance from the experimental outcome, 
with values in the range 95-96 kN that corresponds to an average underestimation of 41%. 
Such a very safe prediction is quite logical as the LoA I is suitable for pre-dimensioning 
of structural elements, where a safe calculation method is acceptable. 
Finally, it should be recalled that no partial safety coefficients were used in the calculation 
of the theoretical shear strength, in order to develop a fair comparison with the 
experimental outcomes. However, this means that the above design provisions may 
become more and more safe when adopted for design real RC elements due to the 
introduction of the partial factors imposed by the codes. This generally may lead to 
oversize the structural elements or to make the resistance checks of existing elements 
more severe than necessary.  
Although at this stage the study is limited to the comparison of a single RC beam, future 
developments will cover a more extended database, ranging especially among several 
non-shear-reinforced structural elements, such as even RC slabs.  
 
CONCLUSIONS 
This paper presents a comparative study of several analytical formulations available in 
the current national and international codes (Eurocode 2, ACI 318-14, fib Model Code 
2010 and 2020, SIA 262, and DM 578) aimed to estimate the shear capacity of Reinforced 
Concrete beams without shear reinforcement.  
An experimental flexural test carried out on a RC beam without shear reinforcement, 
available in literature, was assumed as case study to carry out comparisons with analytical 
predictions. Moreover, the experimental test was replicated in a non-linear finite element 
model, developed in the software Midas FEA NX. The comparisons were developed in 
terms of predicted shear–displacement response, cracking pattern, ultimate values of both 
shear and deflection. All the comparisons evidenced a very good agreement of the 
numerical outcomes with the experimental results and shown that the numerical approach 
is reliable and may represent a valid numerical tool to understand the structural behavior 
of RC beams without shear reinforcement. These comparisons delivered valuable 
information for professional engineers that design RC beams under shear loading, as, 
currently, there is not yet a general agreement on a design model giving the shear strength 
of RC structures without shear reinforcement.  
Finally, the comparisons with the analytical predictions provided by the codes evidenced 
that they all underestimate the experimental shear strength with differences variable in 
the range 13%-41%, being, thus, in some case too much safe. In particular, the closest 
prediction is provided by the formulation suggested in EuroCode 2, while the safest one 
by the LoA I of Model Code, which, being very simple, is usually adopted for the pre-
dimensioning of structural elements.  
Future developments of the research will be focused on investigating the reliability of the 
code formulations on a wider range of RC beams and slabs, supported by numerical 
models too, with the final aim of providing alternative formulations aimed to get realistic, 
although safe, estimates of the ultimate shear capacity in RC elements without shear 
reinforcement. 
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Axially equilibrated displacement-based fibre beam element 
for bidirectional response modelling 

F. Cavalieri36, M. Calò37, J.P. Almeida38 and R. Pinho39 

 

ABSTRACT: Although distributed plasticity beam elements include formulations that verify a strict 
equilibrium of the axial forces along the element length, known as force-based (FB) approaches, the 
classical conventional displacement-based (DB) elements show advantages in simulating the response of 
some structural members. However, the latter do not verify strong equilibrium of the axial forces, but only 
the weak or integral form of equilibrium. To fix this issue, several authors recently proposed enhanced 
strain formulations that respect a strict equilibrium along the axial direction, obtained through iterations on 
the cross-sectional average strain in each section. Unfortunately, most research efforts on innovative beam 
formulations have been directed towards planar (2D) elements, instead of spatial (or 3D) formulations. This 
work thus presents the implementation of a 3D axially equilibrated DB (DB/ae) beam element in the finite 
element software OpenSees, as an enhancement of the classical displacement-based (DB/c) formulation. In 
order to present advantages and drawbacks of the proposed 3D DB/ae beam element, its numerical 
responses are compared with those obtained from the DB/c and FB elements, first with reference to an 
application example featuring bidirectional loading, and then taking the experimental data from one series 
of quasi-static bidirectional cyclic tests, related to two reinforced concrete (RC) thin walls, as benchmark. 

INTRODUCTION 
The accurate simulation of the nonlinear bidirectional behaviour of vertical members, 
namely columns and walls, together with the influence of variation of the axial force, is 
assuming growing importance. However, given that nonlinear analyses of entire 
structures are computationally time consuming, engineers and researchers are usually 
forced to resort to the use of beam elements. Unfortunately, the ability of beam elements 
to simulate the bidirectional response of members is still unsatisfactory, for which two 
main reasons contribute: on the one hand, the overall paucity of high-quality experimental 
results; on the other, the insufficient development and validation of beam finite elements. 
Both aspects are briefly revised below for reinforced concrete (RC) structures. 

Experimental research on the inelastic response of RC members under compressive 
axial force and biaxial lateral cyclic loading is still limited, when compared to one-
dimensional loading. It has been known for long that cyclic biaxial bending demands on 
RC columns tend to reduce their capacity and cause stiffness and strength deterioration 
during successive load reversals (Takizawa and Aoyama, 1976). A number of test 
programmes have followed, in which unfortunately not all experimental information 
required for model development and calibration has been measured or reported. The test 
programmes continued in this century (e.g. Rodrigues et al., 2013; Raza et al., 2020), and 
revealed significant coupling among the three loading directions, showing that damage in 
one direction reduces stiffness in the other. Over the last couple of decades, bidirectional 
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tests have also been performed by several researchers (e.g. Almeida et al., 2017) on RC 
walls featuring cross-sections of different geometries. The influence of bidirectional 
loading in the response is clear, reducing in general the displacement capacity with 
respect to unidirectional loading. 

Simulating numerically with beam elements the wide range of members and 
bidirectional effects is often addressed by employing distributed plasticity formulations, 
the latter being naturally associated with cross-sectional fibre discretisation. Although the 
force-based (FB) formulation verifies a strict equilibrium of the axial forces along the 
element length, the classical conventional displacement-based (DB) elements show some 
advantages in simulating resisting mechanisms in structural members such as tension 
shift, which tend to cause a linear curvature profile. However, DB elements do not strictly 
equalise equilibrium of the axial forces along the element with the imposed axial loads, 
and only the finite element weak form is verified. To fix this issue, several researchers, 
among which Tarquini et al. (2017), proposed enhanced strain formulations that respect 
a strict equilibrium along the axial direction, obtained through iterations on the cross-
sectional average strain in each section. Unfortunately, such research efforts on 
innovative beam formulations were directed towards planar (2D) elements, instead of 3D 
formulations. Based on the axially equilibrated DB (DB/ae) formulation proposed by 
Tarquini et al. (2017) for the planar case and its extension to 3D carried out by Cavalieri 
et al. (2022), the contribution given by the present work is the implementation of such a 
spatial DB/ae beam element in the finite element software OpenSees (McKenna et al., 
2000), as an enhancement of the classical displacement-based (DB/c) formulation. The 
numerical performance of the newly implemented element was herein compared with 
those obtained with the classical (DB/c and FB) elements so as to highlight their relative 
advantages and drawbacks, firstly considering an example column subjected to 
monotonic and cyclic bidirectional loading, and then using experimental results from 
quasi-static bidirectional cyclic tests on two RC thin walls as benchmark. 

PERFORMANCE AND FEATURES OF THE 3D DB/AE ELEMENT 
This section illustrates the features of the developed 3D axially equilibrated DB (DB/ae) 
beam (Cavalieri et al., 2022) element under idealised monotonic and cyclic loadings, 
exploiting the bidirectional response of simple structures. The element was implemented 
in the finite element software OpenSees, as an enhancement of the classical displacement-
based (DB/c) formulation. The input parameters to be defined are the same required by 
the 2D version of the axially equilibrated DB element, developed by Tarquini et al. 
(2017), plus the torsional rigidity, GJ. Such input parameters are also the same required 
by the classical DB element in OpenSees, except for the axial force tolerance, which must 
be explicitly defined in the DB/ae case. The latter tolerance expresses the maximum axial 
force unbalance accepted between the integration points (IPs). 

In this section, the main features of the proposed DB/ae element are presented and 
compared with those of the DB/c and force-based (FB) elements at the global level, in 
order to highlight their relative advantages and drawbacks, with reference to an 
application example extended to bidirectional loading. The latter, already used in 
Tarquini et al. (2017), consists of a three-metre length RC cantilever column, subjected 
to an axial load of 60 kN, corresponding to an axial load ratio of about 1.2%, and imposed 
lateral displacements at the free end, Dx and Dy, along the two horizontal directions, x and 
y. The RC section has dimensions of 300 × 400 mm2, with a concrete cover of 20 mm in 
both directions. The longitudinal reinforcement is composed of 12 f16 mm steel bars, 
corresponding to a reinforcement ratio of about 2%. A schematic representation of the 
column and its sectional properties are shown in Figure 9. 

The column model was discretised with two equal-length finite elements for the DB 
formulations (i.e. DB/ae and DB/c), and only one element for the FB formulation. Each 
element was assigned four Gauss-Lobatto integration sections. Regarding the sectional 
discretisation, twelve fibres in both directions were used to discretise the concrete core, 
eight by two fibres were adopted for the concrete cover at both sides (parallel to the x- 
and y-directions), whereas the longitudinal reinforcing bars were modelled with one fibre 
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each. Geometric nonlinearities were not included (i.e. a linear geometric transformation 
was used). The constitutive relationship proposed by Popovics (1973), implemented in 
the Concrete04 material model in OpenSees, was used for both confined and unconfined 
concrete, with the values reported in Table 10 for the following parameters: Young’s 
modulus Ec, unconfined concrete compressive strength f’c, unconfined concrete strain at 
maximum strength ec, confined concrete compressive strength f’cc, confined concrete 
strain at maximum strength ecc. On the other hand, the Menegotto-Pinto (1973) 
constitutive law, represented by the Steel02 material model in OpenSees, was assigned to 
the longitudinal reinforcement, with the values reported in Table 10 for the following 
parameters: Young’s modulus Es, yield strength fy, strain-hardening ratio b. Given these 
material and sectional properties, the torsional rigidity resulted to be GJ = 22429 kNm2. 
 

 
Figure 9. Application example: structural representation and sectional properties. 

 
Table 10. Parameter values adopted for concrete and steel in the application example. 
Ec (GPa) f’c (MPa) ec (‰) f’cc (MPa) ecc (‰) Es (GPa) fy (MPa) b (‰) 

30 37 2 42 3 200 480 5 
 
Monotonic loading 
The first exercise carried out to present the main features of the implemented 3D DB/ae 
formulation consisted in modelling the column with both the 2D and 3D versions of the 
DB/ae formulation, adopting the element discretisation for the DB formulations described 
above, and applying a monotonic loading in displacement control along the x-direction at 
the column’s free end. The aim herein was to prove that the 3D DB/ae element, when 
used in a 2D loading scheme, provides the same results as its 2D version: this is in fact 
what was observed, with the two shear force-displacement curves appearing to be 
superimposed, thus reassuring on this first important requirement of the implemented 
element. 

Subsequently, three column models were created using the three formulations at hand 
(i.e. DB/ae, DB/c and FB), and a monotonic bidirectional loading was applied in 
displacement control at the free end of the column along the section diagonal. It is worth 
noting that two components of incremental load, equal to cos(q) and sin(q), where q is 
the angle defining the direction of the section diagonal with respect to the x-axis (see 
Figure 9), were applied along the x- and y-directions, respectively. However, since the 
displacement control within a pushover analysis in OpenSees can only be enforced along 
one direction, which was herein selected to be the x-direction, the target displacement of 
0.4 m was reached along the x-direction only (see Figure 10a), whilst a non-monitored 
maximum displacement was attained along the y-direction. 
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The resulting shear-displacement curves, for both horizontal directions, are displayed in 
Figure 10a) and Figure 10b). The largest force capacity is unsurprisingly provided by the 
DB/c formulation, owing to the constraints imposed in both the axial and transversal 
displacement fields. By imposing axial equilibrium, and thus removing the axial strain 
constraint, the model using the DB/ae formulation exhibits a reduction in the simulated 
shear in both directions. The weakest response is provided by the FB formulation, where 
no displacement fields are assigned and exact equilibrium is satisfied. This global 
behaviour is expected and consistent with what observed by Tarquini et al. (2017) for the 
2D version of the DB/ae formulation, thus further reassuring on the accuracy of the 3D 
implementation carried out in this work. 
 

 
 (a) (b) 

Figure 10. Shear-displacement curves for the DB/ae, DB/c and FB formulations, in 
the (a) x-direction and (b) y-direction, when a monotonic loading is applied along the 

cross-section diagonal. 
 
With reference to these pushover results, the numerical performance of the 3D DB/ae 
formulation was compared with that of the other two formulations, finding that 
computational time increased by a factor of around three with respect to the classical DB 
and FB formulations. This is due to the additional axial-equilibrium iterative level and it 
obviously depends, as discussed in the previous section, on the specified tolerance; the 
latter was set to 10-5 N, a quite stringent value, for all the simulations carried out in this 
work. However, the increased computational cost required by the proposed 3D DB/ae 
formulation also entails important advantages, especially with respect to the DB/c 
formulation and at the local level, as it will be shown in the next subsection with reference 
to axial force estimation, as well as in the comparison against experimental testing results 
in Section 0. 
 
Cyclic loading: loading along the cross-section diagonal and clover leaf pattern 
For the column models implementing the three formulations, the analysis was then 
extended to bidirectional cyclic loading. In the first example, the simple cyclic 
displacement pattern with three cycles shown in Figure 11a,top) was applied at the free 
end of the column along the section diagonal. The same scheme, applied previously, of 
two components of incremental loading and displacement control along the x-direction 
only, was also adopted in this case. Figure 11b,top) shows the axial force values obtained 
with the DB/ae and DB/c formulations at the four IPs of the base element. The curves 
related to the different IPs are superimposed and shown with the same colour, for each of 
the two DB formulations. The plot clearly confirms what was expected, that is, the use of 
classical displacement-based elements ensures axial equilibrium only in an average sense 
and yields different values of axial force at distinct IPs, whilst the 3D DB/ae formulation 
leads the axial force in the four IPs to be constant and practically coincident with the 
external applied axial load. The resulting shear force-displacement curves, for both 
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horizontal directions, are displayed in Figure 11a,bottom) and Figure 11b,bottom). The 
same relationships between the elements in terms of lateral strength response, already 
observed for the monotonic loading case above (Figure 10), also apply to this case: at the 
global level, the behaviour of the DB/ae element appears to be intermediate between the 
ones of the other two elements, showing a stable numerical performance. 

In the second example, a more complex bidirectional displacement pattern, following 
a clover leaf shape, was applied at the free end of the column. Contrarily to the previous 
cases, where displacement could be controlled along one direction only, this example 
required to apply target displacements in both horizontal directions. To the authors’ 
knowledge, the only analysis type in OpenSees that allows imposing a target action (force, 
displacement, acceleration) along several directions at the same time is dynamic analysis. 
In undertaking the latter, the displacement pattern shown in the bottom-left corner of 
Figure 12b) was applied using two single-point constraints (sp command in OpenSees), 
one per horizontal direction. Naturally, the model was assigned no mass and damping, so 
as to avoid giving rise to inertial and damping forces. The responses of the DB/ae, DB/c 
and FB formulations were compared at the global level, in terms of shear-displacement 
curves in both horizontal directions and shear-shear curve, as shown in Figure 12. The 
same intermediate response of the DB/ae element is again observed in this case, thus 
confirming the reliability of the proposed formulation in handling material nonlinearities 
in a bidirectional static loading scheme. These two examples illustrate the stability of the 
proposed formulation and its correct implementation in OpenSees. 
 

 
 (a) (b) 

Figure 11. (a,top) Cyclic displacement pattern applied along the cross-section 
diagonal. (b,top) Axial force estimates obtained with the DB/ae and DB/c formulations 

at the four IPs of the base element. Shear force-displacement curves for the DB/ae, 
DB/c and FB formulations, in the (a,bottom) x-direction and (b,bottom) y-direction. 
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(a) (b)       

      (c) 

Figure 12. Response to cyclic clover leaf pattern: shear force-displacement curves for 
the DB/ae, DB/c and FB formulations, in the (a) x-direction and (b) y-direction, and (c) 

bidirectional shear force curve. 

COMPARISON AGAINST BIDIRECTIONAL CYCLIC TESTING RESULTS 
With a view to highlight the strengths and weaknesses of the proposed 3D DB/ae 
formulation with respect to the classical DB and FB formulations, the numerical 
responses from models employing all three types of element were compared against 
experimental testing results obtained from one series of experimental tests on RC thin 
walls, in terms of global (force-displacement) and local (curvature and axial force 
profiles) quantities. 

In particular, the experimental campaign considered herein, described in the paper by 
Almeida et al. (2017), is the quasi-static bidirectional cyclic tests conducted on five thin 
T-shaped RC walls at the Earthquake Engineering and Structural Dynamics Laboratory 
(EESD Lab), École Polytechnique Fédérale de Lausanne (EPFL), Switzerland. Of the five 
specimens (called TW1 to TW5), only the last two test units (namely TW4 and TW5) are 
considered herein, being subjected to a combination of in-plane and out-of-plane loads. 

Wall TW4, whose cross-section is depicted in Figure 13a), was 2000 mm tall, 80 mm 
thick, and 2700 mm long, with a lateral flange 80 mm thick and 440 mm wide. The 
longitudinal reinforcement layout consisted of a single layer with 11 f6 bars 
(corresponding to a total reinforcement ratio of 0.72% in the web), three additional f16 
bars at each end boundary, and four f6 bars along the short flange. The f6 longitudinal 
bars had 350 mm long straight lap splices at the bottom of the wall, whilst the f16 bars 
were continuous. The transverse reinforcement consisted of 10 f6 bars at 200 mm 
spacing. Only the ground story of the idealised wall was actually constructed in the 
laboratory, and a shear span of 10 m, corresponding to a shear span ratio of 3.70, was 
simulated through several coupled servo-controlled actuators. The f6 and f16 bars were 
characterised by two different steel materials, having yield stress of 460 MPa and 515 
MPa, ultimate stress of 625 MPa and 618 MPa, and ultimate strain of 9.9% and 12.7%, 
respectively. The concrete compressive strength was determined to be 31.2 MPa. The 
applied constant axial load ratio was 3.3%. 

Wall TW5, whose cross-section is depicted in Figure 13b), was 2000 mm tall, 120 mm 
thick, and 2700 mm long, with a lateral flange 120 mm thick and 440 mm wide. The 
longitudinal reinforcement layout consisted of a double layer with a total of 66 f6 bars, 
54 of which in the web (corresponding to a reinforcement ratio of 0.49%) and the 
remaining 12 in the flange. The transverse reinforcement consisted of 30 f6 bars at 130 
mm spacing. In the southern boundary region, 15 U-shaped f6 at 130 mm spacing were 
introduced. It is noted that the transversal bars, which should act as stirrups, were 
uncommonly placed on the inside of the longitudinal rebars, a detail representative of the 
reproduced construction practice that provides an unclear level of confinement to the 
concrete (Almeida et al., 2017). The concrete cover was 15 mm. In the case of TW5, the 
shear span was set to 7.35. For the longitudinal and transverse f6 bars, the same steel 
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material characterising the f6 bars in wall TW4 was used. The concrete compressive 
strength was determined to be 33.6 MPa. The applied constant axial load ratio was 4.8%. 
For both specimens, the loading protocol consisted of a reversed cyclic history, applied 
in displacement control in both horizontal directions and including a number of load 
stages, the latter corresponding to the peak (positive and negative) drift values. For more 
detailed information on the test setup, the reader is referred to the paper by Almeida et al. 
(2017). 
 

 
Figure 13. Cross-sectional layout of walls tested at EPFL: (a) TW4 and (b) TW5. All 

dimensions are in mm. 
 
For the DB/ae and DB/c formulations, the wall model was discretised with two finite 
elements. The length of the base element was set to 0.6 m for TW4, so as to obtain the 
best match with the experimental results at the global level (see Figure 14). For TW5 
three different bottom-length values, namely 0.2 m, 0.4 m and 0.6 m, were adopted to 
carry out a sensitivity analysis at the local level. On the other hand, only one element was 
employed for the FB formulation. All elements were assigned four Gauss-Lobatto 
integration sections. In the TW4 model, the lap splice of the f6 longitudinal bars was not 
modelled, because the experimental observations showed not to overly influence the 
response (unlike with unit TW3, not addressed herein), and also due to epistemic 
uncertainty related to that modelling detail. Due to the presence of a single layer of bars, 
with no stirrups, concrete confinement was not modelled. In the TW5 model, due to the 
above-mentioned position of the transversal bars, concrete confinement was not modelled 
as well. Regarding the sectional discretisation, 130 and 22 fibres were adopted in both 
models for the longer sides of the web and the flange, respectively, whilst the shorter 
sides of both the web and the flange were represented with four and six fibres for TW4 
and TW5, respectively. 
 

Table 11. Parameter values adopted for concrete and steel in both TW4 and TW5 
models. 

Model 
Ec 

(GPa) 
f’c 

(MPa) 
ec 

(‰) 
Es (f6) 
(GPa) 

fy (f6) 
(MPa) 

b (f6) 

(%) 
Es (f16) 
(GPa) 

fy (f16) 
(MPa) 

b (f16) 

(%) 
TW4 29.2 31.2 2.1 184 460 0.93 210 515 0.4 
TW5 31.7 33.6 2.1 - - - 

 
A linear geometric transformation was adopted (geometric nonlinearities not included), 
since the experimentally imposed loading, in terms of ratio between the moment applied 
by the actuators at the top of the walls and the horizontal load, was based on a 
geometrically linear relation. The Concrete04 material model was used for concrete, 
whilst the Steel02 material model was assigned to the longitudinal (both f6 and f16 bars) 
and transverse reinforcement. All the adopted parameter values are reported in Table 11. 
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Given these material and sectional properties, the torsional rigidity resulted to be GJ = 
5078 kNm2 and GJ = 18430 kNm2, for TW4 and TW5, respectively. 

As for the previous numerical cases, a dynamic analysis framework with two single-
point constraints was employed to apply the displacement path to the models. To correctly 
reproduce the shear span of the specimens, in both wall models an additional node was 
created at the height of 10 m and 7.35 m for walls TW4 and TW5 respectively, where the 
bidirectional displacement path was then applied. Such a node was linked by a rigid 
elastic element to the nonlinear portion of the model, made of one or two elements 
depending on the formulation. Consequently, it was required to multiply the displacement 
patterns along the two directions by two constant scaling factors, which were iteratively 
adapted until a good match was obtained between the bidirectional target pattern (i.e. the 
one imposed in the tests) and the pattern actually recorded at the top node of the nonlinear 
portion of the model, at a 2 m height. In order to reflect the loading conditions of the tests 
and to avoid giving rise to unwanted moments, the vertical load was instead applied at 
the top node of the nonlinear portion of the model. 

As far as the global level is concerned, Figure 14 displays, for both walls TW4 and 
TW5, the comparisons between the experimental in-plane shear-displacement curves and 
the numerical ones, obtained adopting the three formulations that are investigated in this 
work. The length of the base element for the two DB formulations within the TW5 model 
was set to 0.6 m for consistency with the value adopted in the TW4 model; by comparison 
with the curves related to the other two values considered herein, namely 0.2 m and 0.4 
m, it was observed that the obtained curves are all similar, meaning that the base element’s 
length does not play an important role at the global level, as expected. It can be noted for 
both walls that i) the three types of element lead to curves that are almost superimposed, 
and ii) the agreement with the experimental curves is poor, which was anticipated. In fact, 
the plane-sections-remaining-plane assumption is not adequate for long cross-sections as 
it does not capture the nonlinear strain profile developing along the wall length, even for 
flexurally governed walls with relatively high shear span ratios (Almeida et al., 2016). 
 

 
 (a) (b) 

Figure 14. Experimental in-plane shear force-displacement curves, and numerical 
results obtained with the DB/ae, DB/c and FB formulations, for (a) TW4 and (b) TW5. 

 
Focusing now on the local level, only the two DB formulations for wall TW5 are 
considered for comparison, given that the aim of this work is exploring the benefit of the 
axially equilibrated formulation with respect to its classical counterpart. In Figure 15a), 
the axial forces obtained in all IPs of the two elements discretising the wall, for both the 
DB/ae and DB/c formulations, are compared against the experimental (constant) axial 
force profile. The numerical profiles related to the three different lengths of the base 
element are superimposed and shown with the same colour, for each of the two DB 
formulations. The plot clearly confirms what was already shown in Figure 11b,top) above, 
that is, the use of classical displacement-based elements yields different values of axial 
force at distinct IPs, whilst the 3D DB/ae formulation leads the axial force in the four IPs 
of the two elements to be constant and very similar to the external applied axial load. The 
in-plane curvature profiles obtained with the two DB formulations, again for different 
lengths of the base element, are compared against the experimental profile in Figure 15b). 

-20 -15 -10 -5 0 5 10 15 20
Displacement (mm)

-200

-100

0

100

200

Sh
ea

r (
kN

)

exp.
DB/ae
DB/c
FB

-20 -10 0 10 20 30 40
Displacement (mm)

-300

-200

-100

0

100

200

300

Sh
ea

r (
kN

)

exp.
DB/ae
DB/c
FB



The New Boundaries of Structural Concrete 
 

 119 

It can be readily observed how the multi-linear curvature profile exhibited by the DB/ae 
formulation is smoother than the one provided by the DB/c approach, which tends to be 
piece-wise vertical with sharper discontinuities between adjoining elements. Such 
advantageous feature of DB/ae reflects on a less scattered simulation of the base curvature 
for the three meshes, which unsurprisingly also better reproduces experimental 
measurements. Incidentally, it is noted that the best experimental vs. numerical match is 
obtained when the base element’s length is set to 0.2 m, capturing the concentration of 
deformation in the plastic zone at the wall base. The above aspects described for in-plane 
curvature are also apparent for the out-of-plane curvature profiles, shown in Figure 15c) 
for both DB formulations. Here the slope of the curvature exhibited by the two DB/c 
elements results to be increased with respect to the in-plane case, though in any case 
considerably less smooth than that produced by the DB/ae formulation, which is deemed 
more in line with the real test, especially considering the very small thickness of the wall. 
 

 
(a)                                                      (b)       (c) 

Figure 15. Wall TW5: experimental results and numerical output obtained with the 
DB/ae and DB/c formulations, for different lengths of the base element: (a) (constant) 
axial force profile, (b) in-plane curvature profiles, (c) out-of-plane curvature profiles. 

 
Still on the local level, the two DB formulations were also compared in terms of stress-
strain curves for several steel fibres at the base integration section, with reference to the 
TW5 wall model with a base element’s length of 0.2 m. For most of the rebars, the curves 
(not shown here due to space constraints) show a reasonable agreement, whereas they 
diverge substantially for the South rebar, especially concerning the most intense 
compression cycle; this is expected, given that the South side of the cross-section, being 
just 120 mm thick, is subjected to a (compression) stress-strain field that is more intense 
than in the North side (where the flange is located). The significantly different maximum 
compressive strains – which could be used for seismic design or assessment verifications 
– obtained by the two approaches are ultimately a consequence of the lack of strict axial 
equilibrium of DB/c, further highlighting the importance of developing formulations that 
avert numerical pathologies, such as the current DB/ae. 

CONCLUSIONS 
Although the classical displacement-based formulation (DB/c) shows advantageous 
features in simulating tension shift effects in structural members, it does not verify full 
equilibrium in the axial member direction. Several authors recently proposed enhanced 
strain formulations for 2D beams that bypass this drawback. This work presented the 
implementation in OpenSees of the extension to 3D (see Cavalieri et al., 2022) of a 
recently developed axially equilibrated DB (DB/ae) planar beam element. The numerical 
performance of the new beam element was compared with those obtained with the DB/c 
and FB elements, firstly considering an example column subjected to monotonic and 
cyclic bidirectional loading, and then using experimental results from one series of quasi-
static bidirectional cyclic tests on two RC thin walls as benchmark. 

It could be gathered that at the global level the performances of DB/c and DB/ae are 
quite similar. On the other hand, significant divergencies were observed at the local level. 
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In particular, it was confirmed that DB/c elements ensure axial equilibrium only in an 
average sense and yield different values of axial force at distinct IPs, whilst the spatial 
DB/ae formulation leads the axial force in all integration points to be constant and 
coincident with the external applied axial load. Consequently, the DB/ae formulation 
exhibits a multi-linear curvature profile that better reproduces experimental 
measurements. All these observations provide reassurance on the increased accuracy of 
the proposed 3D DB/ae formulation and highlight the need to develop formulations that 
avert numerical pathologies. 
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Strategies for green concrete: new and traditional binders 
D. Coffetti40 and L. Coppola41 

 

ABSTRACT: This paper deals with the environmental impact of concrete industry in terms of carbon 
dioxide emissions, energy requirements and natural raw materials consumption. It highlights the best paths 
to improve the sustainability of cementitious materials, taking into account not only the reduction of 
environmental impact but also the improvement of performances and the prolonging of service life of 
reinforced concrete structures. In particular, the authors discuss critically several strategies proposed in the 
last years to obtain a “green” concrete: from the new technologies to improve the efficiency of cement 
plants (including the carbon capture, utilization and storage systems) to the partial replacement of Portland 
cement with novel supplementary cementitious materials, presenting also the latest findings on the use of 
alternative “green” binders.  

INTRODUCTION 
Recent decades have seen climate change increasing, and science is now able to attribute 
most of it to anthropogenic carbon dioxide emissions and consequent global warming. In 
the last five years, the warmest on record, the risks related to climate change have been 
striking harder and increased more rapidly than expected. At the same times, global 
population is expected to reach 8.5 billion in 2030 and 9.7 billion in 2050 with Sub-
Saharan Africa as a driving force for world’s population growth. The construction 
industry will therefore be called upon to respond to two apparently incompatible human 
needs: to preserve the environment and to support the growth of population by providing 
housing and infrastructures. Concrete, although more sustainable per kilo with respect to 
other construction materials such as steel, glass, timber and brick, has a very high impact 
due to its huge volume of use, estimated at over 10 billion cubic meters per years. 

Actually, it is estimated that concrete production is responsible for 9% of total 
greenhouse gas emissions (Organization for Economic and Co-operation and 
Development (OECD), 2018), of which 7-8% from only cement plants (Cadavid-Giraldo 
et al., 2020). In other words, if the concrete industry was a country, it would be the third 
largest CO2 emitter in the world with up to 2.8 Gt per year, surpassed only by China 
(10.18 Gt) and the United States (5.29 Gt) (Global Carbon Project, 2020). Even if the 
energy requirements for cement production have only continued to gradually decline 
thanks to important technological innovations (i.e. new grinding equipment, dry-process 
kiln instead of wet-process kiln, etc), the global thermal energy for clinker production in 
modern cement plants (with dry-process kiln and multi-stage preheater) is close to 3.4 
GJ/t (International Energy Agency (IEA), 2020). Taking into account an average clinker-
to-cement ratio of 0.70, it is possible to estimate an energy consumption for cement 
industry only of about 1.4·1010 GJ/year, about 2-3% of energy use worldwide (Monteiro 
et al., 2017) and more than the energy consumed by the residential sector in the US in 
2019 (U.S. Energy Information Administration (EIA), 2020). 

Another important issue related to concrete production is the consumption of raw 
materials. Not only the binder manufacture requires huge amount of natural materials (on 
average, 1.22 ton of limestone and 0.31 ton of clay are necessary to produce 1 ton of 
clinker (Coppola et al., 2019)), but also the production of aggregates has a strong 
environmental impact due to the consumption of non-renewable resources. In the US, 
about 0.45 Gt of natural sand and gravel (46% of total sand and gravel mined in the US) 
are used every year as concrete aggregates (U.S. Geological Survey and U.S. Department 
of Interior, 2020). 

 
 
40 Dr., Department of Engineering and Applied Sciences, University of Bergamo, denny.coffetti@unibg.it 
41 Prof., Department of Engineering and Applied Sciences, University of Bergamo, 
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Besides the large demand for natural aggregates, concrete production also requires a 
lot of water. Miller et al. (Miller et al., 2018) estimated a water withdrawal of 65.7 
km3/year for concrete manufacturing, more than the municipal water withdrawal in the 
US (58.4 km3/year) (Food and Agricolture Organization of United Nations (FAO), 2015). 
In particular, authors show that, contrary to common conception, the use of water as a 
constituent in concrete is not the primary source of water demand but it represents only 
about 7% of the water withdrawal and about 15% of water consumption for concrete 
production.  

Improving the sustainability of concrete and cementitious materials is therefore an 
essential and complex challenge for both academic and industrial researchers in order to 
meet the future demand of building materials while protecting the environment. 

STRATEGIES FOR GREEN BINDERS 
 
When it comes to improving the sustainability of concrete, the focus is often only on 

decreasing the environmental impact resulting from its production (de Brito and Kurda, 
2020; Gartner and Hirao, 2015). The reduction in the amount of CO2 generated, energy 
used and natural raw materials consumed is an efficient strategy with a view to 
sustainability but it could be totally ineffective if durability and performance would not 
also be evaluated. In fact, it is quite simple to reduce the environmental impact of concrete 
by 50%, but this could easily lead to a halving of its service life or to a strong decline of 
its performance. In this way, no improvement in sustainability is achieved but simply an 
extension of the environmental impact over time or the spreading on a large volume of 
materials. Furthermore, by only analyzing the data reported in Figure 1, it could be stated 
that concrete is more sustainable than other building materials, which is a wrong 
conclusion caused by the lack of evaluation of the huge differences among their 
properties. 

Several developments towards sustainable concrete were attained in the last years and 
they vary from the use of alternative constituents (binders, aggregates and water) to 
innovative admixtures, and techniques able to improve the performance, prolong service 
life and/or reduce the environmental impact of cementitious mixtures. These initiatives 
could be used individually or in combination with other green initiatives such as carbon 
capture technologies. The major recent developments on the role of binders on the 
sustainability of concrete reported in the scientific literature of the last few years are 
further explained, discussed and categorized.  

 
Recent advances for cement plants 
It is well known that production of ordinary Portland cement (OPC) requires burning of 
limestone and clay, which means that a lot of CO2 is released due to calcination (about 
520 kg CO2/ton of clinker) as well as combustion of fuels (on average 350 kg CO2/ton of 
clinker) (Coppola et al., 2019). The use of alternative fuels, the increase in energy 
efficiency of cement plants as well as other similar measures focused on the efficiency of 
production facilities are of primary importance from an environmental point of view, 
however, they do not reduce the CO2 released during the decomposition of CaCO3 in 
CaO. A holistic dissertation of the environmental issues of cement production involves 
the adoption of the following strategies: 
§ To increase the efficiency of cement plant by adopting the latest technological 

advances. The use of a dry process in cement manufacturing allows to strongly reduce 
the environmental impact of ordinary Portland cement with respect to traditional 
processes (i.e. wet, semi-wet and semi-dry). To date, the dry process is the most 
widespread in Europe even if the wet process is still used, especially in Asia (Supino 
et al., 2016). Moreover, equipping cement plants with modern pre-calciners, new type 
of clinker cooling systems and vertical roller mills ensures an improvement in both 
thermal and electrical efficiency. 
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§ Use of alternative raw materials from industry. Several industrial by-products and 
waste-derived materials have been considered to partially replace limestone and clay 
in cement manufacturing, without modifying the production processes and with the 
aim of reducing the consumption of natural resources, CO2 emissions, and heat 
consumption. In general, suitable alternative materials (i.e. agricultural wastes, ashes, 
iron and steel slags) should contain CaO and other clinker oxides (i.e. SiO2, AlsO3, 
Fe2O3). However, the partial substitution of natural raw materials with alternative 
resources requires careful studies because any modification in kiln feed may affect 
the quality of clinker as reported by several authors (Abdul-Wahab et al., 2016; 
Hasanbeigi et al., 2012).  

§ Use of alternative fuels. Traditionally, fossil fuels such as coal, petroleum coke, fuel 
oil, natural gas or diesel are used in pre-heater systems and kilns to ensure the high 
temperatures required for the clinkerization of raw materials. A wide range of 
alternative fuels can be used in cement plants, classified as gas (landfill gas, biogas, 
pyrolytic gas), liquid (used oils and solvents) or solid (tyres, wood waste, plastics, 
municipal solid waste, textiles, sewage sludge and meat and bone meal) (Aranda Usón 
et al., 2013). The applicability of waste resources as alternative fuels (co-processing) 
strongly depends on the chemical composition and physical properties of these 
materials and it can save CO2 by replacing fossil fuels with waste streams, ensuring, 
at the same time, an efficient waste management. Evidently, the replacement of fossil 
fuels can directly modify the quality of the clinker produced.  In 2017 traditional fuels 
represented about 54% of the total fuel needs of cement kilns across Europe, but it 
has been estimated that alternative fuels will reach 90% of the energy consumption in 
Europe by 2050 (CEMBUREAU - The European Cement Association, 2020).  

 
Carbon capture, utilization and storage 
 
The reduction of carbon dioxide emissions by adopting carbon capture, utilization and 
storage (CCUS) technologies in cement production is becoming an interesting and vibrant 
research area, even if it still remains economically inconvenient as it costs around 100-
300 USD per ton of CO2 equivalent removed from the atmosphere (Warsi et al., 2020). 
Several pilot-scale tests to optimize reagents and membrane capture techniques have been 
carried out in the last years with the aim of improving the efficiency and thus reducing 
costs. The most debated solution (especially for safety issues) involves the storage of 
captured carbon dioxide into suitable geological reservoir, for example, into deep oceans 
or sea beds, into depleted oil and gas reservoirs, saline aquifers or reactive rock 
formations (Bickle, 2009). However, a new family of CCUS technologies that utilizes 
captured CO2 in a feedstock mix for producing value-added commodities such as 
materials and chemicals for industrial use and construction is overwhelmingly making its 
way in the field of carbon dioxide utilization. These techniques are based on the 
mineralization of carbon dioxide, a chemical process in which CO2 reacts with minerals 
rich in alkaline or alkaline-earth metals (i.e. Ca, Mg, Na, K) to form carbonates via an 
energy-releasing process for CO2 reduction (Xie et al., 2016). Current studies evidenced 
the possibility of using captured CO2 to produce artificial aggregates by means of cold-
bonding processes in which gaseous CO2 is converted into solid CaCO3 through a reaction 
with various thermal industrial residues such as biomass ashes, cement kiln dusts, 
municipal solid waste incineration ashes, wood ashes, and sewage sludge ashes (Liang et 
al., 2020; Yi et al., 2020). Moreover, it has been highlighted that CO2 can be conveniently 
used to enhance the recycled aggregate properties (Tam et al., 2020, 2016) or to produce 
novel supplementary cementitious materials by mineralizing the carbon dioxide on iron 
and steel slags (Pan et al., 2017). To date, several pilot plants, especially in Europe and 
Canada, are implementing different technologies aimed at capturing the CO2 derived from 
cement production (CEMBUREAU - The European Cement Association, 2020; 
FEDERBETON, 2020; International Energy Agency (IEA), 2020). Furthermore, the 
production of different types of carbonated aggregates manufactured with industrial 
wastes is already the main source of revenue for some startups. It has been recently 
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estimated that the CO2 mineralization destined for the production of concrete and 
aggregates has a potential of 0.3-3.6 Gt of CO2 removed per year by 2030-2050 (Warsi 
et al., 2020), indicating that it is almost possible to balance the emissions of the entire 
concrete sector by using CCUS techniques. 
 
Supplementary cementitious materials as cement replacement 
The partial replacement of Portland cement with low-embodied carbon and low- energy 
materials can strongly reduce the overall environmental impact of binders (Figure 2) and, 
consequently, of concrete. Supplementary cementitious materials (SCMs) are alternative 
binders used to limit the clinker factor in blended cements since the 70’s when Smith 
developed the concept of cementing factor (k), a rational method to evaluate the binding 
capacity of SCMs used as Portland cement replacement in concrete (Smith, 1967). These 
materials, mostly deriving from industrial waste products (Table 1), are mainly composed 
by aluminosilicates in amorphous phase and they exploit both the filler effect and the 
pozzolanic reaction to replace Portland cement clinker, enhancing the rheological, 
mechanical and durability properties of concrete. Another advantage deriving from the 
use of SCMs in concrete is related to a clever waste management of industrial by-products 
that in the past were disposed in landfills with severe environmental problems.  

In 2017, about 23% of clinker was substituted by SCMs in Europe and Cembureau 
estimations (CEMBUREAU - The European Cement Association, 2020) predicted a 
growth of up to 35% by 2050, even if, in recent years, shortfalls of supplementary 
cementitious materials, mainly linked to the restructuring of energy and industrial market 
towards sustainability, were increasingly reported. This clearly indicates the need for 
identification and use of novel SCMs in concrete production. 

 

 
Figure 2. Embodied CO2 and energy for traditional binders and the main supplementary 

cementitious materials. The radius of bubbles represents the worldwide production per year (for 
fly ash, it is reported the sum of V and W type). Data re-elaborated from (CW Group, 2016; 

Snellings, 2016; U.S. Geological Survey and U.S. Department of Interior, 2020). Nomenclature: 
GGBFS - ground granulated blast furnace slag. 

 
Several new binding materials have been evaluated by researchers as potentially OPC-

replacement (Table 1) despite several issues have already been raised in relation to 
physical conflicts and chemical incompatibilities between Portland cement and SCMs. At 
the same time, in order to support the use of novel SCMs in concrete, new rapid test 
methods to evaluate the reactivity of supplementary cementitious materials are currently 
under study by using heat release, bound water, or calcium hydroxide consumption 
(Snellings and Scrivener, 2016; Suraneni et al., 2019). Actually, some obstacles are 
posing a limit to the use of SCMs in concrete such as the requirements imposed by current 
standards regarding minimum clinker content and the chemical composition of cements, 
insufficient data for long-term durability of concretes manufactured with novel 
supplementary cementitious materials as partial OPC-replacement, and, most important, 
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the high variability of the physico-chemical properties of SCMs (Al-Mansour et al., 2019) 
that can jeopardize the overall quality of concrete if not properly evaluated.  

 
Table 12 - Supplementary cementitious materials used in concrete. Availability data from 

(Snellings, 2016). Nomenclature: GGBFS - ground granulated blastfurnace slag, FA – fly ash, 
SF – silica fume, CS – copper slag, BR – bauxite residues, BA – biomass ash, MSWIBA – 

municipal solid waste incineration bottom ash, WG – waste glass, NP – natural pozzolans, CC 
– calcined clays.  

Category Material Status 
Availability 

Major issues Mt/year % vs CEM 
prod 

Industrial 
wastes 

GGBFS U 300-360 7.3-8.7% Latent hydraulic ability 
FA class V  
(EN 197-1)  U 600-

900* 
14.6-

22.0%* 
Low reactivity, limitations on C 

content 
FA class W 
(EN 197-1)  U 100-

200* 2.4-4.8%* Latent hydraulic ability, limitations 
on C, CaO and MgO content 

SF U 1-2.5 < 0.1% Expensive, used in high 
performance concrete 

Steel slags R 170-250 4.1-6.1% Various type, low reactivity, 
expansive and corrosive constituent 

CS R 30-40 0.7-1.0% 
Low reactivity, expansive and 

corrosive constituent. Low 
knowledge 

Non-ferrous 
slag R 5-15 

each 
0.1-0.3% 

each 

Low reactivity, expansive and 
corrosive constituent. Low 

knowledge 

BR R 100-150 2.4-3.7% Low reactivity, high alkali content, 
color 

Agricultural 
wastes BA (various) R 100-140 2.4-3.4% High water demand, actually used 

as fertilizer 

Municipal 
wastes 

MSWIBA R 30-60 0.7-1.5% Expansive and corrosive 
constituent, leaching issues 

WG R 50-100 1.2-2.4% High alkali content, actually used 
for glass recycling 

Natural NP U 75 1.8% High variability, high water 
demand 

CC U 2-3# < 0.1% Require thermal treatments 
 
Non-Portland clinkers 
In accordance with Gartner and Sui (Gartner and Sui, 2018), alternative non-Portland 
clinkers are man-made mineral materials that, if ground into a fine powder, are able to 
react sufficiently rapidly with water and/or carbon dioxide to produce a hardened mass, 
which can be used as binder similarly to OPC-based clinkers. In the last decades, several 
alternative non-Portland clinkers were developed to reduce the environmental impact of 
binding phase of cementitious materials. Some of these are still far from an industrial use 
due to manufacturing processes not yet fully defined or extremely complex (i.e. reactive 
calcium silicate-based binders produced by hydrothermal processing (Guerrero et al., 
2004; Wang et al., 2018)), or due to the scarcity of raw materials compared to those 
required for OPC (i.e. MgO-based binders derived from magnesite or seawater (Tonelli 
et al., 2017; Wu et al., 2018), phosphate-based binders (Ding et al., 2012; Yang et al., 
2014)). Other binding systems, on the other hand, have attracted great attention for their 
economic, industrial and environmental implications and they are at an advanced stage of 
development, also thanks to the close collaboration between industry and academic 
community.  
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Reactive belite-rich Portland cement (RBPC) clinkers (Siddique et al., 2020) exploit 
the lower CO2 emissions deriving from the production of belite compared to alite 
(strongly used in Portland cements to ensure a rapid development of mechanical strength) 
to obtain non-negligible environmental benefits (e.g. about -15% of energy requirement 
and -10% of carbon dioxide emissions vs OPC) using traditional cement plants. In this 
case, their use is limited by the market because the cost of raw materials is similar to those 
of OPC systems. Belite-ye’elimite-ferrite clinkers (BYF) (Koga et al., 2020) (also known 
as belite-calcium sulfoaluminate-ferrite clinkers) derive from the technology of calcium 
sulfoaluminate cements developed in China since 1970. These binders, under research 
especially in laboratories of many European cement companies and recently placed on 
market, can be considered a hybrid between calcium sulfoaluminate cements (for 
ye’elimite) and Portland cements (for belite and ferrite). However, although they can be 
produced in traditional cement plants, the raw materials cost is significantly higher than 
that of OPC, and this limits their diffusion even if they are extremely performing from an 
environmental perspective (about – 35% of energy consumption and -26% of CO2 emitted 
vs OPC). Another interesting alternative to Portland cement is the use of carbonatable 
calcium silicate (CCS) clinker, theorized and experimented in laboratory for decades, but 
only recently scaled-up to industrial reality (Atakan et al., 2020; Quinn and Sahu, 2019). 
The advantages of CCS clinkers are related to the rapid development of strength, to the 
absorption of large amount of carbon dioxide (in general, all the raw materials-derived 
CO2 is re-absorbed during the hardening phase), and to the recovery of mixing water 
during the curing in CO2-rich chambers. On the other hand, these binders are expensive 
(raw materials cost is higher and it is necessary to take into account both the investment 
needed for CO2 curing chambers and the cost of purchasing carbon dioxide) and suitable 
only for small precast elements without carbon steel reinforcement due to the low basicity 
of cement paste (pH close to 9) that does not protect the rebar against corrosion (Gartner 
and Sui, 2018; Scrivener et al., 2018). In addition to high cost, one of the main obstacles 
to widespread use of CCS clinkers for precast elements is the safety risk deriving from 
the use of concentrated CO2 which is classified as an asphyxiant gas.  

The use of calcium sulfoaluminate (CSA) cements is one of the most valued strategies 
towards green concrete because it leads to a reduction in energy requirements and CO2 
emissions during production with respect to Portland cement (about -25% of CO2 
emissions and energy consumption reduced by half). These binders, generally combined 
with calcium sulfate and/or Portland cement, are characterized by very high early-age 
strength, setting times easily manageable with retarders, low shrinkage/expansive 
behavior and improved resistance to sulfate attack (Telesca et al., 2021; Yoon et al., 
2021). On the contrary, resistance to carbonation, chloride permeability as well as the 
ability to protect the carbon steel rebar against corrosion are still controversial. To date, 
only a few cement companies are selling these binders which, although manufactured in 
traditional cement plants, are expensive due to the high raw materials cost. Moreover, it 
is necessary to point out that the environmental benefit deriving from the use of CSA 
clinkers blended with Portland cement is strongly influenced by the OPC/CSA ratio; the 
higher the OPC content, the lower the environmental advantage (Coppola et al., 2018).  
 
Alkali activated materials 
Alkali activated materials (AAM) are a promising alternative to Portland cement in terms 
of cost, performance and lower environmental impact. They are composed by an 
aluminosilicate powder (precursor) activated by means of alkaline substances (activators, 
generally in liquid form) (Ameri et al., 2019; Provis, 2016). In particular, AAM are able 
to valorize huge amount of industrial by-products and wastes otherwise destined for 
landfill disposal (a list of the possible materials for AAS manufacturing is shown in (de 
Brito and Kurda, 2020)), they do not require heat treatments and therefore emit less CO2 
and require less energy than OPC (up to 90% of reduction can be achieved). Although 
some alkali activated materials are currently available on markets and researches in this 
field are several, there are issues that limit their use on the jobsite. First of all, if recycled 
raw materials (especially activators) or low embodied carbon alkaline activators are not 
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used, or if transport distances of precursor and activators are considerable, the reduction 
of CO2 emission is questionable. Secondly, there are several unsolved questions 
concerning the durability of alkali activated materials (Zhang et al., 2017). The 
experimental results on the penetration of chlorides, the susceptibility to efflorescence 
formation as well as the resistance to alkali-silica reaction are still controversial also due 
to difficulties in the choice of established test methods. Moreover, carbonation seems to 
be problematic in AAM because the reservoir of calcium hydroxide to provide a pH buffer 
is very limited or totally missing and therefore the resistance to carbonation is referred 
exclusively to the compactness of the matrix.  

Another unsolved issue is related to admixtures, especially commercial water reducers, 
that could degrade in contact with the high pH of the activators, severely limiting their 
action (Alrefaei et al., 2019; Luukkonen et al., 2019). Furthermore, some technical issues 
mainly related to the high shrinkage in AAM if compared to OPC-based mixtures are 
being solved by means of admixtures and/or proper mix design (Coppola et al., 2020; Ye 
and Radlińska, 2017). In addition, the criticalities related to handling large amount of 
corrosive and hazardous alkaline solutions have limited the use on site of conventional 
two-part AAM, in which a solid precursor is mixed with an alkaline liquid solution and 
water.  

CONCLUSIONS 
This review covered a wide range of alternative strategies to improve the sustainability 
of concrete. It firstly considered the relatively easy application of the latest technologies 
for the production of traditional Portland cement, including CCUS technologies, and the 
use of SCMs as cement replacement, it then focused on more complex processes of 
substitution of traditional constituent with alternative binders, both non-Portland clinker 
or alkali-activated materials. 
To date, the only real strategy that could globally mitigate the environmental impact of 
concrete is the utilization of CCUS technologies to eliminate CO2 emissions deriving 
from the production of Portland cement and, at the same time, to create artificial 
aggregates and supplementary cementitious materials. The SCMs, in addition to those 
already in use, can further mitigate the environmental impact of concrete by reducing the 
clinker factor. The alternative binders to Portland cement, on the other hand, still seem to 
be far from being able to replace an important section of the 4.1 Gt of cement produced 
every year, both for durability issues and for problems related to the inconstancy of 
properties and the scarce availability of raw materials.  
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Impact of climate change on the life cycle of r.c. structures 
P. Croce42, P. Formichi43, F. Landi44, F. Stochino45, L. Pani46, M. Sassu47 

 

ABSTRACT: The life cycle of civil engineering structures is likely to be increasingly affected in the 
coming decades by climate change impacts, not only in terms of magnitude and the frequency of extreme 
events, but also considering the effects on the rate of material degradation processes. Focusing the attention 
on r.c. structures, climate change may alter the surrounding environment, especially in the longer term, 
causing an acceleration of the carbonation of concrete and steel reinforcement corrosion that will affect not 
only the durability, but also the safety and serviceability of the constructions. A procedure to assess the 
time-dependent reliability of r.c. structures is presented starting from the existing deterioration models for 
carbonation-induced corrosion and considering the influence of expected variation in CO2 concentrations, 
temperature and relative humidity. The proposed methodology is discussed illustrating the results in terms 
of changes in probability of corrosion initiation and damage for a case study of a r.c. structure in Italy, 
considering different pathways of greenhouse gasses emission scenarios. 

INTRODUCTION  
According to the last assessment report of the Intergovernmental Panel on Climate 
Change (IPCC), the scale of recent changes across the climate system as a whole – and 
the present state of many aspects of the climate system – are unprecedented over many 
centuries to many thousands of years (IPCC, 2021). Besides the observed global 
temperature increase, human-induced climate change is already affecting weather and 
climate extremes in every region across the globe. 
Climate change impacts on climate extremes highlight the necessity of adaptation and 
mitigation strategies in structural engineering applications (Croce et al., 2019) (Ivanov et 
al., 2022) to increase the resilience of buildings and infrastructures against extreme 
weather events.  
Civil engineering structures and infrastructures can be influenced by climate change not 
only by the expected variations of climate-related loads, but also by its impact on 
environmental degradation processes. Degradation, which is produced by physical, 
chemical and biological causes, contributes to the reduction of durability and structural 
reliability of constructions, by affecting their life cycle and their sustainability. As the 
durability of concrete structures is highly influenced by the environmental conditions, the 
current increase of CO2 concentrations, with the associated temperature and humidity 
variations may significantly affect the long-term performance of these structures and 
infrastructures. For example, the rise of CO2 concentration and the modifications of dry 
and wet conditions will increase the risks of carbonation-induced corrosion, while 
temperature increases could enhance values of diffusion coefficients and, consequently, 
corrosion rates (DuraCrete, 2000) (fib, 2006). Additional issues can derive from air 
pollution: in fact, air pollution, beside increasing greenhouse gasses concentrations and 
the aggressiveness of the environment, can also darken the earth surface, especially the 
parts covered by ice and snow, contributing to global warming.  
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Considering that worldwide direct and indirect costs of corrosion damages are extremely 
high, even a slight acceleration of deterioration processes induced by climate-change 
could result in a high increase of maintenance and repair costs (Stewart et al., 2012). 
Despite the efforts recently devoted to better understand and assess the impact of climate 
change on European structures, there is still a need to determine the reliability of existing 
structures in facing the changing climate and to assess the evolution of corrosion, as a 
function of future climate conditions and expected CO2 levels (Sousa et al., 2020). 
Improving the knowledge about these issues will help to develop cost-effective adaptation 
strategies to tackle the climate change-induced impacts on new and existing structures in 
a global perspective. 
In this paper, a first attempt to investigate the effects of climate change on the durability 
of existing r.c. structure and infrastructures, is presented, focusing on the interaction 
between the expected variations of climatic variables, and the process of carbonation-
induced corrosion. Changes in corrosion initiation and corrosion damage risks are 
evaluated considering observed and projected variations in CO2 levels and temperatures, 
and uncertainties in corrosion models and climate projections are duly taken into account 
in the proposed methodology. Illustrative results are presented for a relevant case study, 
and critically discussed with reference to durability design specifications. Adaptation 
measures can be then proposed, in such a way that the corrosion damage probability will 
be not compromised from future climate.  

METHODOLOGY 
Analysis of climate change impact on corrosion drivers 
The durability of reinforced concrete structures is affected by climate change mainly 
entailing the variations of three environmental parameters: temperature, relative humidity 
and carbon dioxide (CO2) concentration levels. The first step of the methodology is thus 
the evaluation of the expected future variations of these three environmental parameters. 
 

 
Figure 1. Changes in CO2 concentrations according to the RCPs scenarios. 

 
Greenhouse gas concentration trajectories 
Drivers of climate change are natural and anthropogenic substances and processes that 
alter the Earth’s energy budget. The strength of climate change drivers is quantified as 
radiative forcing, which is the change in energy flux expressed in terms of W/m2. Since 
the total radiative forcing is positive it leads to surface warming. 
Future climate is predicted based on assumptions about future trends in socio-economic 
dynamics, future concentrations of greenhouse gasses, variations in land use and land 
cover. These assumptions lead to an increase in radiative forcing in the year 2100 equal 
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to 2.6, 4.5, 6.0 and 8.5 W/m2 compared to the preindustrial era and define the so-called 
Representative Concentration Pathways (RCPs). In Figure 1, changes in C02 
concentrations according to the different RCPs scenarios are shown, while a complete 
overview of the RCP scenarios can be found in (van Vuueren et al., 2011). 
In Figure 1 it is reported the “reanalysis” curve aiming to improve predictions on the basis 
of the real observations as time passes. The scenarios which are mostly considered in 
climate risk studies are RCP4.5 and RCP8.5, for which most climate projections are 
available. They correspond to medium and maximum greenhouse gas emission pathways, 
and they have been adopted in the present study as well, even if the discussion on climate 
scenarios is rapidly evolving and at present, RCP4.5 appears to offer more realistic 
baselines, while the use of RCP8.5 is debated by the scientific community, often judged 
as excessively pessimistic. 
Changes in average temperatures and humidity 
Based on the above-mentioned scenarios, changes in climate parameters such as 
temperature and relative humidity can be estimated by the analysis of climate projections 
provided by high-resolution Regional Climate Models (RCMs). Climate models are 
considered the major source of knowledge about future climate. They can be run in 
different modes: considering observed changes in atmospheric composition to reproduce 
historical climate or according to different scenarios of possible and plausible changes of 
forcing agents to simulate future climate. 
In this study, the climate projections of temperature and relative humidity provided by 
the EURO-CORDEX initiative, which represent the most updated input for climate 
change impact studies in Europe, are considered. An ensemble of nine GCMs/RCMs were 
chosen for the availability of climate projections for both cited scenarios: RCP4.5, 
medium scenario, based on assumption of successful climate policy measures to limit 
emissions and to stabilize radiative forcing, and RCP8.5, representative of the highest 
emission scenario. The dataset, covering the period 1951– 2100, is split in two parts: a 
control period, from 1951 until 2005 (Historical Experiment), and a future period, 2006–
2100 (RCP Experiment). Data are provided for the European domain at a grid resolution 
of 0.11° (~12.5km).  
Analyzing the ensemble of climate projections, changes in average temperature and 
relative humidity can be evaluated considering different time windows. As an example, 
the variation of average temperature and relative humidity are shown in Figures 2 and 3, 
respectively, according to the medium emission scenario RCP4.5, in three different 
decades (2011-2020, 2041-2050, and 2081-2090) in comparison with the historical 
reference period 1951-1960. The maps reveal that significant changes are expected for 
average temperatures, while minor variations are predicted for relative humidity. 
 

 
Figure 2. Changes of yearly average temperature in different decades according to 
climate projections provided by EURO-CORDEX initiative and scenario RCP4.5. 

Studying a larger ensemble of RCMs, eventually adopting weather generation techniques 
to enhance climate model outputs (Croce et al., 2021), a probabilistic description of 
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changes in temperatures and relative humidity can be also obtained. After that, the model 
for carbonation-induced corrosion described in the following section, can be implemented 
to simulate carbonation depth, and probability of corrosion initiation and damage. 
 

 
Figure 3. Changes of yearly average relative humidity in different decades according 
to climate projections provided by EURO-CORDEX initiative and scenario RCP4.5 

(FC: ratio of the predicted average relative humidity to the reference values). 
 
Models for carbonation-induced corrosion 
The carbonation of concrete is a natural phenomenon that is progressed with elapsed time 
which may lead to the reduction of concrete pH, so causing active corrosion of the 
reinforcement. Carbonation-induced corrosion has received an increased research 
attention in the last years (Angst et al., 2020) and various mathematical models have been 
developed to predict carbonation depth, depending on the most relevant parameters such 
as concrete quality, concrete cover, relative humidity, and ambient carbon dioxide 
concentration. In these models, CO2 diffusion in concrete is described based on Fick’s 1st 
law (DuraCrete, 2000) (fib, 2006). The predicted carbonation depth 𝑥& at time t can be 
expressed by 

𝑥&(𝑡) = +!'#$%
(

𝐶)*%𝑡                                                           (1) 

where 𝐷)*% is the CO2 diffusion coefficient in concrete, 𝐶)*% is the atmospheric CO2 
concentration and 𝑎 is the amount of CO2 for complete carbonation which can be 
computed considering the relationship between CaO in the cement and the degree of 
hydration in atmospheric condition given by 

𝑎 = 0.75𝐶+CaO𝛼,
-#$%
-#&$

                                                         (2) 

being 𝐶; the cement content (kg/m3), CaO, the content of CaO in cement, 𝑀<=! and 𝑀<(= 
are the molar masses of CO2 and CaO respectively (0.44 g mol-1 and 56 g mol-1), and 𝛼, 
is the degree of hydration. To assess the effect of global climatic change on carbonation 
progress of concrete, a first modification of the classic CO2 diffusion model was proposed in 
(Yoon et al., 2007) and then improved in (Stewart et al., 2012) to take into account urban 
conditions and average CO2 concentration over different period. According to the last model, 
carbonation depth 𝑥& at time t can be obtained as  

𝑥&(𝑡) = +!.'(0)'#$%(0)
(

𝑘23456 ∫ 𝐶)*%(𝑡)dt
0
0(

; 7
080(

<
9)
	with	𝑡 > 𝑡:	                 (3) 

where 𝑡7 is the reference year, when the structure is built, 𝑘>?@(+ is a factor taking into 
account the effect of the urban environment on CO2 concentration, 𝑛1 is the age factor 
for microclimatic conditions, and 𝑓;(𝑡) is a function which accounts for the influence of 
temperature on the diffusion coefficient. The CO2 diffusion coefficient varies with 
elapsed time due to the reduced porosity of concrete and it is predicted by the power 
function  

𝐷)*%(𝑡) = 𝐷7(𝑡 − 𝑡:)89* 	                                             (4) 
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where 𝐷#is the diffusion coefficient after one year, and 𝑛A is the age factor. Both 
parameters in eq. (4) depend on the water to cement ratio (𝑤/𝑐): concrete characterized 
by higher 𝑤/𝑐 ratio has a higher degree of hydration and a higher age factor. Mean values 
of 𝐷# and 𝑛A are derived in (Yoon et al., 2007) and summarized in Table 1. 
The increase of the reference diffusion coefficient at time 𝑡, 𝐷)*%(𝑡), caused by global 
warming is modelled by means of the Arrhenius law (DuraCrete, 2000) 

𝑓;(𝑡) = exp	 F<
=
; 7
!>?

− 7
!@?A;&+

<G and 𝑇5B =
∑ ;(0),
-.,(/0

080(
                          (5) 

where 𝑇(𝑡) is the temperature (°C) at time 𝑡, 𝐸 is the activation energy of the diffusion 
process (40 kJ/mol) and 𝑅 is the gas constant (8.314 × 10−3 kJ/mol K). 
 
Table 1. Mean values of parameters in the CO2 diffusion model depending on water to 

cement ratio 𝑤/𝑐	. 
𝑤/𝑐	 
ratio 

𝐷1  
[10-4 cm2 s-1] 𝑛𝑑 

0.45 0.6496 0.2180 
0.50 1.2358 0.2348 
0.55 2.2248 0.2395 

 
Carbonation model in eq. (3) is an approximation which doesn’t take into account 
explicitly the influence of relative humidity. An environmental factor 𝑘; can be thus 
introduced in eq. (3) to consider change in humidity level with respect to the reference 
value	𝑅𝐻𝑟𝑒𝑓 equal to 65% (fib, 2006). The carbonation model becomes  

𝑥&(𝑡) = +!.'(0)'#$%(0)
(

	𝑘𝑒	𝑘23456 ∫ 𝐶)*%(𝑡)dt
0
0(

; 7
080(

<
9)
	with	𝑡 > 𝑡:	                 (6) 

where 𝑘; can be described by 

𝑘; = l
1−C𝑅𝐻𝑟𝑒𝑎𝑙100

D
𝑓𝑒

1−C
𝑅𝐻𝑟𝑒𝑓
100 D

𝑓𝑒
m
𝑔𝑒

	                                                           (7) 

with 𝑅𝐻8;2E is relative humidity at the nearest weather station, 𝑓; and 𝑔; are parameters 
which have been calibrated by means a curve fitting procedure based on test data (fib, 
2006) and that can be assumed equal to 5 and 2.5 respectively. 
Initiation of corrosion of reinforcing bars is hypothesized starting when the carbonation 
front reaches the rebars: due to the pH reduction there is a transition from a stable-passive 
state to a state where corrosion is possible, characterized by a typical corrosion rate (Angst 
et al., 2020). The carbonation-induced corrosion rate is variable and highly dependent on 
exposure conditions, mostly moisture content and temperature at the rebar depth. A rough 
approximation of the time-variant corrosion rate considering temperature changes, is 
provided by the model derived during the DuraCrete project (Duracrete, 2000). The 
model, already adopted in previous works on climate change impact on corrosion rates 
(Stewart et al., 2011) (Bastideas-Arteaga et al., 2013), is described by the following 
equation  

𝑖%F88(𝑡) = 𝑖%F88,.7[1 + 𝐾(𝑇(𝑡) − 20)]	                                             (8) 

where 𝑖%F88,.7 is the corrosion rate at 20°C, which depends on the environmental 
exposure, and 𝐾 is a factor can be assumed	𝐾 = 0.025	°CG# if 𝑇(𝑡) < 20	°C and 𝐾 =
0.073	°CG# if 𝑇(𝑡) > 20	°C (DuraCrete, 2000). 
 
Probability of corrosion initiation and damage 
The corrosion damage process can be summarized in three phases: 
• Corrosion Initiation, which occurs at time 𝑡", when the carbonation depth reaches the 

surface of the reinforcing bar (𝑥&(𝑡𝑖) = Cover). 
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• Crack Initiation, which occurs at time 𝑡%8, when the internal radial pressure on the 
surrounding concrete reaches the tensile strength of the concrete. The model 
developed in (El Maaddawy and Soudki, 2007) can be adopted 

 𝑡&J = Q@77@.L('A!M()(7ANAO)
P<:;

R S!)QBR3.<,
'

+ !M(<:;
(7ANAO)('A!M()

U	                              (9) 

where 𝐸;6 is the effective elastic modulus of concrete that is equal to 𝐸%/(1 + 𝜙%8), 
𝐸% is the concrete elastic modulus, 𝜙%8 is the concrete creep coefficient, 𝜈 is the 
Poisson’s ratio, 𝑓%/ is the concrete tensile strength, 𝛿7 is the thickness of the porous 
zone, typically in the range 10-20 μm, 𝐷 is the original diameter of the bar, Cover is 
the clear concrete cover, 𝑖 is the current density, 𝐷I = 𝐷 + 2𝛿7 and 𝜓 =
𝐷I./(2Cover(Cover + 𝐷I)). 

• Crack propagation, time to severe cracking 𝑡J;0 when crack develops up to a limit 
width 𝑤. A limit width 𝑤 equal to 1mm is assumed (Stewart et al., 2011) and the 
crack propagation model developed by (Mullard and Stewart, 2011) is adopted 

𝑡S+T = 𝑘=
U8:.:L

V<WX=<=><?J<=><?
; :.:77Y
P<@==A%(

<	with 0.25 ≤ 𝑘= ≤ 1, 𝑘& ≥ 1                       (10) 

where  

𝑟&J(&V = 0.008𝑒87.@O<B 	with 𝜓&Z =
)QBR3
'.<,

, 0.1 ≤ 𝜓&Z ≤ 1,                       (11) 

𝑘= ≈ 0.95 Sexp ;−
:.?P<@==(DEF)
P<@==A%(

< −
P<@==(DEF)

!L::P<@==A%(
+ 0.3U,                       (12) 

and where 𝑖%F88G.7 is the corrosion current density (μA/cm2) at 𝑇=20°C and constant 
with time, 𝜓%9 is the cover cracking parameter, 𝑟%82%, is the rate of crack propagation 
in mm/h, ME8$%&$' is the crack propagation model error, 𝑘K is the rate of loading 
correction factor, 𝑖%F88(M)N) is the accelerate corrosion rate equal to 100μA/cm2 and 
𝑘% is the confinement factor equal to 1 for internal rebars and 1.2-1.4 for rebars 
located at the edges and corners of r.c. sections. 

The time to corrosion damage can thus be given by  
𝑡&[ = 𝑡𝑖 + 𝑡𝑐𝑟 + 𝑡𝑠𝑒𝑣	.                                                  (13) 

Several uncertainties characterize corrosion and crack propagation models as well as 
future scenarios and climate projections. These uncertainties should be duly considered 
in the assessment of time to corrosion imitation and damage. Probabilistic analyses, based 
on Monte Carlo method, will be thus carried out in the following section, starting from 
the probabilistic models for degradation parameters, material properties and dimensions 
summarized in Table 2.  

Table 2. Statistical parameters for corrosion parameters, material properties and 
dimensions. 

Variable Mean COV Distribution 
Type Reference 

𝐷7 Table 1 𝜎 =	0.15 Normal (Yoon et al., 2007) 
𝑛[ Table 1 0.12 Normal (Yoon et al., 2007) 

𝑘()*+, 1.15 0.10 Normal (Stewart et al., 2011) 
MEJ<=><? 1.04 0.09 Normal (Mullard and Stewart, 2011) 

𝑓- 𝑓-. + 1.64𝜎 0.17 LogNormal (JCSS, 2001) 
Cover 𝐶9\] + 10mm 𝜎 = 10mm Normal (JCSS, 2001) 
i&\JJ8!: 
(XC2) 0.345 μA/cm2 0.259 μA/cm2 LogNormal (DuraCrete, 2000) 
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CASE STUDY 
Two locations in Italy, Pisa (lat. 43.6839, lon. 10.3927, alt.82 a.s.l.) and Lecce (lat. 
40.239, lon. 18.133, alt. 48 a.s.l.), are selected to present the results of the proposed 
methodology for the assessment of climate change impact on carbonation-induced 
corrosion. Different exposure classes for risk of corrosion induced by carbonation, XC1-
XC4, are considered according to the specifications given in EN206:2013. The durability 
design requirements concerning maximum water/cement ratio, minimum concrete 
strength class, minimum cement content and minimum concrete cover, which will be used 
in the following probabilistic analyses, are reported in Table 3.   

Table 3. Durability design specification according to EN206:2013 and EN1992-1-
1:2004. 

Exposure 
Class 

Maximum 
𝑤/𝑐 

Minimum Strength 
Class 

Minimum Cement 
Content [kg/m3] 

𝑐]P9,[_J 
[mm] 

XC1 0.65 C20/25 260 15 
XC2 0.60 C25/30 280 25 
XC3 0.55 C30/37 280 25 
XC4 0.50 C30/37 300 30 

Climate data for the two locations are first collected considering:  
• Historical observations measured at the two weather stations. 
• An ensemble of climate projections provided by the EURO-CORDEX initiative 

(Jacob et al., 2014) for the historical experiment (period 1951-2005) and the two 
scenarios RCP4.5 and RCP8.5 (period 2006-2100). The climate projections at the 
grid cells corresponding to the two weather stations are extracted and compared with 
the observations for the historical period. Changes in yearly average temperatures are 
estimated from the analysis of climate model ensemble and then applied to the 
observations following the factor of change or change factor approach (Maraun, 
2016).  

The variation of yearly average temperature at the two locations are shown in Figure 4 
considering the two investigated scenarios, RCP4.5 in red and RCP8.5 in blue, and the 
associated uncertainty interval related to the different climate models.  
Starting from the estimated changes in average temperature and considering the variation 
in CO2 concentrations associated to the two investigated scenarios, RCP4.5 and RCP8.5, 
carbonation depths are evaluated by means of the models described in the previous 
section. Variations of carbonation depth over time are shown in Figure 5 for exposure 
class XC2 and reference year 𝑡/ = 1999. Average carbonation depths, dashed lines, and 
the associated uncertainty range (𝜇 ± 2𝜎) are drawn for the reference year CO2 emission 
and climate (in grey), and for the RCP4.5 (in blue) and the RCP8.5 (in red) scenarios.  

  

 
  
 

 
 (a) (b) 

Figure 4. Variation of yearly average temperature in (a) Pisa; and (b) Lecce. 
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 (a) (b) 

Figure 5. Variation of carbonation depth for (a) Pisa; and (b) Lecce. 
 

The two climate change scenarios have a significant influence on carbonation depths. 
According to the highest emission scenario, RCP8.5, an average increase of about 36% 
(Pisa) and 33.9% (Lecce) of carbonation depths at 2100 is obtained with respect to the 
stationary conditions. Lower, but still relevant increases, are expected for the medium 
emission scenario RCP4.5: 14% and 11.6% for Pisa and Lecce respectively.  
The probabilities of corrosion initiation and damage are shown in Figures 6 and 7 
respectively.  
Significant increases are obtained when climate change is considered in the probabilistic 
analyses. An increase of 74% (RCP4.5) and 269% (RCP8.5) with respect to the reference 
stationary condition is expected for probability of corrosion initiation by 2100 in Pisa, 
while an increase of 54% to 337% is expected for the probability of corrosion damage. 
Similar percentage changes are obtained for the other investigated location (Figure 6b 
and 7b), but with higher absolute values owing the fact that Lecce climate is warmer than 
Pisa climate. 

   
 (a) (b) 

Figure 6. Changes in probability of corrosion initiation with time according to 
different scenarios for (a) Pisa; and (b) Lecce. 

   
 (a) (b) 

Figure 7. Changes in probability of corrosion damage with time according to 
different scenarios for (a) Pisa; and (b) Lecce. 
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CONCLUSIONS 
In this paper, the impact of climate change on the durability of r.c. structures is 
investigated considering the influence of temperature, humidity and CO2 levels variations 
on the process of carbonation-induced corrosion.  
Probabilistic analyses are carried out taking into account the uncertainties in carbonation 
and corrosion propagation models as well as the uncertainty in climate projections.  
The results for the investigated case studies show a significant increase on probability of 
corrosion initiation and damage when time-dependent environmental conditions are 
considered with respect to the reference stationary climate condition. These illustrative 
examples thus confirm that r.c. structures may experience a decreased durability as a 
consequence of climate change.  
In order to guarantee that corrosion damage probability will be not compromised from 
future climate, adaptation measures are needed. An increase of design concrete cover 
depth can represent an effective strategy, but other options may include the increase of 
strength class to reduce diffusion coefficients. Having in mind the uncertainties 
characterizing climate change variations, it is essential to perform an economic 
assessment of design adaptation measures, suitably taking considering that prescription 
of specific maintenance activities can represent the most cost-effective strategy.  
Finally, it is important to notice that models for the prediction of carbonation depth (eq. 
(3)) and corrosion propagation (eq. (6)), although widely used in civil engineering 
community are rough approximations, and still there is a need for improved models, 
allowing a better estimate of time-dependent effects of CO2 concentration as well as 
improved knowledge about other parameters such as temperature or humidity (Stewart et 
al., 2011).  
Further studies will be thus devoted to improving the prediction of corrosion initiation 
and propagation as a function of time-dependent exposure climate (rain, ambient RH, 
temperature) and special attention will be focused on evolution of corrosion of steel in 
carbonated concrete (Angst U. et al., 2020). 
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An experimental study on self-sensing smart full-scale 
reinforced concrete beams  

A. D’Alessandro48, H.B. Birgin49 and F. Ubertini50 

  

ABSTRACT: Innovative concretes produced with addition of conductive fillers possess novel or enhanced 
capabilities. In particular, carbon-based inclusions provide the cementitious matrix with smart electrical 
and sensing properties. Possible applications stay in the Structural Health Monitoring of constructions 
during their service life, because such materials are able to evaluate their state of strain, and the occurrence 
or development of damages. An ideal solution could be to build a whole self-monitoring structure (bulk 
form). Nevertheless, research literature works typically concern investigations of small-scale samples, with 
only very limited attempts to go to a larger scale. The aim of this paper is to analyze the self-monitoring 
behavior of concrete elements produced by addition of carbon microfibers which enhance their sensing 
capabilities. The paper describes the production and the electrical, mechanical, and monitoring properties 
of samples at different scales, for applications on full-scale reinforced beams.  

Keywords: Smart sensors and monitoring systems, carbon-based fillers, cement-based materials, structural 
health monitoring, carbon microfibers  

introduction 
Concrete is one of the most widespread construction materials for structures and 
infrastructures. From its introduction in the field of civil engineering, its composition has 
been developed for enhancing its physical, chemical and mechanical properties, or to 
increase its durability and service life. As a matter of fact, concrete is a cement-matrix 
composite particularly devoted to be modified through the use of additives or fillers. 
Tailored mix designs could be produced for specific applications or environmental 
conditions. Also the choice of different types of cements, fine and coarse aggregates, and 
the amount of added water could have a great effect of the service behaviour of structural 
concrete elements.  Concrete, due to its composite nature, could also allow the 
substitution of raw components with recycled ones, thus increasing its sustainability. In 
the last years, the materials’ technology is improving in different research directions: new 
additives, fillers, binders, and preparation procedures. In particular, the development of 
novel carbon-based particles and fibers with enhanced or multifunctional mechanical and 
electrical properties allows the production and investigation of advanced materials in 
various fields of engineering. In civil engineering, the addition of conductive nano- or 
micro-fillers to building materials, could confer self-sensing capabilities to the structures 
where they are utilized. In this way, structures and infrastructures could monitor their 
state of strain and identify possible situations of loss of integrity or development of 
fracture cracks. The safety of such constructions would increase, and also the 
maintenance would be better programmed and carried out. The real wide application of 
such a technology will be possible if in depth investigations will concern full-scale 
elements. 

state-of-art and aim of the research 
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Concrete technology is being developed in the recent years thanks to the progress of 
chemistry and materials’ science. The availability of novel fillers suitable to be introduced 
in cementitious matrices allows the enhancement of the materials, both concerning the 
mechanical properties and the durability (Metaxa et al. 2009). In particular, carbon-based 
particles and fillers appear promising for engineering applications. In the market and in 
literature there are various types and shapes of carbon fillers: all of them are composed 
by atoms of carbon, and they could be nanometric or micrometric (Ubertini et al. 2016). 
The most diffuse carbon inclusions for civil applications are carbon nano- and 
microfibers, carbon nanotubes, graphene, carbon black, graphite (Birgin et al. 2020a, 
Ding et al. 2020, D’Alessandro et al. 2016b). Literature works on cementitious materials 
doped with carbon fillers usually concern investigations of the mechanical strength or 
multifunctional applications (Chen et al. 2017, Coppola et al. 2011). Such conductive 
fillers possess very good mechanical and electrical capabilities. One promising 
application is the self-sensing capability for structural health monitoring. As a matter of 
fact, smart cementitious materials with carbon inclusions, if properly produced and 
tailored, are able to monitor their state of strain/stress (Azhari and Banthia 2012, Yoo et 
al. 2018). The construction material which constitutes structures and infrastructures could 
be a sensor itself of the building performance and the integrity conditions. Moreover, 
cracks or incipient damages caused by exceptional events or variations in their use, could 
be recognized (Hou and Lynch 2005, Loh et al. 2009, Sarwari et al. 2019). Works present 
in literature are mostly about cement-based matrix (as cement pastes or mortars) and 
samples of small dimensions (Galao et al. 2017, Han et al. 2011). The behavior of 
concrete smart composites and medium- and high-scale elements has not yet been 
investigated. This paper is aimed at investigating the reliability of producing structural 
elements made of self-sensing concrete for full-scale applications (D’Alessandro et al. 
2022, Chung 2020). Issues related to the scaling of such a technology stay in the good 
dispersion of the fillers for obtaining a homogeneous material, the possible negative effect 
of coarse aggregates on the strain sensitivity, the optimization of the type of electrodes 
and their placement in a large structure (D’Alessandro et al. 2016a, Han et al. 2015). The 
Authors developed various research works about the optimization of the self-monitoring 
capabilities of cement-matrix materials and in this paper they extend their attentions to 
self-sensing concrete elements (Birgin et al. 2020b, Meoni et al. 2018). First, the concrete 
smart materials tailored for the purpose are described, and the experimental tests 
presented. Both electrical and load sensing tests are carried out. Then, the experimental 
results are reported and discussed. 

materials and procedures 
The self-sensing samples investigated in this paper are composed by concrete and carbon 
microfibers. Electrical and electromechanical loading tests with increasing step loads 
were carried out on small and larger-scale samples. The material has been optimized 
through tests on small cubes which allowed to identify the best smart concrete mix design 
for preparing the greater samples. 

 
Smart concrete with carbon fillers 
Smart concrete has been produced with Portland cement type 42.5R, quarry aggregates 
(sand and gravel), and 6-mm long carbon microfibers (CMF) type Sigrafil. The fillers 
were added in various amounts with respect to the weight of the cement, i.e. 0, 0.01, 
0.025, 0.05, 0.1, 0.25, 0.50, 1%. Table 1 reports the mix design of the normal and micro-
modified concretes. The water to cement ratio adopted for all the mixes was 0.5. Figure 
1 shows the preparation process for obtaining the smart concretes. First, all the dry 
components were mixed (concrete, aggregates, fiber) in order to disperse the fillers (Fig. 
1(a)). Then, the water has been added and the dough was mechanically mixed until a 
suitable homogenization was visible (Fig. 1(b)). 
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Table 13. Mix design of the normal and carbon-added concretes (kg/m3). 
Types of 
concrete Cement Water Aggregates Carbon microfibers 

Normal 400 200 1245 0 
Carbon-added 400 200 1245 0.04 - 4 

 
 
 

 
 

Figure 1. Preparation of concrete samples with carbon microfibers. 
 

 
 

 
 
 
 
 
 
 
 
 

Figure 2. Small cubic samples with increasing carbon microfibers 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 3. Higher-scale samples: (a) plate, and (b) beam. 
. 

The concrete was poured into oiled plastic molds and compacted. Metal electrodes (made 
of copper or stainless steel) were embedded. The samples were unmolded after 48 hours, 
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and then cured at laboratory conditions for 28 days. Figure 1(c) represents the different 
types of samples investigated in this work, which will be further described in the next 
sections: cubes, small beams, plate, bigger beam. Figure 2 and 3 show the photographs 
of the small cubic samples, and the bigger plate and beam samples, respectively.  
The good dispersion of the fillers within the concrete matrix was inspected by 
micrographs carried out by an optical microscope at increasing magnifications (Figure 6). 

 
Devices and setups 
The setups used in this study adopted the measurement of samples’ resistance by use of 
a shunt resistor of known value, Rk. During the electromechanical tests, the tested sample 
and the shunt resistor were connected in series forming a sensing circuit powered by +/- 
5V square-wave voltage input with 1 Hz frequency (Downey et al. 2018). The biphasic 
square-wave input voltage reduces the polarization effect, which affects the resistance 
time histories of cement-based sensors in DC. Figure 4 shows the test setups for 
acquisitions of the resistance time histories, for all the types of samples. Accordingly, V0 
is the input square-wave voltage, and Vs(t) and Vk(t) are potential difference time histories 
acquired through the tested sample and shunt resistor, respectively. The electrical 
resistance time history, R(t), is calculated using Ohm’s law:  
 

𝑅(𝑡) = 	𝑅, 	
T0	(/)
T'	(/)

       (1) 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Setups of the electromechanical tests (a) on cubic samples, (b) small beams, 
(c) plate, and (d) bigger beam. 

The load types used in setups of Figures 5 (a) and (b) were compression loads in the 
direction of the electrodes (F1 and F2), F3 in Figure 5b(c) was a compression load applied 
over the surface of the plate, and F4 in Figure 4 (d) was a bending load for larger beams. 
The voltage input V0 was sourced by NI-PXIe 4138, and Vs and Vk were read through the 
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24-bit analog-to-digital converter NI-PXIe 4032. The cubic and small beam samples were 
instrumented by 2-mm monoaxial strain gages, and the strains were measured by NI-PXIe 
4330. All the synchronous acquisitions were performed using LABVIEW. The 
mechanical loads were applied through a dynamic compression machine type IPC Global 
UTM14P, with a maximum load of 14 kN. The next sections will describe the various 
electrical and electromechanical tests on the samples. The first one is the percolation 
study of material, conducted on the cubes with various fillers’ amounts, in order to 
identify the most promising filler percentage for larger samples. 

Sensing tests on small concrete samples 
Results of electrical tests on cubes 

The electrical properties of multifunctional concrete varied with respect to the doping 
amount of carbon microfiber inclusions. Based on the Authors’ previous experience with 
such materials and on existing literature, the sensing quality is expected to be maximized 
around the percolation threshold of fillers, where the conductivity of the composite 
material increases dramatically with increasing amounts of doping. The resistances of 
small cubes with changing CMF doping amounts have been measured and the derived 
variation in conductivity has been plotted in Figure 7. Observing the graph, the 
conductivity of the composite increases by almost 4 orders of magnitude in the transition 
zone which could be considered between 0.025% and 0.05% with respect to cement 
weight. Based on the electrical readings, the composite with 0.05% CMF has been found 
clearer, and thus adequate for further sensitivity tests. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Micrographs of concrete with 0.05% CMF at different magnifications. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Outputs of electrical tests on small cubes. 
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Figure 8. Outputs of electromechanical sensing tests on (a) small cubes, and (b) 

small beams. 
 

Preliminary physical and mechanical properties of smart concrete 
 The physical and mechanical properties of the smart concrete with carbon microfibers, 

compared with those ones of the reference concrete, have been evaluated through 
compressive tests on standard cubes with the side of 15 cm. The tests have been carried 
out by use of a Controls Press Advantest9 with a maximum load of 5000 kN. The strength 
tests were load-controlled, with a fixed standard load speed of 0.6 MPa/s, following the 
UNI EN 12390-3:2019. Normal and smart concretes exhibited similar resistance 
behavior, without local fractures due to the presence of the carbon fillers (Fig. 9): the 
compressive strengths were 47.5 and 48.0 MPa, respectively. Their densities were also 
comparable: 2240 kg/m3 for normal concrete, 2245 kg/m3 for smart one. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Outputs of mechanical compressive tests on (a) normal concrete, and (b) 
smart concrete. 

 
Results of electromechanical tests on small beams  
The electromechanical strain sensing tests were conducted on the 4x4x16 cm3 beam and 
5x5x5 cm3 cube samples with structural concrete material doped with 0.05% CMF, and 
produced promising outcomes for strain sensing.  
The signal outcomes are plotted in Figures 8(a) and 8(b). During the tests, the applied 
compression loads F1(t) and F2(t), described in Figure 5, were step load increments with 
5 seconds of duration. The increment magnitudes were 4.5 kN, 5.5 kN, 6.5 kN, and 7.5 
kN. The figures clearly demonstrate that both typologies of specimens were able to 
monitor the applied strain. Moreover, the samples’ responses appear proportional to the 
strain. Inspecting further the strain time histories, Young’s moduli of the composites were 
found to be approximately 14.6 GPa and 12 GPa for the beam and cube samples, 
respectively. Differing values between samples could depend on (i) different types of 
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electrodes embedded inside the materials, and (ii) possible local inhomogeneities. The 
obtained Young’s moduli were in the orders of low bound values expected for concrete 
material. The dimensions of the samples and related stress distribution, the loading type, 
and embedded electrode design are the potential factors that influence the mechanical 
properties and possibly reduce Young’s moduli. Nevertheless, further tests are required 
for better mechanical characterization of the material.  Investigating the variation of 
resistance time histories by employing Equation 2, the gauge factors (l) were found as 
356 and 15 for the beam and cubic samples, respectively.  
 

𝜆 = − DK/K
W

        (2) 
 
Based on these findings, the design of the beam sample equipped with embedded copper 
wire electrodes is found more adequate for strain sensing purposes. As a matter of fact, 
copper wires less affected the internal structure of the material which contained also 
gravel aggregates. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Outputs of electromechanical tests on plate sample. 
 

 
 

 
 
 
 
 
 
 
 
 

Figure 11. Outputs of electromechanical tests on beam sample. 
 

Sensing tests on the plate sample 



The New Boundaries of Structural Concrete 
 

 148 

Results of electromechanical tests 
The results obtained from the electromechanical tests on plate made of the proposed self-
sensing concrete composite with 0.05% CMF are plotted in Figure 10. The load F3(t) (see 
Figure 5(c)) and the variation of resistance time histories recorded between the external 
electrodes are plotted in the same graph. As it can be observed, the step variations of 
resistance are in accordance with the applied load increments. The variation of resistance 
is scaled to the load magnitude and the response time of the plate sample is fast. 

Sensing tests on bigger beam sample 
Results of electromechanical tests 
The bigger beam sample was subjected to step load increments F4(t) (see Figure 5(d)) 
during the electromechanical tests. The test setup has been arranged as a three-point 
bending test (Figure 5(d)), in order to analyze a different type of configuration. Figure 11 
depicts the force time history F4(t) and the variation in resistance time history obtained 
between the external copper electrodes placed at the bottom of the sample. Accordingly, 
similar to the outcomes from the tests on previous samples, the variation in electrical 
resistance is scaled to the load magnitude, the response time is fast and the sensing 
behaviour appears to be reliable.  
  

 
Figure 12. Tests of resistance tomography on the beam sample. 

 
 
The investigation of the beam sample has been expanded to a tomography study, for 

inspecting the internal homogeneity of the material. The resistance tomography map is 
presented in Figure 12. The map was constructed by horizontal and vertical resistance 
readings between the distributed electrodes (represented by the black dots) and the linear 
interpolation of the readings. This type of investigation offers localization of impurities, 
inhomogeneity, or internal cracks, signs of incipient fracture mechanisms and possible 
sources of danger. Some remarks from the presented tomography are follows: (i) the 
resistance distribution is quite continuous over the sample body; (ii) the continuity is 
governed by horizontal direction, attributable to the layer-by-layer casting and smoothing 
of the material during production; (iii) the resistance gradient is dominant on the surface 
layers; (iv) on the bottom layer there are two zones of local resistance increase, sign of 
possible agglomerations of aggregates or fillers. 

conclusion 
This study inspected steady-state responses of sensor elements made of a self-sensing 

concrete composite doped with carbon microfibers (CMF). This type of concrete material 
could be adopted to produce small sensors to embed in load-bearing elements, or to realize 
parts or entire structural elements of a concrete building, thus producing a widespread 
monitoring system. Electrical circuits and data acquisition devices should be tailored for 
the specific application. This study represents the preliminary investigation on the 
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feasibility of this technology for real-scale applications. Various types of samples, 
elements and electrical setups have been evaluated. The samples’ behaviors were found 
suitable for applications on a full-scale monitoring system that is capable of conducting 
performance evaluation after major events like earthquakes, or controlling a structure 
during its service life. In general, the electromechanical sensing tests conducted on 
various samples with differing geometries and loading histories provided promising 
results for full-scale monitoring of civil structures. The study started with the 
identification of the percolation threshold of CMF dispersed inside the concrete matrix. 
With the identified optimal doping level of CMF of 0.05% with respect to the weight of 
the cement, small beam, cubes, plate, and medium-sized beam samples have been 
produced. The sensor responses have been found scalable to the given load magnitudes 
and the response times of the sensors have been found fast. The residual drifts related to 
material deformations were found minimal, and the polarization effect of cementitious 
samples has been removed by the use of biphasic +/- 5V square-wave input voltage for 
the sensing circuit. Investigating the strain time histories according to the applied load 
magnitudes during the compression tests on small beam and cube samples, the produced 
material strength was found comparable to the expected values for structural concrete 
materials. The presented research involved also a novel tomography investigation for the 
larger-scaled beam that resulted in a continuous resistance distribution within the sensor 
element with some remarks consistent with the manufacturing of the sensor beam. The 
analyzed sensing systems developed in this research could be effectively applied on real 
full-scale structures. 
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New self-sensing shot-earth cement-composites for smart and 
sustainable constructions: experimental validation on a full-

scale vault 
A. D’Alessandro51, A. Meoni52, V. Savino53, M. Viviani54 and F. Ubertini55 

 

 ABSTRACT: In the last years, the sensitivity towards the development of sustainable construction 
materials has increased. In particular, concrete technology could be considerably improved in terms of 
ecological footprint. A promising technology is the combination of both cement and earth as binders for 
the production of a novel green construction material that could merge good mechanical performance and 
sustainable properties. The present paper shows, comments, and discusses the experimental tests carried 
out on a full-scale vault element, produced by the use of high-speed projected earth-concrete, modified by 
the addition of carbon microfibers, and monitored through traditional transducers and a smart self-
monitoring system developed by the authors. The results of the experimental campaign clearly 
demonstrated the good monitoring properties of the self-sensing material and the promising applications of 
the novel green cementitious material in the field of constructions.  

Keywords: Shot-earth, Smart materials, Self-sensing composites, Full-scale investigations, Structural 
Health Monitoring, Carbon-based fillers, Sustainable structures 

INTRODUCTION 
 

The safeguard of the environment is nowadays a critical and important topic of research 
and public efforts. Many human activities produce negative effects on soil, air, and water. 
In particular, the increasing amounts in the atmosphere of CO2, and other greenhouse 
gasses due to the industrial processes, are responsible for weather changes, which could 
be serious if it will evolve through the future years. The concrete industry is one of the 
environmental impacting activities in civil engineering. Researchers are developing 
studies and approaches of various nature to decrease the environmental footprint of such 
a technology. Possible solutions are the increase of the mechanical and multifunctional 
properties of the material, to limit the dimensions of the structural elements, and thus the 
quantity of produced concrete, or the tailoring of binders and production phases, to limit 
the use of cement and combustibles. This research is aimed at investigating the 
multifunctional properties of a sustainable construction material with a matrix of both 
cement and dry earth, named shot-earth, and produced through projection at high speed. 
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The reinforcement which provides self-sensing properties was constituted by carbon 
microfibers. The material has been tailored for enhancing its monitoring capability. 
Structural elements formed with such a building material would be more sustainable, and 
could be monitored during their service life, improving their maintenance management. 

GREEN CEMENTITIOUS BINDERS FOR CONSTUCTIONS 
Cementitious building materials are widely used in constructions due to their versatility 
in the composition of the composites, and in the possible various shapes of the elements 
they can form. The production process of cement generates environmental impact due to 
the high temperature required to produce the clinker. Possible sustainable approaches for 
limiting the environmental footprint of the cement industry are the use of alternative or 
low-impact binders (D’Alessandro et al. 2020 a,b), the use of recycled components or 
green combustibles (Dong et al. 2020, Boquera et al. 2021), the enhancement of the 
material performance. Natural materials couple sustainable characteristics with human 
comfort. In this scenario, the earth, which represents one of the more ancient construction 
materials in human history, plays an interesting role. In the form of rammed earth, instead 
of fired bricks, it possesses a very low environmental impact, both in the construction and 
in the dismissing phases (Arrigoni et al, 2018, Bernardo et al. 2022, Paula Junior et al. 
2022). The absence of firing preparation steps allows for the addition of fillers that could 
be damaged at high temperatures, such as carbon-based ones (Behera et al. 2018, Ruland, 
1990). This type of filler possesses high mechanical properties which could improve the 
strength capability of the materials where they are dispersed in, but are also able to confer 
multifunctional functionalities, e.g. self-sensing (Metaxa et al. 2009, Azhari and Banthia 
2012). For enhancing the sustainability of the composite, also recycled fillers could be 
adopted, if they maintain the suitable properties for the specific application (Isa et al. 
2022). The capacity to monitor the state of strain and integrity during the service life of  
structural elements is important for identifying damages and possible losses of stability, 
increasing the safety of the structures themselves, and of the people who use them. The 
concept of self-monitoring composites is quite diffuse for the cementitious materials at 
the laboratory level (Coppola et al. 2011, Rainieri et al. 2013, Buarisi et al. 2019), and 
some literature researches are available nowadays for high-scale elements. Also, some 
works about smart masonry structures are developing in the scientific literature (Meoni 
et al. 2020, Downey et al. 2017). In the field of earth-concrete, or earth-construction, such 
an approach has not been deeply investigated. The authors started a research work on self-
sensing building materials, investigating different types of composites (Meoni et al. 2019, 
Birgin et al. 2020, D’Alessandro et al. 2020a), and various typologies of nano- and micro-
scale particles and fibers. In this paper, a novel carbon-added sustainable material was 
investigated, both in small samples, and in full-scale dimensions. Section 3 describes the 
characteristics of the analyzed specimens, and the electrical and mechanical machines and 
setup adopted for the experimental campaign. Sections 4 and 5 report the experimental 
tests carried out on small cubes and on the vault, respectively. Section 6 discusses the 
results; Section 6 concludes the paper. 

MATERIALS AND PROCEDURES 
The smart shot-earth has been tailored through subsequent research phases. First, various 
types of smart composite with a binder of earth and cement and carbon fillers have been 
produced and analyzed. Then, the shot-earth with the optimal amount of carbon fillers 
has been utilized to build a full-scale vault. 

 
Production of smart-earth 
The binder for preparing the smart-earth for laboratory cubic samples, for tailoring the 
optimal filler percentage of performing sensing composites, was constituted by earth and 
cement in proportions of 7/2 in volume. The earth was pure clay from a heap closed to a 
brick furnace placed in Bevagna (Italy). The cement was Portland, type 42.5R. The 
aggregate was calcareous sand 0 – 8 mm, added in the same volumetric proportion as the 
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earth. The carbon microfibers, SIGRAFIL®, provided by SGL Carbon, with diameter of 
5 µm and length of 6 mm, have been added at increasing percentages, with respect to the 
weight of the binder, from 0.01 to 1%. 

 
Figure 1. Preparation of smart-earth concrete samples. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Types of samples investigated in the research: (a) small cubes, (b) shot-
earth vault. 

 
Such conductive fillers increase the conductivity of the composites, enhancing the 
piezoresistance of the material and providing self-sensing capabilities. The smart shot-
earth has been prepared with the optimal filler amount obtained from the sensing tests on 
the small cube samples. The fibers have been added to the dry components (i.e. cement, 
earth, and aggregated) and then the water has been included during the spraying process 
at high speed, as described in Curto et al. 2020. The mix consisted of 7 parts of soil, 7 of 
aggregates and 2 of cement by volume, and about 3% of water, shoot by use of a twin 
chamber machine, with an output capacity rate of 10 m3/h. Such proportions provided the 
hardened material with mechanical properties similar to those of low-strength concrete 
for structural applications (Vantadori et al. 2022). The composite was characterized by 
unhydrated cement phases, hydrated cement phases, pores, and aggregates. The specific 
amount of water determined tailored adhesion of the mix, and prevented shrinkage (Curto 
et el. 2020). Figure 1 shows the preparation process of the smart shot-earth composite. 
The particular method for obtaining the structural elements permits to limit the amount 
of added water, increasing the mechanical performance of the earth-based composite. The 
preparation procedure to build the shot-earth elements allows the introduction of fillers 
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in the mix. The inclusions adopted for the presented application result compatible with 
the spraying device and procedure. 
 
Preparation of small smart-earth samples 
The small samples prepared in laboratory for tailoring the mix design of the smart-earth 
composites were cubes with 5 cm of side. The materials were manually mixed, and a 
proper water amount was added to reach the sufficient workability for the pouring of the 
dough. The fresh composite was compacted in stainless steel molds, to limit the presence 
of voids and enhance the homogeneity of the hardened materials. During the curing time, 
two copper wires, with a diameter of 0.8 mm, were embedded in the central part of each 
sample, at a mutual distance of 2 cm. The samples were cured at laboratory conditions 
for 28 days. Figure 2(a) shows the small cubic samples, with different amounts of carbon 
fillers, instrumented with copper electrodes and two strain gauges on the lateral sides. 

 
Preparation and setup of a shot-earth vault 
The full-scale smart vault was built with the technique of shot-earth, mixing soil, cement, 
sand, and carbon microfibers in dry state, and then projected through a nozzle. The 
dimensions of the components were suitable with the projection machine and 
methodology. The proportions in volume of soil-cement-sand, as mentioned before, were 
7-2-7, while the fillers were 0.05% in weight of the binder (soil + cement). The mixture 
has been pressurized and then projected on the vault-shaped mold, provided by 
reinforcements, at high velocity, injecting the water. The vault had a thickness of 40 cm, 
a span of 400 cm, and was large 200 cm. During the preparation process of the element, 
nine copper wires were placed in the middle of the thickness, at a mutual distance of 40 
cm. Their length was more than 200 cm, so that the ends protruded from the vault. The 
front side of the vault is shown in Figure 2(b), where are visible the copper wires coming 
out from the element. In the picture are also indicated the electrodes used for the electrical 
measurements which constitute channels 3, 4, 5, and 6, placed in the central part of the 
element. The vault was covered with an insulating layer to have a horizontal load-bearing 
plane all over the element. 

 
Dispersion of the carbon microfibers 
As for all the composite materials, the homogeneity is crucial to obtain reliable structural 
element. In particular, the presence of micrometric fillers could affect the quality of the 
material. The dispersion of the fillers within the composite matrix has been investigated 
through inspections by optical microscope and Scanning Electron Microscope (SEM). 
Figure 3 shows an example of micrographs on a fragment of hardened material. From the 
pictures the presence of the carbon microfibers is evident, and the dispersion in the matrix 
is good.  
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Micrographs of concrete with carbon microfibers using (a) an optical 
microscope, (b) SEM. 



The New Boundaries of Structural Concrete 
 

 155 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 (a) (b) 

Figure 4. Setup of the electromechanical tests on (a) small cubes, (b) shot-earth 
vault. 

 

ELECTRICAL TESTS ON SMALL CUBIC SAMPLES 
The electrical measurements were carried out by the use of a multimeter model NI PXIe-
4071, mounted on a chassis, model NI PXIe-1073. A square wave of 20V peak-to-peak 
was applied to the two copper electrodes embedded in the cubes. The powering signal 
was supplied by a function generator type RIGOL DG1022, with a frequency of 1 Hz and 
a duty cycle of 50%. The current was measured in the positive part of the square wave, 
as proposed in previous works of the authors (Downey et al. 2016), and the electrical 
resistance R(t) was derived from the first Ohm's law:  
 
R(t) = V / (I(t))          

  (1) 
 
where V is the applied constant voltage in the positive part of the square wave input 
signal, equal to +10V, and I(t) is the electrical current sampled at the time instant t. 
The voltage input signal was applied for 30 s on all the samples, then the value of the 
current was acquired for investigating the effect of the fillers’ amount on the electrical 
properties of the composite. 

 
Results of electrical tests on small cubes 
From the electrical tests, the variation of resistivity has been evaluated for the samples 
with increasing amounts of conductive fillers. The aim is to evaluate the percolation 
threshold of the composite which identifies the filler amount (or the range amount) 
corresponding to the formation of the fillers’ net within the matrix. Increasing additions 
of conductive fillers would have not a significant effect on the resistivity of the material 
because the conductive carbon microfibers would constitute a preferred path for electrical 
current. The identification of the percolation threshold results in a fundamental initial step 
for self-monitoring analysis because the optimal sensing behavior of smart composites 
usually is closed to that value. As a matter of fact, in the percolation zone not only the 
piezoresistive effect of the conductive carbon fillers occurs, but also the contributions of 
the composite matrix, the contact between fillers and matrix, and deformation effects 
(D’Alessandro et al. 2020a) influence the electrical sensitivity of the material. Figure 5 
reports the variation of electrical resistance of the doped smart-earth samples with 
increasing percentages of conductive inclusions, on logarithmic scale. From the figure, it 
is clear that the electrical resistance decreases with the increase of inclusions, and a visible 
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jump is visible between 0.05% and 0.25% of fillers: this range could be identified as the 
percolation threshold zone of the investigated smart composite.  

 
 
 
 
 
 
 
 
 
 

Figure 5. Outputs of electrical tests on cubes. 
 

 

 
Figure 6. Outputs of electromechanical tests on cubes with (a) and (c) 0% of carbon 

fillers, (b) and (d) 0.05% of carbon fillers. 
 

 
Results of electromechanical tests on cubic samples  
The mechanical tests were performed by means of a LAUMAS press with a maximum 
load capacity of 20 tons, instrumented with a load cell. The applied load history consisted 
of repeated load impulses between 0.0 kN and 4.0 kN. The electrical measurements were 
carried out by using the same approach adopted to perform the electrical tests. Figure 4(a) 
shows the electrical and mechanical setups utilized during an electromechanical test on a 
small smart-earth cube, together with an example of electrical output of a typical test. In 
the picture, the PXIe data acquisition system, the function generator, the press, and the 
load cell are visible. The samples were instrumented with two lateral strain gauges 2 cm 
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long placed along the load direction, which were acquired by using the NI PXIe system 
during the tests. 
Figure 6 reports the normalized variation of electrical resistance, and the strain 
measurements, obtained from the tests on the samples with 0 and 0.05%. This last 
percentage, as indicated also by the outputs of the electrical tests, represents the optimal 
filler amount for enhancing the sensitivity capabilities of the smart composite. Figure 
6(b), which reports the output from a sample with carbon fillers, clearly demonstrates the 
sensitive properties of the material, which was capable of monitoring the applied strain 
history. Such a smart behavior is not visible on the composites without carbon fillers, as 
shown in Figure 6(b). 

SENSING TESTS ON SHOT-EARTH VAULT 
The electrical measurements on the full-scale vault were carried out by applying a voltage 
square wave signal input of 20V peak-to-peak on the central part of the structural element, 
precisely between channels 4 and 5 (see Figure 2(b)). Four contiguous segments of the 
vault were monitored (namely, channels 3, 4, 5, and 6).  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Outputs of electromechanical tests on the vault during the load application. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 (a) (b) 

 
Figure 8. Outputs of electromechanical tests on the vault (a) before and (b) after the 

load application. 
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The electrical resistance of the i-th portion of the vault was determined as follows: 
 
R(t)i = V(t)i / I(t) 
 
where V(t)i is the voltage drop recorded at the electrodes embedded within the 
corresponding section of the structural element, while I(t) is the electrical current flowing 
through the entire circuit. Specifically, this last was calculated through the following 
relation: 
 
I(t)= V(t)res / Rres 
 
where V(t)res indicates the voltage drop measured at the reference resistor placed in-line 
with the circuit, and Rres represents the value of the adopted resistor. Voltage 
measurements were carried out by using a multichannel analog input module, model NI 
PXIe-4302, mounted on a NI PXIe-1073 chassis. The load was applied on the vault by 
using plastic tanks filled with water (Figure 4(b)). The load was uniformly distributed on 
the vault, and the final weight was comparable with a normal floor load. The loading 
phase had a duration of approximately 60 minutes. The loading speed was quite constant. 

 
Results of the electrical measurements 
Electrical measurements were carried out on the four sections of the vault before and after 
the load application. 
Figure 7 shows the variations in the electrical resistance during the load application. 
Channels 3 and 4, placed on the left of the element, and channels 5 and 6, placed on the 
right, showed, in pairs, similar behavior. In particular, the resistance increased on the left 
part and increased on the right part of the vault. This result indicates that the deformation 
of the elements was not completely symmetric, probably due to a different stress 
distribution, or a different load transmission through the substrate used for load 
redistribution.  
Figures 8(a) and (b) represent the electrical resistance obtained before and after the load 
application, respectively. The electrical measurements appear clearly stable in both cases 
of constant load, thus demonstrating the affordability of the electrical behavior of the 
smart shot-earth material in all the investigated sections. Moreover, the comparison 
between the sections confirms a similar behavior for section placed at the same portion 
of the vault. 

DISCUSSION 
The experimental investigations described in this work demonstrated that a novel smart 
construction composite with a matrix composed of earth and cement, produced with the 
addition of carbon conductive micro-fillers, can be optimized for enhancing the self-
sensing capabilities of construction elements.  
Laboratory tests carried out on small cubic samples with increasing amounts of fillers 
permitted to identify the most promising sensitive and performing percentage of fibers 
for monitoring applications. Such a percentage was adopted for reinforcement of a full-
scale vault element built by the use of the technique of the “shot-earth”.  
Microscope investigations and full-scale electrical tests demonstrated that the fillers were 
quite well dispersed within the matrix, and a good homogeneity of the material has been 
attained. Sensing and mechanical tests showed that the material possessed a sufficient 
electrical conductivity, and promising monitoring capabilities, which permitted to 
identify local deformations. 

CONCLUSIONS 
The paper presented the first results of monitoring tests carried out on a full-scale element 
built by using a novel smart sustainable earth and cement-based construction material. 
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The sensing properties were provided to the composite by the addition of conductive 
carbon microfibers. The optimal filler content defined through laboratory tests on small 
samples (i.e. 0.05% in weight) was suitable for the preparation of a full-scale vault. As a 
matter of fact, the workability of the smart composites allowed the projecting procedure 
which guaranteed a good structural resistance. Preliminary static tests, carried out on the 
vault by using distributed symmetric loads, demonstrated the promising self-sensing 
properties of the material. Further tests will be carried out to investigate the sensitivity of 
the element to asymmetric loads and fractures.  
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Principal Features of Plain Concretes Under Fatigue 
Loadings 

A.D’Amore56, L.Coppola57 and L. Grassia58 

 

ABSTRACT: This paper discusses the principal characteristic of plain concrete's responses to fatigue 
loadings. The applicability to plain concrete of a two-parameter "residual strength" model shows that plain 
concretes share most of the features exhibited by polymer-based fiber composites' under fatigue. Within 
the model's framework, the concrete strength's stochastic nature relates to fatigue life scatter and 
simultaneously accounts for the stress ratio and loading rate. Finally, being fixed ab-initio, the model's and 
the Weibull static strength's parameters appear as the fingerprint for a given materials category. The 
excellent model's predictive capabilities indicate that its physical prerogatives deserve consideration in the 
concrete world. 

INTRODUCTION  
Like any other material, concrete reaches a critical amount of internal damage when 
subjected to cyclic loadings. It collapses even if the maximum applied load's intensity is 
lower than the static strength. This phenomenon is due to material fatigue, namely a 
gradual and continuous increase in the level of damage caused by cyclic loads. Above all, 
the research activity on fatigue is strongly motivated because the primary structural 
design principles do not strictly correlate with fatigue analysis, and structures, even 
compliant with the design principle, still fail in fatigue.  
The general responses of concrete structures to mechanical loadings depend on the 
environmental conditions (temperature and humidity), the loading rate, the stress 
amplitude, the loading ratio, R=smin /smax, and the loading sequence. Considering all of 
the above parameters simultaneously and the diversity of the material configurations 
makes developing a general modeling procedure to cover all these variances difficult. In-
service loading histories of structural components consist of random successions of 
"peak" and "valley" alternate stresses. Replicating the spectrum loading experienced by 
concrete structures is experimentally impossible, and the materials' characterization is 
primarily performed under constant amplitude (CA) loadings. The experimental 
campaign's principal objective is to find an analytical expression predicting the fatigue 
behavior far from the experimental conditions and including the variable amplitude (VA) 
loadings. The fatigue characterization of materials follows different approaches 
depending on the study field. ASTM C39 describes the fatigue behavior of concrete and 
fiber-reinforced concrete. The experimental fatigue campaign is generally conducted by 
selecting the maximum applied stress smax,  as a fraction of the ultimate strength and the 
loading ratio, R.  Several papers recently appeared on plain and fiber-reinforced concrete 
fatigue behavior, with two main investigations lines. Some of them [(ACI Committee 215 
1974), (Tepfers  and Kutti 1979), (John et al.,  2001), (Xu et al.,2016), (Vicente et al., 
2018), (Obara et al., 2016), (Fan and Sun, 2019), (Lv et al.  2019)] were devoted to 
identifying the damage mechanisms during cycle evolution. However, the diffuse fatigue 
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damage developing within concrete structures is hardly detectable because concrete 
experiences a strain-softening at high cycles, and the cracks propagate unnoticed. Indeed, 
during the dynamic tests, the strength degrades mainly due to creep and micro-cracks 
propagation. The two phenomena are correlated and may co-occur, so splitting them into 
directly measurable quantities is impossible. The main drawback of mechanistic 
approaches is their deterministic nature despite the stochastic nature of damage 
mechanisms.   Other works [(Meng, and Song, 2007), (Abambres and Lantsoght, 2019), 
(Lv et al., 2019), (Saucedo et al. 2013), (Ruiz et al., 2011), (Medeiros et al. 2015), (Ríos 
et al., 2017)], mainly design-oriented, have been concerned with the experimental 
characterization of different materials and assessing life prediction methods based on 
macroscopic observations regarding strain, stiffness, and strength evolution during 
fatigue, ignoring the damage mechanisms. The loading rate effect on static and fatigue 
strength of concrete was widely discussed [(Saucedo et al., 2013), (Ruiz et al.,.2011)]. 
Galloway and Raithby (Galloway and Raithby,1973) investigated the flexural strength 
and the fatigue performance as a function of the strain rate of small beam specimens of 
two concretes. They showed that the fatigue performance enhancement was related to 
flexural strength at comparable loading rates. 
Moreover, at loading rates approximating the stress rate in fatigue, Spark et al. (Spark et 
al., 1973) found that increases in loading rate enhance the concrete fatigue strength in 
compression. Typically, a hundredfold increase in the loading rate produces a tenfold 
improvement in fatigue life. This conclusion is essential because accelerated fatigue 
testing of concrete structures may overestimate their true fatigue life. Others (Saucedo et 
al., 2013) considered the dynamic properties of concrete and developed a fatigue model 
capable of dealing with different frequencies and stress ratios. The initial static strength 
distribution was shifted along the failure axis and correlated to the fatigue life distribution 
function. 
Isojeh et al. (2017) pointed out that the fatigue loading of concrete structures is variable. 
Hence, the damage models must account for the variability of the fatigue loadings 
explicitly and straightforwardly. Xiaocui et al. (2020) investigated a wide range of strain 
rates and found that strength and stiffness show different strain rate sensitivity. Lv et al.  
(2019) reported that their fatigue model based on the rate-dependent stress ratio could 
pass the strength failure point. They pointed out that the fatigue equation should 
simultaneously reflect the strength failure characteristics of concrete, and the fatigue and 
strength failure behavior should be unified. In addition to the above complexity, it is 
worth mentioning that most papers report static strength measurements performed at 
loading rates well below those in fatigue. For instance, the fatigue data are performed by 
selecting smax as a percentage of the experimental static strength, despite the static 
strength sensitivity to the loading rate. This aspect represents one of the main issues 
discussed in the following. 
In all, the unmistakable experimental evidence summarize as follows: a)  Higher 
loading rates stimulate higher static and fatigue strength in concrete; b) The statistical 
distribution of the strength reflects the fatigue life distribution statistics. 
This paper discusses the applicability of a two-parameter "residual strength" 
phenomenological model to predict the plain and fiber-reinforced concrete's fatigue 
properties under various loading conditions. The model was originally derived to 
describe, with a single set of parameters, the fatigue response of high-performance fiber 
composites under constant and variable loadings. Its use in the area of concrete is 
motivated by the fact that concrete and high-performance polymer composites, despite 
their large diversity, share some features, including the statistical nature of the static and 
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dynamic responses, the sudden drop of strength in the vicinity of failure, and the absence 
of any detectable fatigue limit. Also, the model inherently fulfills the "Strength-Life 
Equal-Rank Assumption" (SLERA) postulate; namely, samples with higher strength 
should exhibit longer life expectations). 
Consequently, the static strength statistics should be reflected in fatigue's statistical 
behavior. Similar ideas can be applied to the degradation of the elastic modulus during 
fatigue, an effect that can be easily measured cycle-by-cycle and correlated with "residual 
stiffness" models. However, "residual strength" models possess a failure criterion; failure 
occurs when the residual strength degrades to the actual applied maximum stress. Despite 
its deterministic nature, the model adopted here correlates the fatigue life's dispersion to 
the static strength statistics. In particular, the static strength measured at loading rates 
congruent with fatigue is regarded as the limiting behavior when the fatigue life 
approaches one cycle. In the following, we first summarize the proposed model's principal 
features. Then, the model capability is tested on a series of constant amplitude (CA) 
literature data on plain concretes. 

MODEL'S DESCRIPTION 
The following equation describes the CA fatigue life model: 
 

				(1) 

 
where is the maximum stress,    is the loading ratio,  σ0  is the mean static 

strength, N is the number of cycles to failure, a and b are the model's parameters. The 
static strength is represented by a two-parameter Weibull distribution function as follows: 

  (2) 
 
where   is  the probability of finding a sample with a strength σ0 £ x, and g and d  
are the scale and shape parameters. In Eq. (1), the parameters 𝛼 and β are deterministic 
variables. Consequently, provided the static strength is measured at loading rates 
congruent with fatigue loading rates, the scatter in fatigue life is accounted for through 
the static strength statistics [D'Amore (2015)]. According to the Strength-Life Equal-
Rank assumption (SLERA), samples with higher ultimate strength exhibit longer fatigue 
life. Based on Eq. (1) the model's parameters, namely a and b, can be recovered by least 
square methods. However, the static strength statistics are frequently not reported, or the 
static strength tests are obtained at loading rates not congruent with fatigue loading rates. 
In those cases, a numerical routine has been developed to recover the Weibull shape and 
scale factors of the static strength,  dcalc and gcalc, and the model's parameters a and b, 
simultaneously. As a result, the statistical distribution of fatigue lives can be calculated 
according to the following equation:  
 

   (3) 

where FN(N*) is the probability of failure before N* cycles, and a and b, d and g are the 
model's parameters and the shape and scale parameters of the static strength distribution 
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function, respectively. Interestingly, Eq. (3) meets the boundary conditions for 
monotonic tests. In fact, putting N = 1, Eq. (3) becomes: 

  (4) 

 Eqs. (4) and (2) show that the probability of a specimen failing in fatigue within the 
first cycle coincides with the monotonic strength distribution.  

EXPERIMENTAL DATA 
The static and fatigue data discussed in this paper are recovered from (Saucedo et al., 
2013) and (Ruiz et al.,2011) and briefly summarized in the following. Then, the data will 
be re-elaborated and used in the residual strength model framework already described. 
First, we analyze the static compression strength statistics of two different concrete C1 
and C2 types obtained at a loading rate, =0.25 MPa/s, and 0.2 MPa/s, respectively. 
Then, the effect of stress ratio,  , was checked based on fatigue tests at R=0.1 
and R=0.3 carried out on concrete C1 at a loading frequency of 4 Hz and maximum stress 
smax = 90 MPa. Finally, the loading frequency effect was analyzed on concrete C2 
performing a series of CA fatigue data at different loading frequencies from 1/16 Hz to 4 
Hz,  with   and R=0.3. 
 
4 RESULTS AND DISCUSSION 
 
Among its prerogative, the model's capability to account for the stress ratio is verified by 
analyzing the static strength and fatigue data of plain concrete C1. Solving Eq. (1) for  
results: 

  (5) 
 

From a physical point of view, Eq. (5) indicates that the ultimate strength of the virgin 
material can be calculated from the fatigue life, N. Therefore, the symbol  has been 
used in Eq. (5) just to distinguish the calculated strength from that,  directly measured 
in a static characterization test. As already mentioned, the static strength measured at 
loading rates congruent with fatigue is considered the limiting behavior when the fatigue 
life approaches one cycle. Thus, if the model's assumptions are valid, the calculated 
strength values should exhibit the same statistical distribution found for . However, the 
available static strength data were obtained at a loading rate 0.25 MPa/s. In contrast, 
the approximate loading rate, experienced during the fatigue tests is defined as: 

  (6) 
where f is the loading frequency and   =( .   
Thus, during fatigue, with f=4 Hz and  , the lading rates for plain 
concrete C1, were   and  648 MPa/s at R=0.3 and R=0.1, namely more 
than three orders of magnitude higher than static data. The coherent set of static strength 
data corresponding to the loading rates adopted in fatigue tests are obtained based on Eqs. 
(2) and (3). The random search algorithm within the NMinimize function of Wolfram 
Mathematica 11 environment was adopted to find the optimum set of parameters. Details 
of the numerical routine can be found in  (D'Amore, 2021). Analyzing the plain concrete 
C1 fatigue life data obtained at R=0.3, the resulting parameters spurted from Eq. (3)  were 
a=0.662, β=0.09, g=144 MPa and d=11.8. These parameters are seen as the fingerprint 
of a material and can predict fatigue behavior under different stress ratios.  
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 Figure 1. The fatigue life data at different stress ratio (symbols) and the model's predictions (continuous 

curves). 
In Fig. 1, the fatigue life data as a function of the stress ratio are reported with circles and 
square symbols. In one case (circles) the data were used to search the optimum set of 
parameters through the numerical procedure described above. In the other case (square 
symbols), the data are fully predicted with the fixed parameters set. Also, from Eq. (3) 
the static strength statistics evaluated at loading rates congruent with fatigue data at R=0.3 
and R=0.1 can be obtained. The  "calculated" and the experimental static strength data 
reported in Fig. 2 refer to different loading rates, namely  and 648 
MPa/s, and , respectively. The "calculated" static strength data derived 
from fatigue data obtained at R= 0.3 and R=0.1. The calculated data almost superpose 
given that the corresponding loading rates are relatively close and significantly differ 
from the experimental static strength data. The two sets of calculated strength are pooled 
and compared with the experimental static strength in Fig. 2. 

  
Figure 2. Experimental and calculated static strength cumulative distribution function 

 
In perfect agreement with the findings of Galloway and Raithby (Galloway and Raithby, 
1973), the calculated distribution function are shifted some 50% on the strength axis in 
respect to the static strength distribution function. In Table 1 are reported the "calculated" 
and the experimental shape and scale factors obeying the Weibull distribution function. 
The calculated and experimental static strength data were obtained at loading rates 
varying more than three orders of magnitude. From above and in the framework of our 
theory, it can be affirmed that higher loading frequencies "stimulate" higher strength. In 
general, the static strength's rate sensitivity depends on the competitive effects of loading 
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rates with the propagation rates of the different damage modes progressively developing 
[(Przybilla et al., 2011), (Oh, 1991), (Li et al. 2007)]. Higher loading rates prevent the 
damage progression and increase the concrete's actual load-bearing capability. The static 
strength loading rate sensitivity was also considered in the Model Code 2010 (FIB, 2010).  
 
Table  1. Concrete C1: the scale and shape factors of the "calculated" and experimental 

Weibull distribution function 
Loading rate g (MPa) δ Nominal frequency,Hz 

 
99.1 12.3 0.0014 

 
143.8 11.6 4 

 
144.3 11.9 4 

 
The procedure we adopted to calculate the unknown static strength of samples under 
fatigue has been proved previously for high-performance carbon fiber materials, 
glass/polyester, and glass/epoxy laminates (D'Amore, 2021). Concrete is a quasi-brittle 
material showing apparent ductility, and its time-dependent behavior is associated with 
the irreversible damage mechanisms developing during fatigue. Creep in concrete show 
a three-stage behavior similar to creep in metals, resulting in permanent deformation. 

  
Figure 3. Mean strength as a function of the loading rate. 

 
However, creep in metals originates from climbing dislocations while plain concretes 
develop diffuse irreversible microcracks (as in composites) with substantial stiffness and 
strength degradation. Finally, failure occurs due to microcracks' coalescence, resulting in 
a significant catastrophic crack. The complexity of concrete and fiber composites damage 
mechanisms has driven researchers to develop modeling formulations based on 
macroscopic variables like residual strength or stiffness. The stochastic nature of plain 
concretes' responses prevents the application of deterministic fracture mechanics-based 
models. In contrast, fatigue damage occurs in metals by propagating a single crack, 
allowing mature methodologies to prevent catastrophic failures by setting up maintenance 
methods. Concrete and fiber composites again share the absence of harmonized criteria 
to ascertain their reliability during fatigue. The cycles to failure for plain concrete, C2, 
are reported in Fig. 4. The fatigue tests were performed at a stress ratio R=0.3, maximum 
stress  , and four different frequencies. The data are modeled with Eq. 
(3) with the model parameters already found for plain concrete C1, namely a=0.662 and 
β=0.09. Meanwhile, in the framework of our theory, it is assumed that fatiguing at higher 
loading rates "stimulates" higher material strength. 
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Figure 4. The experimental fatigue life data at different frequencies (symbols). The continuous curves are 

obtained from applying Eq. (3). The red and blue broken curves are the model's predictions 
 

Table 2. Experimental and calculated Weibull scale and the shape factors 
 Loading rate,  MPa/s Loading frequency, Hz Scale factor, MPa Shape factor 
s0 0.2 0.0015 80.1 16.7 
s0N 5.8 0.0625 86.1 17.7 
s0N 23.2 0.25 87.8 14.9 
s0N 93.0 1 91 16.8 
s0N 372.8 4 104.4 11.64 

 
This occurrence has already been discussed for concrete C1 showing that the 
experimental and the nominal static strength distributions differ by the scale factor. In 
contrast, the shape factors remain constant since their values are directly linked to the 
material's structure reliability. The shape and scale factors can be directly obtained from 
Eq. (3), best fitting the data at different frequencies. The results are shown in Table 2, 
where, for comparison are also reported the Weibull parameters for the experimental 
static strength data obtained at a loading rate of 0.2 MPa/s. The shape factors obtained at 
loading rates ranging from 0.2 MPa/s to 93 MPa/s are almost comparable and conform to 
our approach. The data at a loading rate of 372.8 MPa/s appear somewhat anomalous, at 
least in the framework of our theory. From Eq. (6), the corresponding frequency of the 
static strength data was f=0.0015 Hz. Pooling the shape factors data at 0.0015, 0.0625, 
0.25 and 1 Hz in Fig. 5,  the extrapolated shape factor at 4 Hz can be obtained, resulting 
g(4 Hz)=92.7 MPa, well below the one reported in Table 2. Thus, fixing  g(4 Hz)=92.7 
MPa, the predicted fatigue life at 4Hz is shown in Fig. 4 as a broken blue curve. The 
prediction differs substantially from the experimental data, as expected. Assuming that 
the experimental data are reliable, we conclude that our approach cannot predict the data 
at 4 Hz even if the predictions at 0.625, 0.25 and 1 Hz are pretty good. At the same time, 
the fatigue behavior at 0.0015 Hz can be obtained from Eq. (3) straightforwardly, given 
that the model's parameters, scale, and shape factors are known. Let us assume that the 
experimental fatigue data reported in Fig. 4 can also be modeled according to the two-
parameter Weibull distribution function expressed in its generic form as follows: 
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Figure 5. The scale factors of the static strength at different frequencies resulting from the numerical 

analysis (circles) and the scale factor of experimental fatigue data at 4 Hz (square symbol) 

 
Figure 6. The Weibull experimental and calculated fatigue life scale factors (Eq. 7) 

 

   (7) 

where  is the probability to find  ,  is the scale factor of cycles to failure 
and  the shape factor. The Weibull scale and shape factors in Eq. (7) can be found from 
least square methods, and the results are reported in Table 3. 
 

Table 3. The Weibull scale and shape factors of fatigue life data for concrete C2. 
Frequency, Hz Scale factor,  Shape factor,  

0.0015 (calculated) 58 0.80 
0.0625  241 0.83 
0.25 350 0.84 
1 679 0.86 
4 (calculated) 951 0.87 
4  7526 0.67 

  
Again, the scale and shape factors of fatigue life data at 4 Hz are somewhat out of the 
trend shown from the other data. The shape factors slightly increase with frequency, 
except for the experimental value 4 Hz. The scale factors are reported as a function of the 
loading frequency in Fig. 6. The unexpected trend of experimental fatigue data at 4 Hz 
has been confirmed by our model and by modeling the fatigue data with the Weibull 
distribution function. If these data represent the natural behavior of the material or 4 Hz 
is a critical loading frequency is unknown. In that case, our modeling approach cannot 
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predict the fatigue life data at 4 Hz. Neither do we encounter similar data discrepancies 
in the open literature. 

 
5 CONCLUDING REMARKS 
 
The stress ratio and loading rate effects on fatigue behavior of two classes of plain 
concrete were analyzed. Based on literature data, the relevant role of the static strength 
statistic was highlighted,  showing that the static strength measured at loading rates 
congruent with fatigue should be regarded as the limiting behavior when the fatigue life 
approaches one cycle. In contrast, most literature shows that the loading rates experienced 
during fatigue tests are several orders of magnitude higher than static strength 
measurements. However, the static strength statistics can be recovered directly from 
fatigue life data based on the adopted model. It is shown that the model's parameters and 
the static strength Weibull scale and shape factors represent a material fingerprint. The 
model inherently accounts for the stress ratio, and the fatigue life predictions at a different 
stress ratio are pretty satisfying. The loading rate/frequency effects are analyzed on a 
series of fatigue life data obtained at different frequencies. Some discrepancies revealed 
that the model could not predict a set of experimental data. However, the data in question 
showed some anomalies highlighted out also by a different modeling approach. The 
approach modeling showed a remarkable potential for analyzing the fatigue behavior of 
concrete. Its promising prerogatives deserve further exploration regarding the fatigue 
response under variable amplitude loadings.  
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Structural performance of corroded prestressed concrete 
beams 

F. Di Carlo59, P. Isabella60, Z. Rinaldi61 and A. Meda62 

 

ABSTRACT: The paper aims to experimentally investigate the influence of reinforcement corrosion on 
the flexural behavior of prestressed concrete beams. Potential consequences of steel corrosion can be 
extremely serious, since strands are subjected to high mechanical stresses. The combined effect of 
corrosion-induced sectional reductions and notches can be fatal for the structural safety. Five prestressed 
beams, 3700 mm long with a 200 mm x 300 mm section, were subjected to artificial corrosion, to obtain 
different damage levels, and then tested in four-point bending. The paper follows previous works of some 
of the authors on the behavior of corroded reinforced concrete and prestressed concrete beams, giving an 
insight on the calibration of the corrosion process and to the interpretation of the experimental results. The 
effects of corrosion on the ultimate strength, displacement capacity and failure mode are shown and the 
importance to account for morphological aspects of the corrosion phenomenon is highlighted. 

INTRODUCTION 
The influence of corrosion on the structural behavior of prestressed reinforced concrete 

(PC) beam elements is of topical interest, as witnessed by the condition of actual 
structures and infrastructures, unfortunately leading, in some cases, to failures or local 
breakage. Despite the importance of the topic, not many researches are available in 
literature. The experimental results of nine corroded and uncorroded PC 200 x 300 x 3000 
mm3 beams in four-point bending, under accelerated corrosion are discussed in Rinaldi 
et al. (2010). The analyzed parameters were the concrete compressive strengths 
(34.0 MPa, 41.5 MPa and 47.4 MPa) and the corrosion level (mass losses of about 7%, 
14% and 20%). The experimental outcomes clearly showed the sharp influence of the 
strand corrosion on the global behavior of simple supported beams in bending, both in 
terms of bearing capacity and failure mode. Indeed, contrarily to the reference uncorroded 
beams, whose collapse was governed by concrete crushing, the collapse of corroded 
beams with mild and severe corrosion levels (14% and 20% mass loss for each strand, 
respectively) occurred because of the local rupture of wire strands. Beams with medium 
and severe corrosion levels (14% and 20%) exhibited a sharp reduction of the capacity 
(up to 66%).The only beam subjected to low corrosion level (7%) showed a sharp ductility 
reduction and collapsed abruptly for the simultaneous crisis of concrete and strands, 
Furthermore it was underlined that the pitting corrosion, usually occurring in the case of 
natural corrosion also, provided stress and strain localization that usually causes the wires 
rupture failures, difficult to forecast. Menoufy and Soudki (2014) analyzed the effect of 
corrosion of seven-wire steel strands on the residual capacity of PC T-shaped 6 m long 
beams (400 mm flange width, 300 mm total height, 100 mm web thickness) tested in four-
point bending. Three corrosion levels were considered (2.5%, 5%, and 10% in mass loss) 
and the results showed a reduction in flexure capacity and midspan deflection of up to 
76% and 26%, respectively, at 10% mass loss. ElBatanouny et al. (2015) tested eight 
prestressed T-shaped beams, with height of 381mm, under cyclic loading. Two different 
concrete strengths (29.0 MPa and 40.7 MPa) and accelerated corrosion techniques 
(impressed current, and wet/dry cycles) were analyzed. The attained corrosion levels were 
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between 4.9% and 12.8%. The reduction of the ultimate load capacity varied between the 
11% and the 32.8%, while the maximum deflection reduced in the range 12.5-32.4%. 
With reference to the cyclic tests, corrosion anticipated the deviation from linearity, 
significantly reduced the maximum load achieved during the test and increased the 
reinforcement slippage as well as the crack opening or widening. Zhang et al. 2016 
studied the fatigue behavior of thirteen pre-tensioned partially prestressed concrete beam 
beams with corroded prestressing wires or rebars up to 5.6% average mass loss. 
Compared to the uncorroded beam, the fatigue life of the three corroded beams 
characterized by small amount of mass losses of about 1.3%, 2.5% and 5.6% had a 
dangerous reduction of 44%, 80% and 83%, respectively. All corroded beams failed at 
the minimum cross-section of one of the corroded rebars or wires, which might not be 
subjected to the maximum action. Eight 150 x 220 x 2000 mm post-tensioned concrete 
beams with corroded strands (with mass loss variable between about 12% and 85%) were 
tested in bending by Zhang et al. (2017). The results showed that the cracking load 
degradation and prestress force loss had almost a linear relationship with increasing strand 
corrosion levels. The severe corrosion decreased the number of cracks, changed the 
failure mode from the concrete crushing to strand rupture, degraded the ductility and the 
ultimate strength of beams. The possible relationship between the prestressed concrete 
cracking induced by strand corrosion and the corrosion itself was analyzed in Dai et al. 
(2016) and Dai et al. 2020. In the first study six 150x220x2000 mm PC beams reinforced 
with seven-wire steel strands were subjected to different levels of artificial corrosion up 
to about 15% in mass loss. For this last value, the failure load decrease with respect to the 
sound specimen was about 64.3%. A regression curve between the failure load ratio and 
maximum corrosion-induced crack width of PC beams was also proposed. In the second 
one, the authors performed four-point flexural test on eight PC corroded beams 
characterized by corrosion levels between 7.05% and 14.96% and different levels of the 
prestressing action. According to the authors, corrosion-induced concrete cracking may 
not degrade bond strength and effective prestress unless corrosion loss exceeds 6.6%. As 
corrosion further progresses, bond strength and effective prestress decrease 
monotonically and then reduce to zero when corrosion loss reaches 34.0%. The authors 
concluded that high strand stress could accelerate corrosion-induced prestress loss, since 
by varying the strand stress level from 25% to 75% of the strand tensile strength, 
corrosion-induced prestress loss increased by about 20%. Unfortunately, the results of 
reference uncorroded beams are omitted. Yang et al. (2020) analyzed the long-term 
behavior of prestressed concrete beams under the coupled effect of sustained load and 
corrosion. The beams were subjected to wet/dry cycles using the direct current power, up 
to a an average 30% in mass loss. During the artificial corrosion process, the specimens 
were subjected to sustained load (being 0, 30% and 60% of the design ultimate bearing 
capacity). It was observed that the pitting corrosion of the steel strands was significantly 
affected by the sustained load level, and the coupled effect led to more serious damage 
on the beams than individual effects. Results of experimental tests on PC beam elements 
subjected to natural corrosion can be found in (Mircea et al. 1994; Belletti et al. 2020). In 
particular, Mircea et al. (1994) studied the behavior up to the failure of reinforced and 
prestressed concrete beams subjected to a long-term natural degradation process under a 
constant load for a period ranging from 10 to 12 years. The beam tests performed after 10 
to 12 years show that the environmental condition did not significantly influence the beam 
bearing capacity, i.e. only the nitrogen environment induce a 10-20% reduction in the 
ultimate moment after the corrosion. On the contrary, a ductility decay depending on the 
environmental aggressiveness was observed in all cases. No data on the attained corrosion 
level is indicated. Belletti et al. (2020) carried out an experimental survey on full-scale 
PC beams extracted from a refrigeration tower of a thermal power plant. During their 
lifecycle, the beams were subjected to refrigerating wetting cycles with marine water for 
10 years. Corrosion caused longitudinal cracks, swelling, splitting phenomena, and 
spalling of concrete cover. The mass loss suffered by the prestressing tendons varies along 
each beam up to about 10% in mass loss and a reduction of ultimate bending moment up 
to 77.35% was detected. Finally, interesting experimental tests on actual bridge PC beam 
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subjected to natural corrosions are also available. Papè and Melchers (2011) studied the 
behavior of three 45-year-old bridge beams. The authors pointed out that the longitudinal 
web cracking followed the tendon trajectory and that there was locally severe corrosion 
of the strands, even though this was not accompanied by significant rust staining. From 
the beam tests, the authors observed as the corrosion of strands progressively reduced the 
flexural response of PC beam in terms of strength and ductility. Finally, a variation of the 
collapse mode from the flexural (ductile) failure to the shear (brittle) failure was observed 
in the corroded elements. Rogers et al. (2012) and Rogers (2016) tested 19 pretensioned 
beams extracted by a decommissioned bridge in New Zealand in four-point bending. 
After 42 years of expositions in an extremely aggressive coastal environment, the bridge 
showed a loss of up to 60% of the cross-section of the bottom layer of pretensioned 
strands. The strands failure was detected in samples with severe corrosion. Depending on 
both the reinforcement arrangement on the beams and the suffered corrosion degree, the 
reduction in the load-bearing capacity of the deteriorated beams was variable. The 
weakest corroded beams supported only 69% of its good condition counterpart. Finally, 
based on the collected and analyzed literature it can be concluded that, even if the great 
part of the authors underlined the possible variation of the failure mode, related to the 
wires rupture, due to the corrosion, forecasting the structural behavior of corroded PC 
beams is still an open issue. From the cited reference it clearly appears that the mass loss 
only, cannot be considered a reliable parameter for forecasting the structural response and 
failure mode. Aim of the paper is to improve the knowledge in this field by designing and 
carried out a wide experimental survey. In this paper the first results, obtained on five 
200x300x3700 mm PC beams are presented and discussed. 
 

 EXPERIMENTAL PROGRAMME 
The experimental survey includes five pretensioned concrete beams, cast and tested in 
the Laboratory of the University of Rome ‘‘Tor Vergata”. One of the five beams was kept 
un-corroded (PC-UC) for reference. Four of them were subjected to an accelerated 
corrosion process, to study the influence of reinforcement corrosion on the flexural 
behavior of the element. All beams have the same geometry, characterized by a 200 x 300 
mm rectangular cross section and a total length of 3700 mm. Figure 1 shows the beam 
geometry, together with the steel reinforcement details, consisting in 4Ø10 ordinary 
rebars and Ø8 stirrups, all B450C type.  
 

 
Figure 1. Beam geometry. 

 
As shown in Figure 1, the stirrups spacing is equal to 100 mm and 200 mm in the outer 

(1450 mm) and inner (800 mm) zones of the beams, respectively. The concrete cover is 
equal to 20 mm. Prestressing is provided by 3 ½-inch (about 12 mm in diameter) seven 
wires strands, two placed at the bottom of the section and one at the top. 
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The average concrete strength measured on two 100 mm side cubes is equal to about 
52.6 MPa, while tensile tests performed on the steel rebars have shown values of the 
yielding and ultimate strengths equal to 510 MPa and 630 MPa, respectively. Regarding 
the prestressing reinforcement, the ultimate strength is equal to 1860 MPa, while the 
initial wire prestressing stress is equal to 1300 MPa, corresponding to about 70% of the 
ultimate strength. 
 

ARTIFICIAL CORROSION PROCESS 
The artificial corrosion has been provided with an accelerated process through electrolytic 
cells, by dipping the beams within a 3% saline solution, up to half of the height of the 
cross section. Only the two bottom longitudinal ½-inch strands, located in the tension 
zone during the loading process, have been connected to the positive pole of the power 
supply (anode). The cathodes have been realized with Ø10 diameter steel bars soaked in 
the saline solution. The layout of the system adopted to accelerate the corrosion process 
is shown in Figure 2.  
 

  a) 

         b) 
Figure 2. Artificial corrosion process: a) scheme; b) view of the beams inside the 

pool. 
 

A current intensity equal to 0.5 A for each strand has been applied, in agreement with 
the values suggested in El Maaddawy and Soudki (2003). The ordinary rebars and the 
stirrups have been epoxy coated to avoid corrosion (Figure 3), since the aim of the work 
was to investigate the effect of corrosion of the prestressing reinforcement on the targeted 
bending failure mode of the elements. 

The duration of the artificial corrosion process, necessary to obtain the desired 
corrosion level, was set with the Faraday’s law, suitably modified to account for the 
protection offered by the concrete cover: 
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in which Mspecimen is the molar mass of the prestressing reinforcement (equal to 55.8 
mol), nspecimen is the valence equal to 2, CFaraday is the Faraday constant (equal to 96485 
C/mol). The constant λ, accounting for the presence of the concrete cover was assumed 
equal to 1.6, based on previous studies (Rinaldi et al. 2010; Meda et al. 2014; Rinaldi et 
al. 2022). 

 

  a) 
 

  b)           c) 
Figure 3. Steel reinforcement: a) view of the steel cage; b) and c) details of the steel 

cage. 
 
The effective corrosion amount and artificial morphology were evaluated after the tests 

by extracting the strands from the beams. It is worth to highlight that the prestressing 
reinforcement embedded in concrete features a localized corrosion, characterized by the 
presence of pits. The strands have been cleaned (ASTM G1-90, 2002) and weighed to 
evaluate the actual corrosion level, in terms of mass loss. In order to account for 
differences in the corrosion level along the prestressing reinforcement, for each of the two 
bottom strands (named right and left), the corrosion degree was evaluated in three 1-
meter-long parts (named T1, T2 and T3), neglecting the outermost lengths. Table 1 shows 
the layout of the experimental survey, together with the local and average values of the 
measured mass loss found for each beam. 
 

Table 14. Measured mass loss. 

Strand Section Mass loss [%] 
PC-C1 PC-C2 PC-C3 PC-C4 

Right 

T1 0.20 3.87 14.19 18.71 
T2 3.07 10.32 28.39 30.46 
T3 0.65 12.90 14.19 22.74 

average 1.30 9.03 18.92 23.97 

Left 

T1 0.35 3.23 12.99 16.13 
T2 4.52 14.19 29.68 55.48 
T3 0.84 9.68 15.48 21.37 

average 1.90 9.03 19.38 30.99 

Both average 1.60 9.03 19.15 27.48 
average (T2) 3.79 12.26 29.03 42.97 

 
Within the same beam, the two strands present different corrosion levels, with a 

difference up to 32% for the specimens PC-C1. The beam PC-C2 is characterized by the 
same average mass loss for both right and left strands. The central portion of the 
prestressing reinforcement, namely T2, presents higher corrosion levels with respect to 
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the other two parts, except for the right strand of the beam PC-C2. Anyway, for all beams, 
considering both right and left strands, the average values of the mass loss evaluated on 
the overall length of the strands are lower than those computed on the T2 length only. 

 As an example, Figure 4 shows the crack pattern of the specimen PC-C2 after the 
corrosion process, consisting in the typical longitudinal cracks visible on the sides of the 
element. Considering all corroded PC beams, the maximum observed crack width varied 
in the range between 0.7 mm and 10 mm. 
 

 
Figure 4. Specimen PC-C2: crack pattern after the corrosion process. 

TEST SET-UP 
A four-point bending test is carried out on the five considered beams, with the test set-up 
and instrumentation shown in Figure 5. In particular, the load is applied through two 
hydraulic 300 kN jacks and measured with a load transducer. The contrast frame, made 
with steel beams, is anchored to the laboratory strong floor by means of two pre-tensioned 
high strength rebars. The two supports were realized with two rotating cylinders. The 
span of the beams during the test was equal to 2700 mm, while the shear length was 900 
mm, corresponding to one third of the total span length. Five potentiometer transducers 
measure the vertical displacements at the midspan (P1), under the point load (P2 and P3) 
and at the support point (P4 and P5), and two LVDTs (linear variable displacement 
transducers) are placed at a distance of 25 mm and 75 mm from the extrados side for 
measuring the horizontal displacements. Furthermore, a square 50 mm grid was plotted 
on the lateral surfaces to facilitate the cracks detection and measures.  

  

   a) 
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       b) 
Figure 5. Test set-up; a) Scheme and measure devices; b) Test set-up. 

EXPERIMENTAL RESULTS 
Figure 6 shows the comparison of the experimental results of the uncorroded specimen 
PC-UC and of the corroded ones, namely PC-C1, PC-C2, PC-C3 and PC-C4, in terms of 
Load-Midspan Displacement curves.  

 

 
Figure 6. Load–Midspan Displacement curves of the specimens. 

 
Uncorroded PC beam 
For the uncorroded specimen PC-UC, the maximum vertical load was equal to 241 kN 
for a vertical midspan displacement of 23 mm. The first crack occurred for a load level 
of about 75 kN. After the maximum load, a softening behavior was observed up to a 
vertical load of about 175 kN and a vertical displacement of 65 mm. As shown in Figure 7, 
a wide spread of cracks developed during the tests and the failure mechanism was 
governed by the concrete crushing in correspondence of one of the two loading points. 
 

  a)     b)                        

Figure 7. Beam PC-UC: a) crack pattern at 180 kN; b) detail of the concrete crushing. 
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Corroded PC beams 
The specimen PC-C1, characterized by an average mass loss of about 1.6%, presented a 
behavior similar to the one of the uncorroded PC beam. The first cracks occurred for a 
load value of about 63 kN, while the ultimate load was about 232 kN, for a midspan 
displacement of about 26 mm. With respect to the specimen PC-UC, a reduction of the 
ultimate load of about 3.7% was found. As shown in Figure 8, the failure of the beam was 
due to the concrete crushing. The detachment of a portion of the concrete cover also 
occurred at the intrados of the beam, in the same section in which the concrete crushing 
was found. 
 

    
Figure 8. Specimen PC-C1, details of the concrete crushing. 

 
Relatively to the specimen PC-C2, characterized by an average mass loss of about 

9.03%, a maximum load equal to about 124.5 kN was observed for a displacement of 6.1 
mm. The first cracks occurred for a load value of about 85 kN. After the maximum load, 
the rupture of the wires of the strands occurred and the behavior of the specimen was 
governed by the Ø10 ordinary steel rebars only. Figure 9 shows the crack pattern at the 
ultimate load. A reduction of the ultimate load of about 48% was found with respect to 
the specimen PC-UC. 
 

 
 

Figure 9. Specimen PC-C2, crack pattern at the ultimate load. 
 

The specimens PC-C3 and PC-C4, characterized by an average mass loss of 19.15% 
and 27.48%, feature a similar behavior in terms of load-midspan displacement curve. In 
particular, the first cracks occurred for load levels of about 30 kN and 35 kN, for the PC-
C3 and PC-C4 specimens, respectively. In both the cases the failure was due to the rupture 
of the steel reinforcement, as shown in Figure 10. The maximum load was equal to about 
40.5 kN and 47.2 kN, for the PC-C3 and PC-C4 specimens, for a displacement of 4.7 mm 
and 6.4 mm, respectively. With respect to the specimen PC-UC, the ultimate load was 
reduced of about 83% and 80%, respectively. It is worth to highlight that the specimen 
PC-C4 was characterized by a slightly higher ultimate load than the specimen PC-C3, 
despite its higher value of the average mass loss, confirming the importance to account 
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for morphological aspects of the corrosion phenomenon, to properly capture the structural 
behavior of the element. 
 

   a) 

   b) 
Figure 10. Crack pattern at the ultimate load: a) PC-C3 and b) PC-C4 

CONCLUSIONS 
Aim of the paper is the analysis of the influence of the corrosion of the prestressing steel 
reinforcement on the non-linear behavior of PC beams, through experimental tests on one 
un-corroded and four corroded elements. The performed tests are part of a larger research 
program for the evaluation of the flexural response of corroded reinforced concrete and 
prestressed concrete beams. The specimens, having a length of 3700 mm and a 
rectangular 200 mm x 300 mm section, were first subjected to artificial corrosion, induced 
with an accelerated process through electrolytic cells, by dipping the specimens in a 3% 
saline solution placed in a suitable pool, up to the middle section of the beam, in order to 
obtain different damage levels. Subsequently, the PC beams were tested in four-point 
bending. 

The obtained results show the effects of corrosion on the ultimate strength, 
displacement capacity and failure mode, that can turn from ductile to brittle. The 
following remarks can be made: 
- the failure mechanism of the un-corroded and low-corroded specimens, namely PC-UC 
and PC-C1, is governed by the concrete crushing; 
- the failure mechanisms of the corroded specimens characterized by high values of the 
average mass loss turn from ductile to brittle, being due to the rupture of the steel 
reinforcement; 
- a reduction in both capacity and ductility is observed with increasing the average mass 
loss; 

Finally, as it can be noted from the outcomes of the performed experimental tests, the 
authors highlight that, for a proper understanding of the structural behavior of the element, 
it is fundamental to account also for morphological aspects of the corrosion phenomenon. 
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Hysteretic device for seismic protection of RC precast 
structures 

C. Di Salvatore63, N. Caterino,64 65 and G. Magliulo66 67 

ABSTRACT: In the last decades, earthquakes all over Europe have demonstrated that structural and 
nonstructural joints provide the most significant source of seismic vulnerability for RC precast structures. 
For this reason, many retrofitting techniques have been developed for existing buildings, aiming at the 
connection strengthening. In this paper, a novel hysteretic device is presented at this purpose and applied 
to a typical exiting single-story RC precast building, characterized by pure frictional beam-to-column joints. 
Dynamic analyses are performed on both the bare and the retrofitted structure. A parametric analysis is 
performed in order to optimize the seismic performance of both the device and the structure. Outcomes 
concerning the seismic response of the structure are reported in terms of dissipated energy. 

INTRODUCTION 
Despite the widespread use of RC precast structures all over Europe, both codes and 
scientific literature did not pay enough attention to the design of such buildings in seismic 
conditions. The awareness of the issues regarding their peculiar structural characteristics 
took place in time, often thanks to the aftermath of seismic events striking industrialized 
areas (Faggiano et al., 2009; Magliulo et al., 2014; Miranda et al., 2021; Ozden et al., 
2014). The detected usual damages concerned structural and/or nonstructural 
connections, which very often were not designed to resist seismic forces. For this reason, 
several numerical models have been developed with the aim of reaching a better 
knowledge on how precast structures react to earthquake loads and how connections 
affect their seismic response (Bosio et al., 2022; Demartino et al., 2017; Deyanova et al., 
2014; Ercolino et al., 2016; Magliulo et al., 2021; Magliulo et al., 2008). Furthermore, 
many strengthening techniques have been developed in order to reduce the detected 
vulnerability at the joints location (Belleri et al., 2017; Belleri and Riva 2012; da Fonseca 
et al., 2011; Dal Lago et al., 2018; Pollini et al., 2018; Pollini et al., 2021; Soydan et al., 
2020). In particular, the most investigated link is the beam-to-column one since its failure 
represents a certain collapse for the whole structure. Bressanelli et al., 2021 present a 
detailed investigation on an innovative retrofit device able to both restrain beam-to-
column joints, enabling the transfer of horizontal forces at the base of the structure, and 
dissipate seismic energy. The proposed technique consists in applying, at the structural 
elements’ connection level, crescent-moon shaped steel profiles, in a lateral or in a bottom 
configuration. The provided peculiar shape allows the achievement of a uniform 
plasticization of the steel component, improving its performance. However, different 
geometries are tested, both analytically and experimentally, in order to optimize the 
response under seismic forces. Cyclic analyses are carried out, in order to check both the 
stability and the symmetry of hysteresis loops; outcomes from the analyses are, then, 
validated through cyclic experimental tests. The comparison between experimental and 
numerical results is satisfying, since a good agreement can be detected. As a result of 
such investigation, an optimal geometry for steel profiles is defined. Further experimental 
tests are performed according to the UNI EN 15129:2018, in order to classify the device 
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as a nonlinear dissipative device; main parameters, describing both the monotonic and 
the hysteretic response of the system, are also evaluated thanks to the indication of the 
considered anti-seismic device regulation. Capozzi et al., 2014 patented a three-hinged 
arch device, originally conceived for the beam-to-column joints retrofit in precast 
structures, but later extended to the strengthening of other connections’ type. Focusing 
on the beam-to-column connection case, the presented device is constituted by two 
inclined steel profiles, connected to the structural members by means of horizontal 
dowels, in a three hinged arch arrangement. Such configuration ensures the absorption of 
lateral forces through axial loads in the profiles, which undergo a pure alternate 
tensile/compression load state. Magliulo et al., 2017 carried out an experimental 
campaign on a pre-damaged beam-to-column dowel connection retrofitted by means of 
the three-hinged arch system, demonstrating the enhancement in the joint performance 
provided by the device. Cimmino et al., 2017 developed a numerical model in OpenSees 
of an existing RC precast structure considered in the “as built” conditions and then 
retrofitted through the three-hinged arch system at each beam-to-column connection 
location in the longitudinal direction. Truss elements and rigid links are used to 
implement the retrofit device within the structural model, assigning to the former proper 
characteristics and resistance. Brittle failures are always detected, mainly due to the 
buckling of the longer profile. However, the device proves to be able to restrain beam-
column relative displacement until its failure. 

The present work presents a novel dissipative device which represents an improvement 
of the just illustrated three-hinged arch system. The enhancement of its performance is 
provided by crescent moon-shaped steel gadgets mounted on each steel profile. The 
device with standard properties is already presented in Di Salvatore et al., 2021 in which 
the need of a proper mechanical properties calibration is already highlighted. A 
parametric analysis is now performed, allowing the identification of optimal mechanical 
characteristics. Such calibrated device ensures better performance with respect to the case 
of standard property, in terms of both device hysteretic behavior enhancement and 
structural damage reduction.  

EXISTING RC PRECAST STRUCTURE 
The case-study building is a one-story RC precast structure, arranged in five plane frames 
along the X direction. In the perpendicular direction (Z direction), secondary girders 
intended for rainwater collection are provided. Roof covering consists of pre-stressed π-
shaped elements, linked together by a 5 cm reinforced-concrete top slab, in a 10% double-
slope configuration. Columns are cantilever members, 9 m high, fixed at the base thanks 
to isolated socket foundations. The connection between principal beams and columns is 
achieved through a single layer neoprene pad, ensuring a pure frictional resistance against 
horizontal forces; on the contrary, the connection between secondary beams and columns 
is bolted, so as to accomplish a hinged constraint. The building dates back to Seventies’ 
and it is located in Catania, an Italian city in Sicily, characterized by a high level of 
seismicity. Unfortunately, at the time of building’s construction, the city did not fall 
within the seismic zones; thus, a simulated design procedure is applied without any 
consideration on seismic forces. The case-study building is the same already presented in 
Di Salvatore et al., 2021; the reader can refer to the cited paper for more details.  

A tri-dimensional nonlinear model of the designed one-story precast structure is 
developed in the OpenSees code (PEER 2007), with the objective of performing dynamic 
analyses and achieving a reliable assessment of its seismic performance. The modeling is 
the same already described in Di Salvatore et al., 2021, except for the definition of the 
inelastic response. It is worth remembering that a lumped plasticity model approach, 
according to which all the plastic deformations are concentrated at the base, is followed. 
Moment-rotation backbones are assigned to zero-length elements acting along both the 
principal directions, whilst vertical elements are modeled as elastic. Plastic hinges 
response takes into account the initial elastic properties of the uncracked columns’ cross-
section; thus, the monotonic moment-rotation backbone for each plastic hinge is now 
defined by four points: cracking, yielding, capping and ultimate point. Hysteretic 
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behavior for plastic hinges is calibrated according to Ibarra et al., 2005. Beam-column 
connections are model differently according to the actual constraint; secondary beams 
and columns are jointed through a “equalDOF” constraints, simulating perfect hinges, 
whilst the friction pad between principal beams and columns is implemented through a 
zerolength element, characterized by an elastic-perfectly plastic response in both the 
horizontal directions, with the elastic limit assumed equal to the relevant Coulomb friction 
force. As a consequence of the elastic properties amendment, modal analysis provides 
translational periods for the structure which are almost halved with respect to the case in 
Di Salvatore et al., 2021 where a secant stiffness is assumed. This highlights the 
importance of a proper characterization for both the elastic and the inelastic behavior. In 
order to achieve a vulnerability assessment of the “as built” case study (i.e., before the 
retrofitting intervention is implemented), dynamic analyses are performed. In particular, 
a multi-stripe approach is considered with ten crescent return periods as intensity 
measures (10, 50, 100, 250, 500, 1000, 2500, 5000, 10000, 100000 years). For each intensity 
level (IM), twenty ground motions (GM) are selected from NGWest (NGwest) and Itaca 
(Luzi et al., 2008) and manipulated according to the Conditional Spectrum method 
(Iervolino et al., 2017; Lin et al., 2013a; Lin et al., 2013b). The first period of vibration, 
T1, is assumed as the conditioning parameter so as to have predefined values of spectral 
acceleration, obtained by means of accurate hazard analyses, corresponding to T1 
(Workgroup RINTC, 2018). Each earthquake has two different components, applied in 
both principal horizontal direction of the structure; however, since the retrofit will be 
applied in the X direction of the building only, outcomes are reported for this direction. 
The structure under consideration shows a significant seismic vulnerability due to the 
beam-to-column friction connections; indeed, horizontal elements exhibit important 
relative displacements at the end of the applied earthquakes, and in several cases, loss of 
support phenomena are detected. For this reason, demand-capacity ratios (D/C) are 
defined by reference to friction connections. In particular, relative beam-column 
displacement represents the seismic demand parameter (D) whereas the maximum sliding 
displacement (assumed equal to 12.5 cm) can be assumed as structural capacity (C). In 
Figure 1a, D/C are reported for all the ground motions applied, arranged in stripes, 
corresponding to the ten intensity measures considered. Ratios greater than 1 indicates 
the occurrence of a loss of support phenomenon, i.e., a structural global collapse. Figure 
1b shows the typical connection force-displacement cycles recorded for a seismic record 
belonging to IM6 (TR = 1000 years), for which a loss of support is detected in a post-
processing procedure at 12.83 s. The dashed grey cycles represent the seismic response 
that the connection would have shown after the attainment of the assumed maximum 
displacement, in the absence of loss of support failure.  

HYSTERETIC DEVICE 
The retrofitting device presents the same geometrical layout of the system already 
patented and tested by Capozzi et al., 2014 (Figure 2a). As the original system, the 
hysteretic device is able to strongly limit the beam-to-column relative displacement due 
to the overcome of the horizontal friction forces during earthquakes when no mechanical 
connection is provided. The hysteretic properties are conferred by special steel gadgets, 
able to undergo inelastic deformation when the rods are axially loaded. A 2 mm rubber 
sheath is placed around the connection dowel, in order to minimize local stresses at the 
connection location. The mechanical response of the device, specifically the behavior of 
each steel profile, is represented by an elastic-hardening backbone (Figure 2b), in which 
starting significant points coordinates are defined by the producers. Type 1 profiles (d1 = 
0.0039 m, F1 = 34.5 kN, d2= 0.020 m, F2 = 40 kN) are chosen for preliminary analyses, 
confirming the inadequacy of their seismic performance, as already demonstrated in Di 
Salvatore et al., 2021. 
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(a) (b) 

Figure 16. (a) Demand-capacity ratios for the “as built” structure, (b) friction 
connection force-displacement cycles for IM6 GM12. 

Steel profiles are implemented in OpenSees thanks to truss elements, to which an 
elastic-perfectly plastic material with an initial gap is applied. The gap is necessary in 
order to take into account the presence of the rubber layer around the dowels. Further 
details about the modeling of the retrofitting intervention are available in Di Salvatore et 
al., 2021. 

 

 

(a) (b) 
Figure 17. (a) Retrofitted beam-to-column joint configuration, (b) force-displacement 

monotonic backbone for the hysteretic device 
 
Dynamic analyses are applied to the retrofitted structure, namely the twenty records of 
IM6 (TR = 1000 years) are considered. Figure 3(b) shows the force-displacement curve 
for both the profiles of a single device, coming from the application of GM12 (Figure 3a). 
The area under the hysteretic cycles provides the amount of seismic energy dissipated by 
the device. Figure 3(c) and Figure 3(d) show the energy balance due to the applied seismic 
input for the “as built” structure and the retrofitted structure, respectively. The un-
retrofitted structure dissipates most of the input energy by friction, provided by the beam-
to-column connections, whereas hysteretic energy, due to plastic hinges nonlinear 
response, is quite low. Indeed, the activation of the sliding of the beam in the “as built” 
structure prevents the seismic force transfer to the base, and, consequently, yielding 
condition is never attained. Dashed lines are used to depict the structural response after 
the first beam’s loss of support failure (from 12.83 s up to the end). For the building 
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retrofitted with hysteretic devices, frictional energy goes to zero, demonstrating the 
ability of the device to restrain the beam-column joints. However, a significant part of the 
input energy is absorbed and dissipated by plastic hinges, which yield and undergo wide 
moment-rotation cycles under the seismic excitation, due to the adequate force transfer 
allowed by the intervention at the joints level. The dissipation provided by steel profiles’ 
hysteresis loops results to be excessively low and unable to avoid plasticization and 
consequent structural damage at the base.  

  
(a) (b) 

  
(c) (d) 

Figure 18. (a) Ground motion 12 acceleration history (IM6), (b) Force-displacement 
cycles for the retrofit steel device, (c) Seismic energy balance for the “as built” 

structure, (d) Seismic energy balance for the retrofitted structure with Type 1 devices. 

PARAMETRIC ANALYSIS 
In order to maximize the benefits provided by the application of the hysteretic devices at 
the beam-column joints, a parametric analysis is performed varying the mechanical 
properties of the steel profiles starting from device Type 1. In particular, two sets of 
analyses are carried out considering, for the former (Set 1), the variation in force-
displacement values (keeping the stiffnesses constant), and, for the latter (Set 2), the 
variation in the elastic stiffness. Table 1 and Table 2 report the values of the mechanical 
properties for each of the considered case of Set 1 and Set 2, respectively. Each case of 
Set 1 is referred to an ID1, which is basically the constant scale factor multiplying the 
force-displacement backbone points. Thus, ID1 = 1 represents the Type 1 device case. 
Similarly, ID2 = K0 stands for Type 1 profiles; the other cases progressively 
amplifying/lowering elastic stiffness. Hardening stiffness changes too, so as not to 
significantly vary its ratio with respect to the elastic stiffness. Four ground motions are 
selected for parametric analyses, representative of different intensity levels: IM5 GM4, 
IM6 GM20, IM7 GM6 and IM8 GM6. Each earthquake record is applied to the structure 
retrofitted, in the X direction only, by means of the different devices provided by both the 
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sets. Figure 4(a) and Figure 4(b) illustrate parametric results for Set 1 hysteretic devices 
applied to the structure under IM8 GM6. It is worth specifying that the application of the 
other selected seismic inputs provides the same qualitative results. It can be easily 
detected that as the scale factor decreases, the energy dissipated by the hysteretic system 
increases, until ID1 reaches the value of 1/2-1/4. After that, further reduction in the scale 
factor produces a significant abatement of ERD. This trend can be explained considering 
the variation in both the number of hysteretic cycles and the area under each cycle. Until 
the higher number of cycles compensates the lower amplitude of the cycles, the hysteretic 
energy dissipated by the devices increases. When the area under the cycles becomes too 
small, the higher number of cycles is not able to supply enough dissipated energy. On the 
contrary, moment-rotation cycles decrease as the scale factor decreases, thus the case of 
ID1 = 1/10 leads to the lower structural hysteretic energy. However, the beam-column 
relative displacements increase decreasing the scale factor, thus the benefit detected in 
the inelastic response is counterbalanced by a connections loss of performance.  

 
Table 15. Mechanical properties of Set 1 devices. 

ID1 d1 [m] F1 [kN] d2 [m] F2 [kN] kel [kN/m] khard [kN/m] 
1/10 0.00039 3.45 0.0020 4.00 8846.15 341.62 
1/8 0.00049 4.31 0.0025 5.00 8846.15 341.62 
1/4 0.00098 8.63 0.0050 10.00 8846.15 341.62 
1/2 0.00195 17.25 0.0100 20.00 8846.15 341.62 
2/3 0.00260 23.00 0.0133 26.67 8846.15 341.62 
1 0.00390 34.50 0.0200 40.00 8846.15 341.62 

5/3 0.00650 57.50 0.0333 66.67 8846.15 341.62 
2 0.00780 69.00 0.0400 80.00 8846.15 341.62 

 
Table 16. Mechanical properties of Set 2 devices. 

ID2 d1 [m] F1 [kN] d2 [m] F2 [kN] kel [kN/m] khard [kN/m] 
K1 0.01380 34.50 0.0688 40.00 2500 100 
K2 0.00690 34.50 0.0344 40.00 5000 200 
K0 0.00390 34.50 0.0200 40.00 8846.15 341.62 
K3 0.00288 34.50 0.0166 40.00 12000 400 
K4 0.00216 34.50 0.0113 40.00 16000 600 

For the sake of brevity, outcomes for Set 2 are not reported. The observed trend shows 
an enhancement of the hysteretic device performance and a decrease of the plastic hinges 
involvement as the stiffness of the device increases. However, it is worth specifying that 
the effect of the device stiffness variation on the overall seismic behavior of the structure 
is not as relevant as the influence of the yielding and ultimate parameter changes. 

OPTIMAL CONFIGURATION 
As a result of the parametric analysis, mechanical characteristics of the dissipative retrofit 
device are varied in order to optimize its performance under seismic loads. Furthermore, 
attempts have been made to select the main parameters so as to create a correlation with 
the structural mechanical characteristics; this can provide a useful tool for different 
applications and future developments. In particular, the yielding force is multiplied by 
1/3, which is a mean value between 1/2 and 1/4, obtaining Fy = 12 kN, i.e., the yielding 
shear of each column in the case of perfect hinge beam-to-column constraint. 
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(a) (b) 

Figure 19. (a) Energy dissipated by the Set 1 hysteretic devices for IM8 GM6, (b) 
Energy dissipated by the Set 1 plastic hinges for IM8 GM6. 

The stiffness is also varied: the elastic one set equal to 13700 kN/m (i.e., the shear 
stiffness of the neoprene pad doubled), and then hardening one set equal to 500 kN/m. 
this choice is also dictated by the fact that, unfortunately, stiffness values higher than 
14000 kN/m involve numerical instability issues during dynamic analyses. 

Figure 5(a) shows the energy balance for the structure retrofitted by means of the 
optimal hysteretic device, demonstrating the enhancement of seismic performance of both 
the seismic dissipative device and the whole structure with respect to the Type 1 case 
(Figure 3d). In particular, energy dissipated by the hysteretic steel profiles increases from 
17.7% to 30.2% of the total input energy; on the contrary, energy dissipated by plastic 
hinges decreases from 41.2% to 22.5% of the total seismic energy. 

  
(a) (b) 

Figure 20. (a) Energy balance for the structure retrofitted with the optimal 
configuration devices in the case of IM6 GM12, (b) Beam-column relative 

displacements for the un-retrofitted structure, the structure retrofitted with Type 1 
devices and the structure retrofitted with the devices in the optimal configuration in the 

case of IM6 GM12. 
 
 Figure 6 provides a synthetic assessment of the seismic performance of the structure 

in all the considered configurations. The “as built” structure shows significant beam-
column relative displacements, which inhibit the transfer of seismic force to the base and, 
thus, the yielding of plastic hinges. When Type 1 device is installed, connection 
displacements are strongly restrained, and the force transfer to the base is allowed; as a 
consequence, plastic hinges yield, undergoing plastic deformations. Optimal device is 
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able to prevent yielding, lowering the transmitted forces and, thus, the structural damage. 
It is worth noting that, in the case of optimal configuration, relative beam-displacements 
increase due to the high deformations recorded in the devices. However, the maximum 
displacement at the joint location is equal to about 2 cm and goes to 0 at the end of ground 
motion (Figure 5(b)). Thus, the worsening of the constraints condition provided by the 
dissipative device in the optimal configuration does not threat the structural safety.  

 
Figure 21. Synthetic assessment of the as built structure, the structure retrofitted with 

Type 1 devices and the structure retrofitted with the devices in the optimal configuration 
in the case of IM6 GM12. 

 

CONCLUSIONS 
In the present work, the performance of a novel hysteretic device for the seismic 
protection of RC industrial buildings are evaluated considering a typical existing precast 
structure. The structure is a one-story building provided with principal beam-to-column 
connections. The dangerous seismic vulnerability at the joint location is demonstrated by 
the application of two hundreds ground motions according to a multi-stripe approach. The 
retrofitting device is applied at the beam-column connection location, and it is able to 
both restrain relative horizontal displacement at the joint level and dissipate seismic 
energy thanks to the hysteretic behavior of special moon-shaped gadgets. Since the device 
mechanical properties provided by the producers do not ensure enough dissipation and 
are not able to prevent structural damage, i.e., plastic yielding at the base, a parametric 
analysis is performed. Two sets of analyses are performed: the former considering the 
force/displacement variability, and the latter considering the stiffness variability. As a 
result of this calibration procedure, optimal parameters are identified, and the 
effectiveness of optimal device is demonstrated by applying twenty time-history analyses, 
representative of a return period of 1000 years. The comparison of the results from 
structural seismic energy balance, considering a retrofitting through original devices 
(with mechanical parameters from the producers) and a retrofitting with the optimal 
device, clearly shows the enhancement in the seismic performance of the case-study 
structure, obtained from the calibration procedure performed. Energy dissipated by the 
seismic device is almost doubled whereas the energy involving plastic hinges is nearly 
halved.  
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Shear transfer in Electric Arc Furnace concrete 
F. Faleschini68, D. Trento69 

 

ABSTRACT: The aim of this study is to investigate the possibility to substitute natural aggregates of 
traditional concrete with Black/Oxidizing Electric Arc Furnace (EAF) slag. The shear transfer properties 
of two mixes of concrete were experimentally analyzed: the former containing traditional aggregates, the 
latter containing EAF slag for the coarse fraction. Concrete made with EAF slags as aggregate showed 
better strength characteristics. The tests with push-off specimens highlighted a better resistance to slip in 
EAF concrete. The dimensionless shear strengths obtained from concretes casted in this work were 
employed to compare results presented also by other authors in literature. EAF concrete has the highest 
value of shear strength normalized under compressive strength if compared with traditional mixtures and 
conglomerates containing RCA. The experimental results were compared with predictive models proposed 
by designing codes for concrete and other publications in literature, the safety margin for the EAF concrete 
was found to be higher than for the reference concrete. 

INTRODUCTION 
Shear failure is considered among the most dangerous failure type in reinforced concrete 
(RC) structures because it occurs suddenly, without warning cracks, being thus a brittle 
phenomenon. There are several experimental methods to investigate directly shear 
strength, but the most well-known is through push-off specimens (Mattock and Hawkins, 
1972). Particularly, this test method allows to apply shear stresses along a prescribed 
sliding plane, which is identified through cut or casted notches in the specimen and 
ensures typically the most representative results even if it is more difficult to be realized 
compared to the other geometries. The specimen is made with two L-blocks, the load is 
applied on the top surface, resulting in a direct shear along the plane that connects the two 
edges of the notches. The main advantage of adopting such test method is that the 
specimens have a small dimension, and that the shear sliding plane can be easily 
identified: in this manner, it is possible to carry out many experimental tests, to address 
the specific influence of the analyzed variable, which is clearly difficult to manage when 
real-scale elements are tested. Additionally, when testing RC beams failing in shear, the 
interaction with bending actions is clearly not negligible.  

In this context, the development of new, sustainable concretes, where the natural 
aggregates are replaced with recycled ones, opens the question about how this substitution 
influences the shear strength of the RC elements, and mainly, how they impact on the 
aggregates interlock shear transfer mechanism. Many research works studied the 
influence of recycled additions on concrete shear strength: however, only few of them 
were carried out under pure shear stresses. Fonteboa et al. (2010) investigated the shear 
strength of recycled aggregate concrete (RAC), observing a reduction of shear friction 
capacity, especially when specimens are realized without transverse reinforcement. Xiao 
et al. (2012) obtained the same results and identified the cause of such strength loss into 
the presence of microcracks and internal damage of the attached mortar of the recycled 
aggregate (RA). Waseem and Singh (2016) studied instead the shear stress-slip 
relationships of RAC compared to natural concretes (NAC) on push-off specimens, both 
transversally reinforced with stirrups and without. They also applied some existing 
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models for strength prediction, with sufficient good results. Rahal and Al-Khaleefi (2015) 
found that a conservative prediction of the shear strength is obtained when using ACI 
code (ACI, 2019), even if the shear strength of RAC is inferior to that of NAC; however, 
unconservative predictions are obtained with other formulations.  

On the best knowledge of the authors, no specific studies were carried out, until now, 
on understanding shear transfer in Electric Arc Furnace (EAF) concrete. This kind of 
sustainable concrete is realized substituting natural aggregates with EAF slag, which is a 
very hard, black, stony-like, recycled material, coming from steelmaking industry. 
Several works in literature demonstrated that EAF concrete shows similar, and even 
superior, mechanical properties than NAC (Faleschini et al., 2015). Promising results 
were obtained about the adoption of this concrete for structural applications, as observed 
testing different real-scale elements, both RC beams under flexure-shear (Faleschini and 
Pellegrino, 2013), RC beam-column joints under cyclic reversed lateral loading with 
flexural-shear failure (Faleschini et al., 2017). Some recent results highlighted that, both 
under gravity loads (Zanini, 2019) and seismic solicitation (Faleschini et al., 2019), the 
use of EAF concrete allows attaining the same, or even higher, structural reliability than 
NAC. However, for a proper interpretation of the shear capacity of this kind of concrete, 
and its further safe use in RC structures, an experimental program aimed at assessing the 
aggregates interlock contribution to shear strength is required, which is the topic covered 
by this work. 

EXPERIMENTAL PROGRAM 
Materials and mix design 
Two concrete mixes were realized: NAC and EAF concrete. The former contains natural 
aggregates (NA) only, whereas in the latter EAF slag substitutes the natural gravel. The 
aggregates fine fraction (0-4 mm) is the same for both the mixes, and it is made with river 
sand. The physical properties of aggregates are listed in Table 1, note that three fractions 
of EAF slag are used to replace the 4-16 mm NA fraction, in different proportions. All 
the mixes were realized adopting a cement CEM IV/A (V) 42.5 R, according to EN 197-
1 (CEN, 2011): the choice of adopting a pozzolanic cement, with about 30% of fly ash 
replacing clinker, allows to achieve a more sustainable mix, with a lower carbon footprint, 
which however is characterized by a rapid-strength gain. A similar cement type (CEM 
IV/B), which however contained much larger quantities of supplementary cementing 
materials (SCM), was already used by Santamaría et al. (2020) in combination with EAF 
slag: in that case, the experience of the authors was not positive, since undesirable 
thixotropic phenomena occurred both in pumpable and self-compacting mixes, leading to 
a non-satisfactorily combination of the two materials. Here, an attempt to adopt 
synergistically the two materials is made, assuming that less SCM in the blended cement 
will not affect the workability of the mix. Lastly, to realize the concrete mixes, tap water 
from the city of Padova, Italy, is used, which does not contain any harmful substances, 
and a super-plasticizing (SP) sulphonated naphthalene admixture is added at different 
percentages on cement weight to reach the required consistency.  

 
Table 1. Aggregate physical properties. 

Type NA 0-4 
mm 

NA 4-16 
mm 

EAF 4-8 
mm 

EAF 8-12 
mm 

EAF 8-16 
mm 

Density s.s.d. (kg/m3) 2644 2769 3840 3800 3784 
Water absorption 24 h (%) 2.71 1.37 0.89 1.01 0.82 

Shape Round Round Sharp Sharp Sharp 
 
Table 2 shows the mix design of the two concretes realized here. For each of them, the 

following specimens were realized: two cylinders specimens per each property, with d x 
h = 100 x 200 mm, to evaluate compressive strength (fc) at 14, 28 and 56 days, indirect 
tensile strength (fct) and elastic modulus (Ec) at 28 days; three pull-off samples, which 
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geometry and details are shown in Section 2.2. After concrete casting, all the samples 
were covered by humid tissues and sealed in plastic bags until demolding after 24 hours; 
then, they were cured in water at 20±1°C until the time of testing. 

 
Table 2. Concrete mix design (kg for 1m3). 

 NAC EAF 
Cement V/A 42.5 R  400 400 
Water  200 200 
w/c 0.5 0.5 
NA 0-4 mm  862.5 862.5 
NA 4-16 mm  1026.5 - 
EAF 4-8 mm  - 501.9 
EAF 8-12 mm  - 358.6 
EAF 8-16 mm  - 563.0 
SP 3.2 4.8 

 
Push-off specimens and test set-up 
To study the shear transfer mechanism in EAF concrete, the push-off test method was 
adopted, which geometry is shown in Figure 1(a). The height of each specimen was 260 
mm, having a rectangular cross-section of b x h = 140 x 100 mm. The specimens have 
two intermediate notches, directly realized thanks to the shape of the formworks. Four 
deformed L-shaped longitudinal bars with 10 mm diameter were located in the specimens 
to prevent possible flexural failure, which are supported by six transverse bars with 6 mm 
diameter. Steel type was B450C for both the reinforcement diameter bars, according to 
EN 1992 (CEN, 2004). No transverse reinforcement is present crossing the shear plane, 
similarly than in Fonteboa et al. (2010) for the condition of ρv = Asw/Ac = 0%, where Asw 
is the transverse steel area, Ac is the concrete area in the sliding plane, and ρv is the 
volumetric transverse reinforcement ratio. In this way, the pure effect of friction 
contribution to the shear strength can be analyzed, without focusing, in this stage, on the 
interaction with the reinforcement.  

The specimen is loaded in a universal 600 kN capacity machine, through a 
monotonically loading under displacement control, fixed at 0.3 mm/min (Yusuf et al., 
2019). Figure 1(b) shows one push-off specimen before the test, where it is possible to 
observe the testing instrumentation: four linear voltage displacement transducers (LVDT) 
and two displacement and strain transducers (DST) were used.  

 

 (a) (b) 

Figure 1. Push-off specimens: (a) geometry and reinforcement details; (b) test setup 
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and instrumentation disposition. 

RESULTS 
In this section, the results of the experimental campaign are discussed, in terms of: fresh 
behavior and mechanical properties at 14, 28 and 56 days; shear strength and failure mode 
of push-off specimens; shear stress vs. slip curves; shear stress vs. crack opening curves. 

 
Fresh behavior and concrete mechanical properties 
Table 3 lists the results obtained in terms of average: fresh density ρc; Abram’s cone 
slump; hardened density ρc,28; compressive strength fc at 14, 28 and 56 days, indirect 
tensile strength through splitting test fct and Elastic modulus Ec at 28 days. 

The workability of the EAF concrete is maintained sufficiently good, and the fresh 
concrete has the same class than the NAC mix, which is a S3 consistency class, defined 
according to EN 206-1 (CEN, 2014). Only a few reductions of slump value compared to 
NAC was exhibited, due to well-known shape effect of the EAF slag, which makes the 
fresh EAF concrete more difficult to be placed and worked (Santamaría et al., 2017). 
Further, during casting operations, no sudden workability loss was experienced. 

 
Table 3. Fresh and hardened concrete properties. 

 NAC EAF 
ρc (kg/m3) 2407 2824 
Slump (cm)  12.0 10.0 
ρc,28 (kg/m3) 2431 2828 
14d fc (MPa) 32.48 46.98 
28d fc (MPa)  38.96 53.34 
56d fc (MPa) 43.89 58.81 
28d fct (MPa)  3.56 4.56 
28d Ec (GPa)  28.142 38.289 

 
Concerning mechanical properties, the results obtained here confirm the current 

knowledge about EAF concrete: indeed, the EAF mix exhibits compressive strength 
increases of about + 44%, + 37% and + 34% for the 14, 28 and 56 curing times. The same 
applies for the tensile strength, with + 28%, and the Elastic modulus, with + 36%. These 
results confirm the good interaction of the slag with the blended cement, which allows 
even a more rapid strength gain than in NAC, and a continuous later strength 
development, as observed from the results of 56 days curing time. Strength enhancement, 
compared to NAC, has been already explained in literature, as a consequence of some 
concurrent causes: intrinsic greater strength of EAF aggregates than NA, linked to the 
high content of iron oxides (Roslan et al., 2020); high adhesion between the slag and 
cementitious matrix, due to the EAF slag shape effect (Pellegrino et al., 2013); high 
quality of the interfacial transition zone (ITZ), due to enrichment, in the aggregate wall 
zone, of the products from late hydration of the slag itself (Arribas et al., 2015). 

 
Shear transfer test: main results 
The main test results of the experimental campaign are listed in Table 4, which 
summarizes the peak load (Pu), the corresponding stress (τu), slip (su) and crack width 
(wu). EAF concrete displays higher shear strength values than NAC, with an average 
enhancement of +30%. Results are characterized by almost the same scatter, as proved 
by the similar st.dev. value, but mostly, by the same coefficient of variation COV = 
st.dev./ave. = 0.10, in both the cases. This result represents a fundamental point for 
ensuring a widespread use of EAF concrete for structural applications, because it means 
that the heterogeneity possibly present in a recycled material does not affect substantially 
the homogeneity of concrete properties. 
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Shear strength values are then divided by fc0.5 and by fct, to obtain the following 
parameters, respectively: τu* and τu+. Indeed, several works reported a clear effect of 
concrete strength on the shear strength, typically dependent on fc0.5 (Rahal et al., 2016), 
which is a simplified way to define fct. However, when dealing with non-conventional 
concretes, the relation between fc and fct might not follow the same laws for NAC. In fact, 
EAF slag interacts with the cementitious matrix properly modifying the interface 
characteristics, as already discussed in the previous section, modifying the thickness of 
the ITZ, the adhesion strength, and thus the tensile behavior might be affected in a 
different magnitude than the compressive one. Table 4 lists the dimensionless τu* and τu+ 
values: it is possible to observe again that both τu* and τu+ are higher in EAF concrete than 
in NAC. The average τu* increase observed in the EAF specimens is about + 10%, whereas 
it is + 1% only for τu+: such result reveals that the enhanced mechanical properties due to 
EAF slag substitution in place of NA contribute substantially for the shear strength 
enhancement. NAC and EAF concretes have practically the same dimensionless τu+ value, 
which indicates that splitting tensile strength can be well correlated with the shear 
strength, at least in this case. Thus, the enhancement of EAF concrete shear strength may 
be attributed, other than to the increased strength of the slag, to the aggregates sharp 
shape, affecting also the concrete tensile behavior, which allows contact areas to be 
developed and to increase the friction between the two L-blocks, consistently with Yang 
et al. (2017). 

Concerning the failure modes, Figure 2 shows two representative specimens, one for 
NAC (a) and one for EAF (b) concrete, after the test. The failure occurred in a brittle way, 
with the sudden formation of thick tension vertical and sub-vertical cracks, mostly more 
than one, crossing the shear plane and identifying a compressed strut. The absence of any 
transverse reinforcement crossing the shear plane did not allow to maintain a certain load 
after the peak, resulting in a definitive separation between the two L-blocks that constitute 
the push-off specimen.  

It is possible to distinguish two phenomena when an aggregate is present in the shear 
surface: first, the cracks may pass directly through the aggregates, which are thus cut in 
two separate portions; second, cracks may propagate around the aggregates, concentrating 
in the ITZ. Both phenomena are present in NAC and EAF specimens, with a difference: 
in EAF, aggregates failure dominates; in NAC, the two cracking paths occur almost with 
the same frequency. When analyzing crack paths, one should recall that: failure in EAF 
occurred at a load about +29 % higher than in NAC; the cementitious matrix has a 
relatively good quality, as the cement dosage is quite high. Thus, it is possible to state 
that the good ITZ quality of the EAF concrete allowed to postpone one type of failure, 
but when the shear stress exceed a certain limit, the specimens failed due to aggregates 
cracking, as it happens in high strength concretes. 

 

Table 4. Push-off test: main results 

 Pu (kN) τu (MPa) su (mm) wu (mm) τu
* (-) τu

+ (-) 
NAC_1 54.98 6.11 0.511 0.054 0.98 1.72 
NAC_2 46.44 5.16 0.303 0.025 0.83 1.45 
NAC_3 57.00 6.33 0.466 0.037 1.01 1.78 

ave. 52.81 5.86 0.427 0.039 0.94 1.65 
st.dev. 5.61 0.62 0.109 0.015 0.10 0.17 
EAF_1 70.37 7.82 0.316 0.026 1.07 1.71 
EAF_2 60.98 6.78 0.248 - 0.93 1.49 
EAF_3 73.80 8.20 0.393 0.050 1.23 1.80 

ave. 68.38 7.60 0.319 0.038 1.04 1.67 
st.dev. 6.64 0.74 0.073 0.017 0.10 0.16 
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 (a) (b) 
Figure 2. Failure mode and cracks in front and back faces of: (a) NAC_2; (b) EAF_1 

specimens. 

DISCUSSION 
Comparison with literature results on NAC and RAC 
Few research analyzes the shear transfer in push-off specimens without any transverse 
reinforcement. Fonteboa et al. (2010) studied shear friction capacity of concretes 
containing recycled aggregates and silica fume addictions in pull-off specimens with ρv 
ranging between 0 and 0.57%. They tested four mixtures with nominal cement dosage 
325 kg/m3 and w/c=0.55: a conventional NAC, a mix with 50% of RCA and other two 
with the addiction of silica fume. Waseem and Singh (2016) evaluated shear transfer in 
normal and high strength RAC. In order to analyze the contribution of the stirrups, they 
used different percentages of ρv. They casted three mixtures of normal concrete (nominal 
cement dosage 435 kg/m3 and w/c=0.45) with RCA replacement percentage ranging from 
0 to 100 % of total coarse aggregate fraction; other three mixtures had high strength 
concrete (nominal cement dosage 546 kg/m3 and w/c=0.28) with the same proportion on 
the coarse aggregate fraction. A recent research work by Yusuf et al. (2019) analyzed the 
shear transfer mechanisms in non-transversally reinforced NAC and RAC specimens, 
before and after high temperature exposure. They realized concretes with similar concrete 
mix designs than the ones of the present experimental campaign, i.e., cement dosage of 
416 kg/m3 and w/c = 0.52, and with little amount of superplasticizer. The authors 
substituted the crushed limestone used as natural aggregate with increasing percentage of 
RA, this being 0 – 30 – 70 – 100%, obtaining the following concrete mechanical 
properties (at 28 days, 20°C temperature): 

• NAC: fc = 45.25 MPa; fct = 4.31 MPa; 
• RAC30%: fc= 42.88 MPa; fct = 4.42 MPa; 
• RAC70%: fc= 47.35 MPa; fct = 4.87 MPa; 
• RAC100%: fc= 48.35 MPa; fct = 4.41 MPa. 
Since mixtures casted by Yusuf et al. (2019) are similar to the ones of this work, the 

experimental results are well comparable. For these concretes, characterized by a 
compressive strength value intermediate between those of the NAC and EAF concretes 
from this work, a comparison between the shear strength recorded in the two experimental 
campaign was carried out. Note that, compared to the NAC tested here, Yusuf et al. (2019) 
adopted crushed aggregates, both natural and recycled, which in general ensure good 
friction mechanism development during shear sliding, because of the high contact areas 
between the particles and matrix. Figure 3 presents a comparison of the average 
normalized (to both fc0.5 and fct) shear strength from this work and others in literature. 

Overall, the results obtained in this work agree with those of NAC and RAC having 
similar mix design and strength, with EAF concrete displaying even higher shear strength 
than most of the RAC counterparts. Only the results from Fonteboa et al. (2010) are 
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characterized by higher normalized shear strength, because of the addictions of silica 
fume, which was found to balance the loss of shear strength typically observed in RAC. 
The use of recycled aggregates is almost always detrimental for the shear strength 
development and also for other mechanical properties (Fakitsas et al., 2012), because of 
the lower strength of RA than NA. This is exactly the opposite of what happens in 
concretes casted replacing NAs with EAF slag: indeed, the replacement is made with an 
aggregate characterized, generally, by a remarkable higher strength than the ordinary 
gravel. Despite at failure the cracks passed mainly through the EAF aggregates, as 
opposite than in NAC specimens, where they passed both through NAs and around them, 
the shear transfer capacity is higher in EAF concrete, thanks also to a sort of interlocking 
at the macro-level, similarly to what obtained by Sagaseta and Vollum (2011). 

 

Figure 3. Graphic comparison of the average dimensionless shear strength from this 
work and others in literature 

 
Existing shear friction formulation 
There are several codes and literature formulations that can be used to calculate the shear 
strength provided by the aggregate interlock mechanisms, developed mainly for the 
verifications of concrete construction joints. Most of them are based on Coulomb failure 
criterion: 

τ = c + μ · σncr (1) 
where, other than the shear stress τ, c is the cohesion (typically, calculated as a percentage 
of the splitting tensile strength), µ is the coefficient of friction along the shear plane 
(depending on the roughness of the interphase), σncr is the normal stress to the shear plane, 
that is connected to the amount of confinement provided by the transverse reinforcement 
crossing the shear plane. 

When adopting such formulation type, the second term of the addition goes to zero, 
because of the absence of transverse reinforcement. Thus, τ is constant and it can be 
estimated according to the proposal of the single code/author, just depending on the crack 
surface roughness. Table 5 provides a list of some common expressions and values for 
estimating the shear strength under the testing condition of this work, thus providing the 
estimation of the experimental τ: it is possible to see that the predictions are quite rough, 
and generally underestimate by more than half the experimental values. In Table 5, the 
predictions that contain fctk, i.e., the characteristic tensile strength, and fctd, i.e., the design 
tensile strength, are here simplified through the average tensile strength, thus any partial 
safety factor was not applied. Even with such simplification, the predictions are far from 
the observed values, with the best prediction Δ = τu,th / τu,exp value of 0.682, provided by 
Hamadi and Regan (1980) model for gravel aggregates. The results are more conservative 
for EAF concretes than for NAC. 
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Table 5. Predicted shear strength from Coulomb failure criterion – based formulations. 

 τu = c τu,th NAC 
(MPa) 

ΔNAC (-) τu,th EAF 
(MPa) 

ΔEAF (-) 

EC2 rough surface c = 0.4 · fctd 1.424 0.243 1.824 0.240 
EC2 smooth c = 0.2 · fctd 0.712 0.121 0.912 0.120 

EC2 very smooth  c = 0.025-0.1 · 
fctd 

0.356 0.061 0.456 0.060 

ACI318 monolithic 
ordinary 

c = 2.75 MPa 2.750 0.469 2.750 0.362 

ACI318 rough ordinary c = 2.75 MPa 2.750 0.469 2.750 0.362 
ACI318 medium ordinary - - - - - 

Climaco and Regan 
(2001) rough  

c = 0.25fc2/3 2.873 0.490 3.542 0.466 

Climaco and Regan 
(2001) medium  

c = 0.25 ·fc2/3 2.873 0.490 3.542 0.466 

Climaco and Regan 
(2001) smooth  

c = 0.5 MPa 0.500 0.085 0.500 0.066 

Mattock (1988) c = 0.467 
·fc0.545 

3.437 0.587 4.079 0.537 

Hamadi and Regan 
(1980) gravel  

c = 4 MPa 4.000 0.682 4.000 0.526 

Hamadi and Regan 
(1980) expanded clay 

c = 2 MPa 2.000 0.341 2.000 0.263 

Sagaseta and Vollum 
(2011) gravel 

c = 0.57 ·fctk 2.029 0.346 2.599 0.342 

Sagaseta and Vollum 
(2011) limestone 

c = 0.91 ·fctk 3.239 0.552 4.150 0.546 

 

CONCLUSIONS 
The following conclusions can be drawn from this study: 
• The concrete containing EAF slags as coarse fraction of aggregates shows higher 

Young Modulus and attains higher compressive and tensile strength than conventional 
concrete.  

• EAF concrete displays higher shear strength values than NAC, as observed from push-
off tests without transverse reinforcement or confining solicitations. All specimens 
show brittle failure when the maximum load was reached. There is no difference in 
the global failure mode between NAC and EAF concrete. 

• The dimensionless shear strengths are higher in EAF concrete. This is due to 
interaction of EAF slag with the cementitious matrix, that properly modifies the 
interface characteristics. 

• It is possible to distinguish two phenomena when an aggregate is present in the shear 
surface: in EAF concrete, at this cement dosage and w/c content; aggregates failure 
dominates; in NAC, the cracks mostly cross the aggregates or propagate around them. 

• Existing shear friction formulations are very conservatives. Results predict better the 
experimental values for NAC than for EAF concrete. 
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Strength-for-age curves and non-destructive tests for the 
estimation of concrete strength 

A.P. Fantilli70 and A. R. A. Kayed 71 

 

ABSTRACT: In addition to the traditional non-destructive tests (NDTs) for evaluating concrete strength 
in existing structures, a new procedure, based on the use of the strength-for-age curves, has been recently 
introduced. It consists of the estimation of compressive strength by introducing only the age of concrete as 
input parameter. The application of this method is easier than the more common NDTs, especially when 
the vulnerability of a huge number of concrete structures has to be assessed. Nevertheless, to promote an 
extensive use of the strength-for-age curves in practical situations, the application in three reinforced 
concrete structures, built in the north-west of Italy during last Century, is herein described. The aim is the 
compare the reliability, the cost, and the test representativity of this new approach with those of NDTs (i.e., 
Rebound Hammer Test and SonReb Method), and the measurements of destructive tests as well. As result, 
the multi-criteria comparison show that the use of strength-for-age curves is particularly convenient when 
the compressive strength of concrete has to be quickly estimated with low-cost procedures. 

INTRODUCTION 
The existing reinforced concrete (RC) structures face several problems, especially when 
they need to satisfy the current standards. According to earlier codes, the design of several 
RC constructions was based on gravity loads, without including appropriate horizontal 
actions. Therefore, during recent earthquake events, many existing RC buildings did not 
behave well due to lack of ductility and inadequate lateral resistance capacity. As these 
structures are still in service, due to the high cost of replacements (Fardis 2009), it is 
essential to define the weakest and vulnerable elements, in order to choose a proper 
economic intervention of retrofitting. 
 Also, the occurrence of steel corrosion phenomena in existing structures directly leads 
to a tremendous potential loss in structural capacity (Bertolini et al. 2013). It is known 
that corrosion products increase the rebar’s volume with resulting cracking and spalling 
of the concrete cover, in addition to the reduction of the rebar’s cross-section. Corrosion 
phenomenon also reduces stiffness, bond properties, anchorage capacity, flexural and 
shear strengths, which in turn affect the safety factor against failure and the service 
conditions. Therefore, to assess the seismic vulnerability and predict the consequences of 
steel corrosion in RC structures, it is essential to evaluate concrete strength (or concrete 
class).  
 As it is well known, the class of concrete is defined as the resistance to failure under 
the application of compressive loads (Akpinar and Khashman 2017). It is a fundamental 
property of any cement-based composites, from which the performance of concrete and 
RC structures can be predicted. Design codes, such as Model Code 2010 (International 
Federation for Structural Concrete 2012), and Eurocode 2 (European Standard 2004), 
consider the 28 days compressive strength of concrete as the minimum accepted concrete 
strength for cylinders or cube samples (Ergun and Kurklu 2012). Compressive strength 
can be measured by means of destructive (DT) or non-destructive tests (NDT). Uniaxial 
compression tests, performed on drilled cores, represent the most reliable DT to measure 
the strength of existing concrete (Price 1951). However, when this DT cannot be 
executed, concrete strength can be evaluated by measuring other physical properties 
through NDT (Shankar and Joshi 2014).  
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 The on-site measurement of strength is not always possible, even with NDTs. This is 
the case of large scale or regional analyses, when a huge number of existing RC building 
has to be assessed. In such situations, other non-destructive methods can be used, like the 
strength-for-ages curves which estimate concrete strength as a function of the 
construction year (Fantilli et al. 2018). This paper aims to compare the performances of 
these curves with the more common NDTs. 

NON-DESTRUCTIVE TESTS 
Non-destructive testing (NDT) is a technique used to estimate the mechanical properties 
of materials and structural elements without damaging the structure (Malek and Kaouther 
2014). Although, various techniques can be applied, the following NDTs are the most 
worldwide used: 

 
 1. Rebound Hammer Test 
 2. Ultrasonic Pulse Velocity Test 
 3. SonReb Test 
 4. Strength-for-age Curves 

 
Rebound Hammer Test 
This method was developed by Ernst Schmidt and is also called the Schmidt hammer test. 
The test has many benefits, such as rapid indications of compressive strength and it is 
low-cost and ease to use. During the test, an impact will occur between the concrete 
surface and the plunger rod. More precisely, the latter is pressed on the concrete surface 
until the spring-loaded mass releases (Sanchez and Tarranza 2014). As a result, a rebound 
number index, which defines the degree of the mass bounces back, is obtained. The 
Rebound Index represents the quality of concrete material, and it is also used to estimate 
the hardness properties of concrete. In particular, the values of compressive strength are 
obtained by using correlation charts. 

 
Ultrasonic Pulse Velocity Test 
The evaluation of compressive strength of concrete can be carried out, on-site or in the 
laboratory, by means of the ultrasonic pulse velocity (UPV) test method. By using a pulse 
generation circuit, the UPV tester induces a pulse of ultrasonic through concrete and 
measures the time taken by pulse to travel between the two probes. Then the pulse 
velocity can be calculated by dividing the length by time (Komlos et al. 1996). The higher 
the velocity obtained, the better the quality of concrete material, and the higher is the 
strength. Through destructive test, it is possible to correlate the pulse velocity with the 
strength of concrete, even if this correlation can be affected by some factors, such as the 
presence of reinforcement, the maturity of concrete, and the content of water. 

 
SonReb Method 
The combination of the Rebound Hammer Test and UPV, known as the SonReb Method, 
is one of the most used NDT. Through this combination, it is possible to partially 
compensate for the errors made by using the two methodologies separately (Nobile 2015). 

 
Strength-for-Age Curves 
The compressive strength can be evaluated using the strength-for-age-curves introduced 
by Fantilli et al. (2018) to evaluate the strength of existing concrete structures. Such 
curves were obtained by using the uniaxial compression tests performed at Politecnico di 
Torino since 1892. As shown in Fig.1, the strength of concrete, at different percentiles, is 
plotted as a function of the construction year. Such an approach can be easily applied and 
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allows to save time and money, as the results can be directly obtained without any test, 
neither on site nor in the laboratory. 

 
Figure 1. The strength-for-age curves (Fantilli et al. 2018) 

 

APPLICATION OF DT AND NDT 
To check the reliability of the NDTs previously mentioned, they are applied to the 
following existing RC structures of Italian public buildings:  

 
• Structure 1: Hospital built in 1930 
• Structure 2: University built in 1953 
• Structure 3: Elementary school built in 1981 

 
The tests were performed by the MastrLab of Politecnico di Torino, an official national 

laboratory for testing construction materials. The uniaxial compression tests were also 
carried out in these three structures, and the results are illustrated in Fig.2, where the 
values of the average compressive strength are plotted as a function of concrete age. The 
average values of strength measured with the DT are also reported in Fig.3, Fig.4, and 
Fig.5, where they are compared with the results of the Rebound Hammer Test, the SonReb 
Method, and the strength-for-age curves, respectively. 

Figure 2. Results of DT on three structures of different ages. 
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Figure 3. Results of Rebound Hammer Test compared with the average values of DT 
performed on three structures of different ages 

Figure 4. Results of SonReb Method compared with the average values of DT 
performed on three structures of different ages 

Figure 5. Comparing the results of DT, performed on three structures of different 
ages, with the strength-for-age curves 
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 With respect to the results of DT, the Rebound Hammer Test underestimates the strength in 
old structures (1930) and overestimates that of more recent constructions. On the contrary, the 
SonReb Method tends to underestimate the strength in all the structures, except for that built in 
1953. Finally, the strength for age curve of 50% percentile can be used to estimate the strength of 
concrete cast before the second world war, whereas the use of the curve at 25th percentile seems 
to be more appropriate for existing concrete structures built since 1950. 

MULTICRITERIA ANALYSIS OF NDT 
To define the best NDT, it is necessary to analyze them with respect to four parameters: 
 

1. Reliability 
2. Cost 
3. Test representativity 
4. Time of execution 

 
 Reliability can be defined as the consistency of the measurement. More specifically, 
an NDT can be considered reliable when the results are exactly those obtained with DT. 
Based on this definition, Reliability can be calculated with the following equation: 

 

𝑅𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = =&(`';)8=&(';)
=&	(';)

	(%)           
  (1) 

 

where Rc(DT) and Rc(NDT) correspond to the values of compressive strength obtained 
with DT and NDT, respectively. Fig.6a shows the values of Reliability when, for each 
age of concrete, the maximum, the minimum, and the average values of compressive 
strength measured with the Rebound Hammer Test are taken into consideration. The same 
results are shows in Fig.6b and Fig.6c, where Reliability is referred to the SonReb Method 
and the strength-for-age curves, respectively. 

(a) (b) 

  
(c) 

 
Figure 6. Evaluation of Reliability for NDTs used in structures of different ages: (a) 
Rebound Hammer Test; (b) SonReb Method; and (c) the strength-for-age curves.  
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 In all the cases, a positive value of Reliability means that the compressive strength of 
concrete is overestimated by NDT (unsafe condition). On the contrary a negative value 
corresponds to a safe condition.  
 Table 1 summarizes the costs of each type of test, as provided by MastrLab of 
Politecnico di Torino. The strength-for-age curves are freeware and be directly applied, 
therefore cost is assumed to be zero. On the contrary, time is assumed to be equal to 1 for 
this rapid method, whereas it is zero for the most demanding DT. Both Rebound Hammer 
Test and Son Reb Method are within these two bounds, as shown in Table 1.  

Finally, for the representativity, the parameters suggested by Manfredi et al. (2007) are 
assumed herein (see Table 1). 

 
Table 17. Time, Cost, and Representativity of DT and NDTs. 

Test Type Cost x Test Representativity Time 
Rebound Hammer Test 50 € 0.5 0.25 

SonReb Method 180 € 0.75 0.5 
DT 150 € 1 0 

strength-for-age curves 0 € 0.25 1 
 

Fig.7 shows the results of the multicriteria analysis of each NDT. More specifically, 
the values of the four aspects previously described are visualized on a single radar 
diagram for a single year of analysis. The area of each diagram depicted in Fig. 7 is herein 
assumed to be the rate of the adopted non-destructive test. 

In the case of Rebound Hammer Test, a wide area is covered and, accordingly, it means 
that the rebound test can be effectively used if a small budget is allowed to test the 
structures.  
 Due to cost, which is higher than that of the Rebound Hammer Test and strength for 
ages curves, the SonReb Method does not perform so well. Thus, this method is preferable 
when a single small structure has to be assessed. Finally, the strength-for-age curves show 
the best results, as it covers the largest area. Accordingly, this method is preferable when 
a huge number of buildings has to the assessed in a short while and with no budget for 
DT and NDTs. 
 As reported in Table2, the optimal situation corresponds to the cases in which the ratio 
covered area/total area of the radar diagrams reported in Fig.7 is equal to 100%. In the 
three years taken into consideration, the best performances are those of the strength-for-
age curves, for which more than 50% of the total area is covered. Whereas, both for the 
Rebound Hammer Test and for the SonReb method the covered area/total area of the radar 
diagrams is about 30%.  
 

Table 2. Results of the multicriteria comparison. 

Test Type year covered area/total area 
(%) 

Rebound 
1930 29.8 
1953 29.5 
1981 29.1 

SonReb 
1930 25.3 
1953 30.7 
1981 18.2 

Strength-for-age 
curves 

1930 47.8 
1953 56.0 
1981 58.3 

 
 

 1930 1953 1981 
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Figure 7. Multi-criteria analysis of NDTs.  

CONLCLUSIONS 
Form the multicriteria analysis used herein to rate the performances of NDTs, the 
following conclusion can be drawn:  

• Among the available non-destructive tests to evaluate the strength of concrete in 
existing structures, also the strength-for-age curves can be a valuable non-
destructive analysis to assess old concrete structures. 

• With respect to Rebound Hammer Test and to SonReb Method, the strength-for-
age curves can be applied by knowing only the years of construction. As a results, 
with respect to the traditional non-destructive tests, both time and cost can be 
remarkably saved. 

• Consequently, the vulnerability assessment of a huge number of existing 
structures is the more viable application of the strength-for-age curves. 

Finally, future research will be devoted to creating a tool in which not only the evaluation 
of the material strength, but also the seismic capacity of an existing concrete can be 
evinced from the year of construction. 
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A Procedure to Evaluate the Behaviour of HP-SC-FRC 
through EN 196 Tests 

 
A.P. Fantilli72, N.S. Burello73, G. Volpatti74, J.C. Garcia4, D. Zampini5 

 

 

ABSTRACT: To design high performance self-compacting fiber-reinforced concrete (HP-SC-FRC) 
structures, the evaluation of the stress–strain relationship in tension is of fundamental importance. Due to 
the difficulties to perform uniaxial tensile tests, flexural tests are generally carried out on prisms, as 
suggested by EN 14651 for fiber reinforced concrete. Hence, the mechanical properties in tension are 
indirectly computed through an inverse analysis. Due to the size and the weight of the reference specimens, 
it is not easy to test them in bending and, therefore, a new procedure is proposed herein. It is based on the 
flexural tests performed on small specimens, as those suggested by EN 196 for mortars. Indeed, in several 
applications, such as the jacketing of existing reinforced concrete beams and columns, the thickness of 
HPFRC is similar to that of mortar plaster. As a result, the stress strain relationship obtained with the new 
procedure is in accordance with that directly measured with uniaxial tensile tests on the dog-bone-shaped 
specimen recommended by the Japan Society of Civil Engineers. 

1. INTRODUCTION 
During last decades, research activities have been focused on enhancing the mechanical 
properties of concrete. Experiments on different types of coarse and fine aggregates, on 
water-binder ratio, on the use of admixture, and on the reinforcement with fibers have led 
to the design of high and ultra-high performance fiber reinforced concrete (i.e., HP-FRC 
and UH-PFRC, respectively). They have been recognized as one of the most promising 
building materials, tailored for several constructions (Yoo and Yoon, 2016; Guang et al., 
2015, Fantilli et al., 2022). 

More recently, new guidelines devoted to design with UHP-FRC (NF P 18-710, 2016; 
SIA 2052,2016; CSA A23.1:19/A23.2:19, 2019; JSCE, 2008; EHE-08, 2011; prEN1992-
1-1, 2021) have been also introduced. Although a universal definition is still missing, 
concrete (including HP-FRC and UH-PFRC) is usually classified on the base of 
compressive strength fc. According to Mehta and Monteiro (2006), there are 4 categories 
from Normal Strength – NS, with 20 MPa < fc < 40 MPa, to Ultra High Performance – 
UHP, with fc >150 MPa, as listed in Table 1.  

 
Table 18. Classification of concrete based on the value of compressive strength. 

Symbol Type Compressive 
strength fc 

NS Normal strength 20÷50 MPa 
HS High strength 50÷100 MPa 

VHS Very high strength 100÷150 MPa 
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UHP Ultra-high performance > 150 MPa 
 
Nevertheless, the main differences among the fiber-reinforced concretes (i.e., 

conventional FRC, HP-FRC and UHP-FRC) are more evident if their behaviour in tension 
is taken into consideration. Namely, in the case of conventional FRC (Fig. 1a), strain 
localization occurs when the average strain reaches the value at the cracking of the 
cementitious matrix, ecr. Conversely, in the cases of HP-FRC and UHP-FRC (Fig. 1b), a 
micro-cracking phase (Tjiptobroto and Hansen,1991) occurs after reaching ecr , when a 
strain hardening behaviour starts and lasts up to the strain localization eloc. In this stage, 
the constitutive model (s-e) is still valid for HP-FRC and UHP-FRC, whereas it is 
necessary to change the constitutive law (s-e) with a cohesive model (s-w) in the case 
of convention FRC when e > ecr. Accordingly, several research activities (Fantilli et al., 
2009; Wille et al., 2011) were also devoted to calculating the minimum fiber volume 
fraction capable of providing the multi-cracking response of HP-FRC and UHP-FRC.  

As for the concrete in compression, the difference between HP-FRC and UHP-FRC is 
mainly related to the strength and strain capacity in tension. More recent codes (NF P 18-
710, 2016; JSCE, 2008) require a minimum tensile strength fctp = 4÷7MPa for UHP-FRC. 
In addition, in other codes (SIA 2052,2016; CSA A23.1:19/A23.2:19), UHP-FRC has to 
show a tensile strain capacity at the peak of stress eloc = 1.0 ÷ 1.5 ‰.  

 
(a)              

(b) 

 
Figure 1. Behaviour of (a) conventional FRC and concrete and (b) strain-hardening 

materials (i.e., HP-FRC and UHP-FRC) in tension. 
 
Due to the well-known difficulties in performing uniaxial tensile tests (UTT) for 

measuring both tensile strength and strain capacity (Wille et al., 2014), many researchers 
(Quian and Li, 2008; Mobasher and Soronakom, 2008; Baby et al., 2013; Chanvillard and 
Corvez, 2013; Lee et al., 2017; Lo Monte and Ferrara, 2020; Volpatti et al., 2022) and 
code rules (RILEM TC 162-TDF, 2003; Model Code, 2010; ACI 544.8R-16, 2016; prEN 
1992-1-1:2021) suggested the use of flexural tests, to be performed on either notched or 
unnotched beams. These tests are usually carried out on large simply supported beams, 
having a square cross-section (150×150 mm2) and a span length of 450÷500 mm (ASTM 
C1609/C16099M, 2013; EN 14651, 2003). 

Nowadays, HP-FRC and UHP-FRC are generally used to strengthen existing 
structures (e.g., Zampieri et al., 2020), where layers with small thickness (smaller than 
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150 mm of the current samples) are commonly applied. For this reason, a new inverse 
analysis is proposed herein with the aim of obtaining the stress strain relationship of HP-
FRC and UHP-FRC through unnotched beams of small sizes (i.e., 40 ´ 40 ´ 160 mm3) in 
three-points bending test (TPBT). The latter are generally used to investigate cement-
based mortars according to EN 196-1 (2016). To validate the inverse analysis, the tensile 
behaviour of high performance self-compacting fiber-reinforced concrete (HP-SC-FRC) 
is also investigated by means of UTTs on dog-bone-shaped specimens and of uniaxial 
compression tests (UCT) on cylinders. 

 
2. PROPOSED INVERSE ANALYSIS 

To obtain the constitutive law of Fig.1b up to strain localization e = ecr , two iterative 
procedures are introduced. The elastic properties of a generic FRC with a strain in tension, 
namely the Young modulus Et and the first-cracking strength fct (where fct = Et × ecr) are 
calculated in the first part. Subsequently, the strain hardening branch (i.e., ecr < e < eloc in 
Fig.1b) is numerically defined in the second part. 

The results of uniaxial compression test (i.e., the stress-strain relationship s-e of 
Fig.2a) and of bending test (i.e., the load – midspan deflection curve P-d depicted in 
Fig.2b) are required to perform the analysis. More precisely, UCT can be performed on 
cylinders with an aspect ratio f/h = 0.5 (Fig.2a), whereas the unnotched beam used to test 
the mortars (i.e., 40 ´ 40 ´ 160 mm3) with a span length L=100 mm is used for TPBT 
(see Fig.2b). 

From TPBT, the load Pcr at first-cracking and the related midspan displacement dcr (see 
Fig.2b) define the elastic stage of the stress-strain relationship in tension (stage I in 
Fig.1b). Since P-d curves may not exhibit a clear change of the slope, Pcr and dcr must be 
carefully chosen on the diagram of Fig.2b when they occur after the first elastic stage.  

 
(a)        (b)  

 
Figure 2. Tests used in the inverse analysis : (a) UCT performed on cylinders with an 

aspect ratio f/h = 0.5; (b) TPBT on prisms 40 ´ 40 ´ 160 mm3 . 
 

When Pcr and dcr are known, the first step of the inverse analysis starts by  discretizing 
the beam into n of nodes (i = {0, 1, 2, ..., n} in Fig.3a). To each node corresponds a beam 
cross-section, which in turn is divided into Ns strips (j = {1, 2, ..., Ns} in Fig.3b). The 
values of the variables i and j conventionally increase moving from left to right and from 
the intrados to extrados, respectively.  

For a given value of the applied load P, bending moment and normal force in each 
node  are easily calculated from the linear elastic theory of statically determinate beams: 
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�
𝑁(𝑧) = 0

𝑀(𝑧) = 	 X
.
∙ 𝑧"

   where 0 ≤ zi ≤ 	Y
.
   (1) 

 
where zi = position of the ith node with respect to origin of the reference system (see Fig. 
3a).  

(a)          (b) 

 
Figure 3. (a) The beam divided into n nodes and (b) the cross-section of the ith node 

divided into Ns strips. 
Assuming that plane section remains plane after deformation, the strain ej in each strip is 
described by the following equation: 

𝜀Z =	𝜆" + 𝜒" ∙ 𝑦Z        (2) 
 

where yj = ordinate of the jth stripe; li = axial deformation in the origin of the reference 
system (i.e., at yj = 0); and ci = curvature of the ith cross-section.  

At the beginning, an arbitrary value of Et (e.g., Et = Ecm, where Ecm is the mean Young 
modulus in compression) may be assumed, whereas fct is not fixed (i.e., an indefinite 
Hooke’s law in tension is considered). Stress distribution in the cross-section is 
subsequently calculated by means of the Sargin’s parabola (Sargin, 1971) in compression 
and by the linear elastic law in tension: 

 

𝜎Z = �
−	 ,∙\G\!

#](,G.)∙\
∙ 𝑓% 											𝑖𝑓	𝜀%^ ≤ 𝜀Z ≤ 0	

𝐸/ ∙ 𝜀Z 																					𝑖𝑓		𝜀Z ≤ 0
      (3) 

 
where 𝜂 = _2

_$3
; 𝑘 = 1.05	 ∙ 𝐸%1 ∙ |_$3|

6$
 (CEB-FIP, 2010); fc =  compressive strength; ec1 = 

strain at peak of stress; ecu = ultimate compressive strain (Fig.2a). 
As the state of stress must be in equilibrium with the external actions, Eq.(1) can be 

rewritten as: 
	∫ 𝑏 ∙ 	𝜎Z	𝑑𝑦
a/.
Ga/. = 	0         (4) 

	∫ 𝑏 ∙ 𝜎Z ∙ 𝑦Z 	𝑑𝑦
a/.
Ga/. = 	𝑀(𝑧")      (5) 

 
The strength at first cracking fct is the stress reached in the bottom strip of the mid-

span cross-section, which corresponds to i = n/2 and j = 0 (when P = Pcr in Eq.1). At this 
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load, the midspan deflection dm (at zi = L/2) can be calculated by applying the equation 
of virtual work (Calkin, 1996): 

 𝛿1 ∙ 𝐹 = 	2 ∙ ∫ 𝑀2 ∙ 𝜒b 	𝑑𝑧
4
!
7        (6) 

 
where Fu = virtual force applied in the midspan, Ma = virtual bending moment due to Fu; 
and cb = distribution of real curvatures obtained through equations 2-5.  
Thus, the elastic modulus Et is iteratively changed until the midspan deflection at cracking 
(dcr), measured with the TPBT, is equal to dm computed with Eq.6 (i.e., δm  = dcr when P 
= Pcr), as depicted in Fig.4a. As previously described, this procedure also provides the 
value of fct (Fig.1b), in addition to Et. 

 
(a)          (b) 

 
Figure 4. Flowchart of proposed inverse analysis to obtain the pre-localization 

diagrams of Fig.1b: (a) evaluation of Et and fct ; and (b) evaluation of fcpt and eloc . 
 

 
 
Afterwards, a second step of the inverse analysis (Fig.4b) concerns the micro-cracking 
phase of Fig.1b (i.e., when ecr < e < eloc ). The procedure and the equations are the same 
adopted for the first stage. However, in this case, the distribution of the real curvatures is 
obtained through Eqs. 2-5 by changing the post-peak modulus, Epp, until the midspan 
deflection at localization (dloc), measured with the TPBT, is equal to dm computed with 
Eq.6 (i.e., δm  = dloc when P = Ploc). Indeed, the couple Ploc - dloc can be defined as the point 
of the load-deflection curve after which a drop of load capacity appears (see Fig.2b). 
Finally, the second step of the inverse analysis provides the strength of HP-FRC or UHP-
FRC (i.e., fctp) and the strain at localization (eloc) as shown in Fig.1b. Although maximum 
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flexural load Pu may be higher than Ploc , it occurs after strain localization in tension, thus 
the constitutive model s-e is theoretically no longer valid (Accornero et al., 2022), yet 
applicable for practical engineering applications (Model Code, 2010; prEN1992-1-1, 
2021). 
3. VALIDATION OF THE PROPOSED APPROACH  
To validate the proposed inverse analysis, flexural, uniaxial compression and uniaxial 
tensions tests have been performed on high performance self-compacting fiber-reinforced 
concrete, hereinafter called HP-SC-FRC (Zampini et al., 2015). The HP-SC-FRC can be 
described with performance-based approach according to EN 206 (2021) by means of 
nominal class of strength (C70/85) and residual flexural strengths according to EN 14651 
(fL = 6 MPa, fR1 =9 MPa, fR2 =12 MPa, fR3 =12 MPa and fR4 =9 MPa).  

UCTs (Fig.5a) were carried out on three cylinders having a nominal diameter of the 
cross-section f = 70 mm, and a nominal height L = 140 mm. During the tests two LVDTs 
measured the vertical displacements. As shown in Fig.5b and reported in Table 2 , the 
average values of the main parameters (fcm = 86.48 MPa, Ecm = 45 GPa, and ecu =  2.5 ‰) 
do not show a large scatter, and the ascending branch of the stress-strain relationship fits 
well the equation of the Sargin’s parabola (Sargin 1971). 

 
Table 2. Results of UCTs (standard deviation and COV are reported within 

parenthesis). 

Specimen f 
[mm] 

h 
[mm] 

Ecm 
 [GPa] 

ecu 
 [-] 

fcm 
 [MPa] 

#1 69.55 139.00 44.99 0.00265 86.80 
#2 69.61 137.73 44.96 0.00255 88.22 
#3 69.58 140.85 45.08 0.0023 84.41 

Mean 
values 69.58 139.19 45.01 

(0.06; 0.001) 
0.0025 

(0.0002; 0.072) 
86.48 

(1.93; 0.022) 
 

Conversely, in the TPBTs three LVDTs were applied to measure the midspan 
displacement and the possible settlements of the supports (see Fig. 6a). Accordingly, the 
net midspan deflection of the P-d diagrams (Fig.6b) is obtained by subtracting the average 
settlements of supports to the midspan displacement. With respect to the ideal P-d 
diagram of Fig.2b, the three load-deflection curves, experimentally measured and 
depicted in Fig.6b, provide the parameters used to perform the inverse analysis (see Table 
3). 
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(a)       (b) 
 

Figure 5. (a)Uniaxial compression test (UCT) carried out on sample #2 and (b) 
comparison between the Sargin’s parabola (Sargin 1971) and the experimental data. 

 
 

(a)        (b) 

 
 

Figure 6. (a) Three-point bending test (TPBT) on small beams (40 ´ 40 ´ 160 mm3) and 
(b) the load-deflection diagrams. 

 
Table 3. The main results of TPBTs. 

Specimen dcr 
[mm] 

Pcr 
 [N] 

dloc 
[mm] 

Ploc 
 [N] 

#1 0.013 1960 0.031 4120 
#2 0.008 2000 0.034 4540 
#3 0.012 2200 0.029 4220 

 
As shown in Fig.7a, UTTs were also performed on dog-bone specimens having a 

cross-section of 30 ´ 30 mm2. In this case, two LVDTs measured the longitudinal 
displacement and, consequently, the average strain of the specimen. The corresponding 
stress-strain curves, obtained from three tests are illustrated in Fig.7b, whereas Table 4 
summarise the values of the main parameters (fct, ecr , fctp, and eloc in Fig.1b).  
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Table 4. The main results of UTTs (standard deviation and COV are reported within 
parenthesis). 

Specimen ecr 
 [-] 

fct 
 [MPa] 

eloc 
 [-] 

fctp 
 [MPa] 

#1 0.00026 3.49 0.0023 4.56 
#2 0.00023 3.21 0.0008 4.82 
#3 0.00022 3.63 0.0037 4.19 

Mean 
values 

0.00023 
(0.00002; 0.096) 

3.44 
(0.21; 0.06) 

0.0023 
(0.0015; 0.65) 

4.52 
(0.32; 0.070) 

 
(a)         (b)  

 

 
 

Figure 7. (a) uniaxial tensile test (UTT) on dog-bone-shaped specimens and (b) 
comparison between the stress-strain relationship experimentally measured and those 

computed with the inverse analysis proposed herein . 
 

The data reported in Table 2 and Table 3 can be used to perform the inverse analysis 
and obtain the theoretical stress-strain relationships of the HP-SC-FRC in tension. These 
relationships, named I.A.1, I.A.2 and I.A.3, are reported in Fig.7b, where they are 
compared with those experimentally obtained with the UTTs. Numerical outcomes seem 
to be in good agreement with the stress-strain relationships experimentally measured, 
although the large scatter that affects the parameter of UTT (see Table 4). In addition, 
both numerical and experimental values of tensile strains (i.e., ecr and eloc) results in 
accordance with those of recent structural codes (e.g., Model Code, 2010). 

 
4. CONCLUSIONS 
Based on the results of the experimental and theoretical analyses previously described, 
the following conclusions can be drawn: 

• The ascending part of the stress-strain relationship of HP-SC-FRC in tension can 
be obtained through a new inverse analysis, based on two iterative procedures. 

• The inverse analyses provide reasonable stress-strain relationship when bending 
and compression tests on small specimens are taken into consideration.  

The findings of this paper can enable the effective and easy mechanical characterization 
of HP-SC-FRC in the construction industry. In fact, through the simplified test setup 
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proposed in this paper, samples with reduced sizes (i.e., 40×40×160 mm3 – 0.26 litres) 
could be used in substitution of those currently suggested (e.g., 150×150×600 mm3– 
13.50 litres). 
Finally, future work will be devoted to validating the proposed inverse analysis to 
different HP-FRC and UHP-FRC, having different concrete matrix and reinforced with 
different dosages and types of fibres. In addition, full scale test will also be performed on 
full-scale structures in order to use the proposed inverse analysis in designing real 
structures. 
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Seismic vulnerability assessment of existing RC building 
considering infill and material uncertainties 

G. Gabbianelli1, D. Perrone2, E. Brunesi3, R. Monteiro4 

 

ABSTRACT: The assessment of the seismic vulnerability of existing reinforced concrete (RC) buildings 
is a fundamental task to be addressed in order to reduce the seismic risk and plan retrofitting interventions. 
The inherent uncertainty that involves the properties of the structural materials can significantly affect the 
seismic performance of the buildings and the seismic action experienced by non-structural elements 
(NSEs). Hence, a proper understanding of epistemic uncertainties influence, in terms of structural response 
and seismic demand on NSEs, would provide further insight for better design structural interventions. 
Moreover, the infills-structure interaction alters the behaviour of the building, introducing an additional 
source of uncertainties in the seismic response. Therefore, this paper focuses on identifying the epistemic 
uncertainties related to the presence of the infills and to structural material properties on the computation 
of fragility curves for existing RC structures. In particular, the seismic response of a case-study RC building 
subjected to different seismic intensities through nonlinear time-history analyses has been investigated. The 
outcomes, provided in terms of fragility curves, inter-storey drift profiles and absolute acceleration floor 
response spectra, underline the importance of considering the uncertainties in the assessment process, 
emphasizing the need for the acquisition of adequate levels of knowledge of the structures aimed at reducing 
the epistemic uncertainties. 

Keywords: Existing RC buildings – Seismic vulnerability – Epistemic uncertainties – Infill macro-
modelling – Time-history analysis 

INTRODUCTION 
As well-known, reinforced concrete (RC) frame structures are a typical construction 
typology used worldwide to build residential edifices and public buildings. Unfortunately, 
many of these structures have been built in the past without following seismic 
requirements that nowadays are mandatory, hence their safety against earthquake actions 
needs to be verified, especially for strategic buildings, such as hospitals, schools, police 
and fire stations. The latter must be safe after seismic sequences and must remain in 
operating conditions for the emergency management. Seismic performance assessment of 
existing RC frame buildings requires detailed numerical analyses aimed at verifying code 
prescriptions. Among the others, mechanical properties of concrete and steel should be 
determined through laboratory tests performed on in-situ samples, as well as using non-
destructive in-situ tests. These tests allow having an estimation of the material properties, 
which are of paramount importance in the building performance assessment. Based on 
the number of tests, the Italian technical code (NTC18, 2018) introduces the so-called 
Confidence Factors (CFs) in the assessment procedure of existing buildings, which are 
coefficients that reduce the concrete and steel strengths: the higher the number of tests, 
the lower the value of CFs. RC frame buildings are generally built using infill masonry 
walls to realise interior partitions and perimetric walls, due to their construction easiness 
and adaptability to different shapes and opening layouts.  
________________________ 
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As known well, the presence of infills should be considered in the seismic assessment of buildings 
since it affects the building dynamic behaviour and, consequently, the response under earthquake-
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type actions (Perrone et al., 2020). Thus, the infill mechanical properties have to be estimated as 
well, to better simulate their interaction with the structure. Many works are available in the 
literature dealing with tests on infill masonry walls with the aim of characterising their response 
under lateral (in-plane) and out-of-plane (Furtado et al., 2018) quasi-static cyclic loads, as well as 
under shaking table loads (Beyer et al., 2015). Obviously, most of these works deal with tests 
performed on laboratory specimens, built and tested under laboratory-controlled conditions, so 
that the tested structures or structure mock-ups do not always authentically represent reality (in 
terms of boundary conditions, applied gravity loads, etc.). Only few works are available in the 
scientific literature dealing with tests performed on in-situ conditions (Furtado et al., 2017), most 
of them using vibration-based tests to characterise the dynamics of infills and, consequently, to 
reach an estimation of their stiffness (Nicoletti et al., 2020), assuming their mass as deterministic 
and uniform. In the last decades, many investigations dealt with the assessment and evaluation of 
the seismic vulnerability of existing buildings (Gabbianelli et al., 2020; O’Reilly et al., 2018), 
while other researches focussed on the influence of epistemic uncertainties related to infill 
properties (Mucedero et al., 2020). In both cases, it has been demonstrated that their influence on 
the seismic response could be significant. 
With all the above in mind, this paper aims at evaluating the influence of structural 
material and infill properties in the dynamic response of a hospital building designed 
without seismic provisions. In particular, the response under low return periods (RPs) is 
assessed, with a focus on the performance of the structure and the seismic demand on 
non-structural elements (NSEs) for serviceability limit states. 
 

CASE-STUDY BUILDING AND RECORD SELECTION 
The case-study structure adopted for this research is a hospital building that can be 
considered representative of typical hospital configurations in Italy. The structure was 
built between 1969 and 1979, according to the Italian code in force at the time (Regio 
Decreto, 1939), which provided indications only for design for gravity loads. The building 
system is composed of RC moment resisting frames (MRFs) built in the longitudinal 
(longer) direction. 
The presence of structural joints between blocks allowed the response of each to be 
analysed separately; in this study, the results for only one block are presented, given that 
both geometrical configuration and design approach are almost the same for all of them. 
The analysed block is nearly rectangular, in shape, with plan dimensions equal to 41.6m 
and 14.4m, respectively, in the longitudinal and transverse directions, as shown in Fig. 1. 
The case-study building is composed of seven floors with inter-storey height of 3.4m and 
a total height of 23.6m. Note, however, that the inter-storey height of the third floor is 
equal to 3.2m. Four parallel RC MRFs spaced of 4.9m, 2.95m and 6.55m (as illustrated 
in Fig. 1c) compose the structural system; the MRFs are connected by transverse beams 
only in the perimetral sides, according to common practice for gravity-load-designed RC 
buildings at the time of construction. The floor systems were identified as RC and hollow 
tiles mixed floor (laterizio) that, again, were quite common in Italy at that time. Note that 
the structural elements were not designed assuming a frame configuration; more 
specifically, the columns were designed considering their area of influence, while the 
beams were designed following a continuous beam static scheme. The columns were only 
designed for compression, consequently reduced amounts of vertical and transverse 
reinforcement were used. Moreover, as the hospital building was built before the 
introduction of modern seismic codes, the structural detailing does not comply with the 
minimum requirements that nowadays are applied to design newly-built structures 
subjected to seismic-induced actions, such as the minimum amount of longitudinal, 
transverse and shear reinforcement in both beams and columns, strengthening of beam-
column joints, and application of capacity design principles. 
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Figure 1. Illustration of the main hospital building configuration; (a) front view in XZ 

(section A-A), (b) side view in YZ (section B-B), and (c) plan-view in XY. 
 

 
Numerical model of the case-study building 
The building was modelled using the open-source finite element (FE) platform 
OpenSeesPy (Zhu et al., 2018). Eigenvalue and nonlinear dynamic analyses were 
performed; the former was used to estimate the fundamental periods, necessary also to 
perform the ground motion selection, while the latter (for several ground motion records) 
were used to investigate the nonlinear behaviour and to estimate the response parameters 
of the structure. Both beams and columns were modelled with force-based beam-column 
elements with a distributed plasticity approach, considering five integration points with 
the Gauss-Lobatto method. Fig. 2 shows a plan-view of the three-dimensional numerical 
model, the discretisation of the force-based elements and the selected material for the 
cross-section fibres; it is possible to observe that beams and columns were modelled with 
one force-based element, since such element guarantees a proper accuracy without 
involving an element discretisation. At the section level, approximately 100 fibres were 
used, also distinguishing the fibres of core and cover part with different concrete material 
properties, depending on the confinement effect provided by the steel reinforcement. In 
particular, the concrete behaviour has been simulated through the Popovics uniaxial 
material model (Concrete04), while the steel reinforcement through the Giuffrè-
Menegotto-Pinto model (Steel02), which is a uniaxial steel material object with isotropic 
strain hardening. On the other hand, this modelling approach cannot inherently take into 
account the shear failure mechanisms directly in the simulations, since the shear 
behaviour is considered as elastic and uncoupled from axial force and flexural moments. 
For this reason, shear failure mechanisms are verified during the analysis at each time 
step, comparing the obtained shear demands with the shear capacity calculated following 
the recommendations provided by the Italian code (NTC18, 2018). Moreover, 
geometrical nonlinearity was considered for both columns and beams, adopting a co-
rotational formulation, which is able to capture large displacements and rotations as well 
as the so-called p-delta effects. 
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 (a) (b) 

Figure 2. (a) Numerical model, macro-model of the infill and (b) materials adopted 
for columns and beams and section integration. 

Regarding the damping model, tangent-stiffness 5% Rayleigh damping was introduced, 
for the first and third modes. The floor systems, made up of laterizio with a thickness of 
about 30cm, were considered rigid enough so as not to induce effects on the seismic 
response of the structure, based on engineering judgement and recommendations from 
both Italian building code (NTC18, 2018) and European rules (CEN, 2005). Rigid 
diaphragms were therefore assumed, setting the master node close to the gravity centre 
of each storey. The masonry infills contribution was modelled using a single-strut 
modelling approach according to the formulation proposed by (Bertoldi et al., 1993) to 
calculate the strut’s width and by (Sassun et al., 2016) for the force-displacement 
backbone (see Fig. 2). The presence of openings was also considered (Asteris et al., 2012). 
In order to capture the influence of the epistemic uncertainty related to structural material 
and infill properties, four different configurations were selected, namely Conf. 0 (weak 
infills and weak materials), Conf. 1 (strong infills and strong materials), Conf. 2 (strong 
infills and weak materials) and Conf. 3 (weak infills and strong materials).  
Regarding the material properties of concrete and those of longitudinal and transverse 
steel reinforcement, the median values were assumed for the compressive strength of the 
concrete, i.e. 28MPa (Parisi et al., 2019), and yield strength of the steel, i.e. 347.5MPa 
(Verderame et al., 2011). Following the suggestions found in the same studies, a 
coefficient of variation (CoV) of 10% for the concrete (Parisi et al., 2019) and 20% for 
the steel material (Verderame et al., 2011) was applied. The median plus/minus CoV were 
considered in the numerical analyses, and from now on these are referred to as “strong” 
and “weak” material configuration. It should be noted that the material properties 
influence both the overall stiffness (the Young’s modulus is computed from the concrete 
compressive strength) of the building and the shear resistance of columns and beams. 
Concerning the infill properties, the “weak” and “strong” configurations were considered, 
in accordance with the values of masonry strength provided by (Pradhan et al., 2021), 
who suggested a mean value of 5.0MPa and a CoV of 20%. 
 

 
Record selection 
The selected hospital building reflects and resembles many characteristics of similar 
structures in the national hospital building stock; thus, the case-study structure could be 
found in different locations throughout the Italian territory. In this study, the building is 
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supposed to be located in Senigallia (AN), an Italian city characterised by medium-high 
seismicity. In line with the scope of this study, i.e. to investigate the seismic vulnerability 
considering the epistemic uncertainties of infills and structural materials, six different 
return periods (RPs) were considered (namely, 60y, 101y, 196y, 949y, 1950y, 4950y). 
For each of them, a total of 20 pairs of ground motion records were selected considering 
a soil type D, as described by NTC (NTC18, 2018). The record selection was performed 
by means of the Average Spectral Acceleration (AvgSa) procedure (Kohrangi et al., 2017) 
after performing a probabilistic seismic hazard analysis (PSHA) with the software 
REASSESS (Chioccarelli et al., 2019). In Fig. 3 the spectra selected for four different 
RPs are depicted. 
 

 
Figure 3. Ground motion records, median, uniform hazard spectrum, conditional 

spectrum and 2.5-97.5 percentiles for (a) 60 years of return period, (b) 101 years of 
return period, (c) 949 years of return period and (d) 1950 years of return period. 

 

RESULTS OF THE NUMERICAL ANALYSES 
Inter-storey drift profiles 
In this section, the results of the nonlinear time-histories analyses are plotted in terms of 
peak inter-storey drift profiles. In particular, Fig. 4 reports the results for the six RPs 
selected for the X direction, while Fig. 5 reports those related to the Y direction.  
Both Fig. 4 and Fig. 5 show the median profiles together with the median plus and minus 
one standard deviation (dashed lines), in order to provide an indication of the variability 
of results. 
As can be observed from Fig. 4 and Fig. 5, the deformability of infills sensibly affects the 
results both in terms of drift values and, mainly, in terms of shape of the inter-storey drift 
profiles. It can be noted also that the variability increases with the RPs mainly for the 
Conf. 0 and Conf. 3, which are the configuration with the weak infills. 
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Figure 4. Inter-storey drift profiles in X direction for all the RPs evaluated. 

 

 
Figure 5. Inter-storey drift profiles in Y direction for all the RPs evaluated. 

 
Indeed, the median maximum peak drifts are reached for Conf. 0 and Conf. 3, namely 
when infills are considered more deformable. This consideration applies both in X and Y 
direction. As a matter of fact, the maximum peaks (i.e. 4950y) are obtained when Conf. 
0 and Conf. 3 are considered, with a value around 0.72% in-between the second and third 
floors in X direction and a value of 0.8% in-between the first and second floors in Y 
direction. 
On the contrary, Conf. 1 and Conf. 2 – which correspond to strong infills – are 
characterised by lower inter-storey drift peaks, with maximum values in-between the 
second and third floors around 0.63% and 0.7% in-between the first and second floors for 
X and Y direction, respectively. As far as the record-to-record variability is concerned, it 
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can be noted a high dispersion in results of Conf. 0 and Conf. 3, with maximum inter-
storey drifts around 2.31% (X direction) and 3.3% (Y direction), almost triple to the 
maximum median peak. Conversely, for Conf. 1 and Conf. 2, this variability is much 
smaller, as can be also observed from the standard deviations. 
 
Absolute acceleration floor response spectra 
The absolute acceleration floor response spectra obtained at the roof-floor of the building 
considering RP = 60 years, RP = 949 years and RP = 4950 years, are plotted in Fig. 6, 
both for the X and Y direction. Therein, the median spectra for each configuration are 
represented, as previously seen for the inter-storey drift profiles. As concerns Fig. 6a 
(direction X), the differences in terms of spectral accelerations are more pronounced for 
higher RPs, in which for a period of approximately 1s the peak is equal to 1.13g for the 
Conf. 1 and 0.77g for Conf. 0, with reference to RP = 4950y. In proximity of the second 
peak, related to the higher modes of the building, i.e. around 0.3s of period, the differences 
are still significant only for the higher RPs; for instance, considering a RP = 949y, the 
maximum peak, with Conf. 1, is equal to 0.86g, whereas the minimum value is obtained 
again with the Conf. 0, with a spectral acceleration of 0.64g. 
As regards the Y direction (Fig. 6b), similar considerations can be made. However, in this 
direction, it can be observed a non-negligible difference also with the lowest RP (60y). 
As a matter of fact, in proximity of the shortest periods (0.05s-0.1s) a spectral acceleration 
of 0.22g can be noted for Conf. 1 and Conf. 2, whereas a value of 0.13g is observed for 
Conf. 0 and Conf. 3, meaning a 50% reduction of seismic demand on NSEs. 
 

 
 (a) (b) 

Figure 6. Median absolute acceleration spectra for selected RPs analysed for the X 
(a) and Y (b) for all the configurations. 

 
Fragility curves 
As regards the vulnerability assessment of the structure, three different limit states were 
considered. In particular, the Immediate Occupancy (IO), the Life Safety (LS) and Near 
Collapse (NC) limit states were selected. The IO limit state was identified when the 
structure experiences an inter-storey drift equal to 0.2%, in accordance with the nonlinear 
pushover analyses previously performed. The LS limit state was assumed when the 
seismic demand of any structural member reaches the capacity of the member itself. 
Lastly, the NC limit state is assumed when the seismic demand of 25% of the members 
reaches the capacity, as suggested by (FEMA, 2018), or when an inter-storey drift equal 
to 4.0% is experienced by the building, whichever condition occurs first. Fig. 7 shows the 
obtained fragility curves for all configurations. 
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Figure 7. Fragility curves for the limit states of immediate occupancy (IO), with 

dotted lines, life safety (LS), with dashed lines and near collapse (NC), with solid lines, 
for all the configurations. 

 
As it can be observed, the influence of infill and material properties is mainly reflected 
when the LS and NC are considered. However, it should be noted that in common practice 
the LS limit state is assumed when a pre-determined inter-storey drift is reached; no 
considerations are assumed in terms of acceleration, for which instead the influence on 
NSEs’ performance is well known. As can be gathered from Table 1, the differences in 
terms of median (of the lognormal fragility model) are non-negligible when the NC limit 
state is considered. At the same time, standard deviations fluctuate in wider ranges for all 
the limit states considered. 
 
Table 19. Median and standard deviation of the fragility curves with AvgSa [g] as IM, 

for the different limit states and configurations. 
 Configuration 0 Configuration 1 Configuration 2 Configuration 3 

IO - Median µ 0.07 0.07 0.06 0.07 
IO -Std s 0.33 0.29 0.25 0.39 

LS - Median µ 0.18 0.20 0.19 0.19 
LS - Std s 0.37 0.31 0.44 0.35 

NC - Median µ 0.30 0.31 0.38 0.30 
NC - Std s 0.51 0.56 0.78 0.64 

 

CONCLUSIONS 
This paper investigated the seismic behaviour of an existing reinforced concrete hospital 
building. The performed analyses permitted to estimate the performance in terms of inter-
storey drifts, fragility curves and absolute accelerations; the latter were in turn converted 
into absolute acceleration floor spectra, which are necessary to evaluate the seismic 
demand on non-structural elements (NSEs). The correct estimation of the seismic actions 
on NSEs is a key issue, particularly in case of buildings with strategic functions. Indeed, 
non-structural components must be preserved from damages to guarantee building 
occupancy and serviceability after earthquake motions. With these considerations 
rendered explicit, the study investigated the influence of epistemic uncertainty, i.e. 
structural material and infill properties, on the above-mentioned performances. In 
particular, four different configurations were considered, derived from the combination 



The New Boundaries of Structural Concrete 
 

 227 

of two cases, i.e. weak and strong, for infill and material properties. The performed 
analyses enabled also to assess the seismic vulnerability of the considered structural 
typology, considering three different limit states.  
The outcomes highlighted that infill typology, compared with structural material 
configurations, introduces a higher variability on the results. Indeed, inter-storey drift 
profiles reached higher drifts when weak infill configurations are adopted, as well as 
absolute acceleration floor response spectra denote higher peaks, mainly associated with 
the fundamental period of the structure, if strong infill configurations are considered. 
Although these outcomes reflect the fact that uncertainties of structural material 
properties have a reduced influence on seismic performance, it is necessary to conduct 
further research to corroborate such results. 
 

REFERENCES 
Asteris, P.G., Giannopoulos, I.P., Chrysostomou, C.Z., 2012. Modeling of Infilled Frames With 

Openings. Open Constr. Build. Technol. J. 6. 
https://doi.org/10.2174/1874836801206010081 

Bertoldi, S., Decanini, L., Gavarini, C., 1993. Telai tamponati soggetti ad azione sismica, un 
modello semplificato: confronto sperimentale e numerico. Proc. VI Ital. Conf. Seism. Eng. 
(ANIDIS), Perugia. 

Beyer, K., Tondelli, M., Petry, S., Peloso, S., 2015. Dynamic testing of a four-storey building 
with reinforced concrete and unreinforced masonry walls: prediction, test results and data 
set. Bull. Earthq. Eng. 13. https://doi.org/10.1007/s10518-015-9752-z 

CEN, 2005. EN 1998-3. Eurocode 8 - Design of structures for earthquake resistance - Part 3: 
Assessment and retrofitting of buildings. Eur. Comm. Stand. 

Chioccarelli, E., Cito, P., Iervolino, I., Giorgio, M., 2019. REASSESS V2.0: software for 
single- and multi-site probabilistic seismic hazard analysis. Bull. Earthq. Eng. 
https://doi.org/10.1007/s10518-018-00531-x 

FEMA, 2018. FEMA P-2018 Seismic Evaluation of Older Concrete Buildings for Collapse. 
Fed. Emerg. Manag. Agency. 

Furtado, A., Rodrigues, H., Arêde, A., Varum, H., 2018. Out-of-plane behavior of masonry 
infilled RC frames based on the experimental tests available: A systematic review. Constr. 
Build. Mater. https://doi.org/10.1016/j.conbuildmat.2018.02.129 

Furtado, A., Rodrigues, H., Arêde, A., Varum, H., 2017. Modal identification of infill masonry 
walls with different characteristics. Eng. Struct. 145. 
https://doi.org/10.1016/j.engstruct.2017.05.003 

Gabbianelli, G., Perrone, D., Brunesi, E., Monteiro, R., 2020. Seismic acceleration and 
displacement demand profiles of non-structural elements in hospital buildings. Buildings. 
https://doi.org/10.3390/buildings10120243 

Kohrangi, M., Bazzurro, P., Vamvatsikos, D., Spillatura, A., 2017. Conditional spectrum-based 
ground motion record selection using average spectral acceleration. Earthq. Eng. Struct. 
Dyn. https://doi.org/10.1002/eqe.2876 

Mucedero, G., Perrone, D., Brunesi, E., Monteiro, R., 2020. Numerical modelling and 
validation of the response of masonry infilled rc frames using experimental testing results. 
Buildings. https://doi.org/10.3390/buildings10100182 

Nicoletti, V., Arezzo, D., Carbonari, S., Gara, F., 2020. Expeditious methodology for the 
estimation of infill masonry wall stiffness through in-situ dynamic tests. Constr. Build. 
Mater. https://doi.org/10.1016/j.conbuildmat.2020.120807 

NTC18, 2018. Norme Tecniche per le Costruzioni. DM 17/1/2018. Gazzetta Ufficiale della 
Repubblica Italiana, Italian Ministry of Infrastructure and Transport, Rome, Italy. 



The New Boundaries of Structural Concrete 
 

 228 

O’Reilly, G.J., Perrone, D., Fox, M., Monteiro, R., Filiatrault, A., 2018. Seismic assessment and 
loss estimation of existing school buildings in Italy. Eng. Struct. 168. 
https://doi.org/10.1016/j.engstruct.2018.04.056 

Parisi, F., Scalvenzi, M., Brunesi, E., 2019. Performance limit states for progressive collapse 
analysis of reinforced concrete framed buildings. Struct. Concr. 20. 
https://doi.org/10.1002/suco.201800039 

Perrone, D., Brunesi, E., Filiatrault, A., Nascimbene, R., 2020. Probabilistic estimation of floor 
response spectra in masonry infilled reinforced concrete building portfolio. Eng. Struct. 
https://doi.org/10.1016/j.engstruct.2019.109842 

Pradhan, B., Cavaleri, L., Sarhosis, V., Ferrotto, M.F., 2021. Generation of out-of-plane 
fragility functions for in-plane damaged unreinforced masonry infills, in: COMPDYN 
Proceedings. https://doi.org/10.7712/120121.8536.19549 

Regio Decreto, 1939. Norme per l’esecuzione delle opere in conglomerato cementizio semplice 
o armato – 2229/39. Gazzetta Ufficiale della Repubblica Italiana, Italian Ministry of 
Infrastructure and Transport, Rome, Italy. 

Sassun, K., Sullivan, T.J., Morandi, P., Cardone, D., 2016. Characterising the in-plane seismic 
performance of infill masonry. Bull. New Zeal. Soc. Earthq. Eng. 49. 
https://doi.org/10.5459/bnzsee.49.1.98-115 

Verderame, G.M., Ricci, P., Esposito, M., Sansiviero, F.C., 2011. Le Caratteristiche 
Meccaniche degli Acciai Impiegati nelle Strutture in C.A. Realizzate dal 1950 al 1980. 
Aicap- Reluis. 

Zhu, M., McKenna, F., Scott, M.H., 2018. OpenSeesPy: Python library for the OpenSees finite 
element framework. SoftwareX. https://doi.org/10.1016/j.softx.2017.10.009 

  



The New Boundaries of Structural Concrete 
 

 229 

Bond Stiffness at High Temperature and in Fire: 
An Open Issue 

Pietro G. Gambarova1 and Francesco Lo Monte2  
 
 
ABSTRACT: Bond stiffness at high temperature has been rarely treated in the very numerous papers on 
bond behavior at high temperature and in fire, since (a) bond as such is mostly associated with structural 
safety (equilibrium at the Ultimate Limit State) than with structural serviceability  (where bond stiffness 
comes into play); (b) the generally good – and even excellent – behavior of bond in ribbed bars makes 
bond-related resisting mechanisms – tension stiffening included - fairly heat-tolerant; and (c) tension 
stiffening in cracked concrete – where bond stiffness is a major actor – has a rather indirect and not easily 
quantifiable role in structural behavior, all the more in fire. To improve the knowledge of bond stiffness at 
high temperature, the bond stress-bar slip curves resulting from the pull-out tests of four selected 
experimental campaigns spanning a forty-year period (from 1981) are re-examined in this paper. Bond 
stiffness (= initial slope of the loading branch of the curves) is derived from the bond stress-bar slip curves 
in either hot or residual conditions. Comparisons are also made with the authors’ results coming from the 
pull-pull tests carried out in a fifth experimental campaign on tension stiffening. The preliminary 
conclusions of this study are that (a) below 150-300°C, bond stiffness is from little to moderately affected 
by the temperature; (b) at higher temperatures, bond stiffness decreases with the temperature, even very 
sharply (300-500°C); (c) medium- and high-grade concretes (fc > 45 MPa) seem to be more affected by 
high temperature than low-grade concretes (fc < 30 MPa); and (d) the values of the stiffness obtained 
indirectly from pull-pull tests (tension-stiffening tests) confirm the marked decrease of bond stiffness above 
500°C.  

Key words: bond in R/C, bond stress-bar slip law, tension stiffening, bond stiffness, high 
temperature, fire, pull-out tests, pull-pull tests. 
INTRODUCTION  
In any tension bar embedded in regularly-cracked concrete, the segment of the bar 
comprised between two cracks is relieved by the concrete and has a stiffer behavior 
compared to a similar naked bar. This is tension stiffening, that (a) plays a considerable 
role in crack control and in enhancing structural stiffness in cracked RC members, and 
(b) is the other side of the coin of bond, where the first side is the anchoring ability.  
     In ordinary environmental conditions tension stiffening has been extensively studied 
within the framework of bond (Homayoun et al., 1996; Yankelewsky and Jabareen, 2002; 
Bischoff, 2003; Bentz, 2005; Lee et al., 2011 and others, see refs. in Gambarova, 2012, 
and Lo Monte and Gambarova, 2014), and various design codes contain appropriate 
provisions (see EC 2, MC 2010 and fib Bulletin No. 10, Chapter 1, 2000).  
     In spite of its relevance to serviceability after a fire, tension stiffening at high 
temperature has been given so far very limited attention. For instance, bond shear 
modulus (or bond stiffness) kT = [F/L3] appears in Lo Monte and Gambarova (2014) and 
in Sharma et al. (2019), but on the whole assessing the relevance of tension stiffening at  
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high temperature (T > 400°C) and evaluating the bond shear modulus kT (Eqs.1 and 2) as 
a function of the temperature is still a largely open issue. Bond stiffness kT appears in the 
constitutive relationship of bond (Eq.1) and – of course – in the controlling equation of 
bond (Eq.2) in the elastic domain: 
                τb (s) = kT(s) s  ;   d2s(x)/dx2 – kT(s) [πdb/(ESTAS)] (1 + nTp) s(x) = 0           (1,2)    

where τb (s) is the local bond stress; s(x)  is the local bar slip; db, EST, AS are the bar 
diameter, elastic modulus and section; nT is the ratio of the elastic moduli EST/ EcT; p is 
the effective steel ratio. (As a reference, the secant value of k20 varies between 50 and 150 
MPa/mm for fc = 12-100 MPa, at room temperature, in good bond conditions - no splitting 
- according to MC10 and MC20: k20 = 6 tbmax = 6 x 2.5 fc1/2).  
     The evaluation of the bond stiffness as the slope of the bond stress-bar slip curves 
(among the most recent, see Varona et al., 2018, where many other references on the 
subject are cited) is no easy matter, as prior to microcracking – when bar-concrete bond 
makes the system almost monolithic - bond stiffness is virtually infinite at very small 
bond-stress values, as implied by the curve proposed in MC10 and MC20 (Fig.1a). As a 
matter of fact, in such a phase the only (small) contribution to bar slip comes from the 
shear strain in the concrete layer enveloping the bar (contact layer in Fig. 1b, where a 
model for the evaluation of bond stiffness is sketched), as this contribution is unavoidably 
accounted for when the relative displacement between the bar and the undisturbed 
concrete is measured (bulk concrete in Fig.1b). Hence, at rather small bond-stress values 
the bond curves may exhibit very large – but still finite - values for the bond stiffness 
even if the actual slip at bar-concrete interface is zero or close to zero (< 0.01 mm, Morley 
and Royles, 1983).  
     Since microcracking starts above small   bond-stress values, bond stiffness may exhibit 
finite values since the attainment of quite small slip values. Depending on the scale of the 
measured slip values, the bond stress-bar slip curves have a roughly vertical slope at the 
origin (infinite stiffness, dash-dotted curves in Fig.2a), or a more or less marked 
inclination (finite stiffness, continuous curves in Fig.2a; in Fig. 2b different tests on bond 
are indicated). Deriving bond stiffness from the bond-stress curves requires, therefore, 
the introduction of a criterion, generally based on secant lines, whose slope is the bond 
stiffness. Secant lines may connect two points of the bond-stress curve or may be the 
balance lines which equalize the left-hand side and right-hand side areas comprised 
between the secant lines as such and the bond-stress curve, within a prefixed range of the 
bond stress. In Fig.3, three cases are depicted: case (a) where bond stiffness is measured 
at the origin, as the slope of the secant line connecting two very close points defined by s 
= 0 and tb = 0, and by s = s1 (< 0.05 mm) and tb  = tb1; case (b) where bond stiffness is 
the slope of the balance line between  s = 0 and tb = 0, and s = s2 (< 0.1 mm) and tb = tb2; 
and (c) where bond stiffness is the slope of the balance line which transforms the actual 
bond stress curve into a linearly elastic-perfectly plastic curve (s3 > 1 mm; the unloading 
branch is neglected here). Balance lines require a stress range to be introduced (0-tb2 and 
0-tb3 in Figs.3b,c, respectively). 
     Whether high temperatures affect in the same way the stiffnesses measured in different 
experimental campaigns, each according to a specific criterion, each with its own scale 
and range for bar-concrete slip, is one of the issues discussed in this paper. It is hardly a 
minor issue, as the scanty results on bond stiffness at high temperature require systematic 
comparisons among different test campaigns. 
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Figure 1 – (a) Bond stress-bar slip relationship according to fib MC10 and MC20; 
and (b) shear-lag model for the evaluation of bond stiffness k = h G*/t*. 

 

          

Figure 2 – Ribbed bars: (a) Typical bond stress-bar slip curves exhibiting no slip for 
very small stress values (full lines, adapted from Diederichs and Schneider, 1981) and 
some slip (tadh, dash curves, adapted from Morley and Royles, 1983); and (b) pull-out 
and pull-pull tests on bond; rebars can be pre-loaded (tprl) during the heating process. 

 

 

Figure 3 – Possible criteria to evaluate bond stiffness: (a) tangent stiffness to 
characterize bond behavior at the origin; (b,c) secant stiffnesses resulting from (b) the 
balance line in the stress range 0-tb2), and (c) the balance line in the stress range 0-tb3 

to transform the actual curve (with/without plateau) into an elastic – plastic curve. 
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Within such a context, the objective of this preliminary paper is threefold: (a) review of 
a few test campaigns with well-documented results concerning bond stress-bar slip curves 
and – possibly – bond stiffness at high temperature; (b) investigation on possible 
relationships between bond stiffness and temperature and/or concrete compressive 
strength (at high temperature or past cooling); and (c) formulation of mathematical 
relationships between bond stiffness and temperature and/or concrete compressive 
strength. 

EXPERIMENTAL CAMPAIGNS ON BOND LAW AND BOND STIFFNESS 

In this preliminary paper, four experimental campaigns concerning pull-out tests are 
considered, as well as a fifth campaign performed by the authors involving a small 
number of pull-pull tests (tension-stiffening tests). For each campaign the most relevant 
details are reported in the next paragraphs. For each campaign only the best documented 
tests were examined, as well as those best representing the pull-out behavior of a bar. 
Two of the five campaigns are quite old (Diederichs and Schneider, 1981; Morley and 
Royles, 1983), but they are still a very valid reference, as demonstrated by several very 
recent citations (see Lublóy and Hlavička, 2017; and Sharma et al., 2019).  
     For each experimental campaign, such parameters as concrete strengths on cubes and 
cylinders (fcc and fc, respectively, with fc = 0.83 fcc whenever fc is not indicated), bar 
diameter db and bonded length-to-bar diameter ratio - lb/db, bar type, aggregate type, 
heating and loading procedures, reference temperatures, and criterion adopted in the 
evaluation of bond stiffness in this paper, are reported. Note that the specimens are either 
pre-loaded during the heating process or load-free (stressed and unstressed specimens), 
and the tests are carried out either at high temperature or after cooling down (hot and 
residual tests). The tests on bond come in four fundamental types: (a) pull-out test when 
a tensile forced is applied to the loaded end of the bar (Fig. 2b, top); (b) push-in or push-
off test when a compressive force is applied to the loaded end; (c) pull-push test that is a 
combination of (a) and (b); and (d) pull-pull test when the bonded bar is stretched by two 
opposite tensile forces applied to the ends (tension-stiffening test, Fig. 2b, bottom). The 
tests were carried out according to the pull-out mode in the four campaigns examined 
first, and according to the pull-pull mode in the fifth campaign.           

¨  Diederichs and Schneider (1981) 
(fcc)AV = 57 MPa; (fc)AV = 48 MPa; heating rate - HR = 1°C/min. 
Siliceous (gravel) aggregate; Portland cement; max. aggregate size 16 mm.  
Cold-worked ribbed Tor bars; db = 16 mm; lb/db = 5; concrete bar cover 72 mm; steel  
        BSt 420/500 RK (plain bars and prestressing bars are not considered here). 
Unstressed specimens; hot tests; loading rate 1 kN/s. 
Tests considered here: at high constant temperature (“Method 1”: T = 20, 300, 370, 500, 

600, 800°C), see – as an example – the curves in Fig.2a (T = 20 and 370°C). 
Failure mode: bar pull-out – Bond stiffness: no mention. 
Here, the bond stiffness is evaluated as the slope at the origin of the bond stress-bar slip 

curve (secant line between 0 and 0.1 mm). 

•  Morley and Royles (1983) 
fcc = 35 MPa; fc = 29 MPa; RH = 2°C/min. 
Siliceous (gravel) aggregate; Portland cement; max. aggregate size 19 mm.  
Cold-worked Tor bars; db = 16 mm; lb/db = 2; concrete bar cover 55 mm (other values  
      not considered here). 
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Stressed and unstressed specimens; hot and residual tests; loading rate @ 5 kN/min (to 
guarantee a 3 MPa/min. bond-stress rate). 
Tests considered here: stressed specimens; residual tests (Test Conditions “2”: T = 20,  
     150*, 300, 450, 600, 750°C in the furnace; 20, 100*, 250, 400, 565, 720 at bar sur- 
     face; tests * not considered here because of some inconsistencies; in the next sec- 
     tions, reference is made to furnace temperatures). 
Failure mode: bar pull-out – Bond stiffness: no mention. 
Here, the bond stiffness is evaluated as the slope at the origin of the bond stress-bar slip 
curve (secant line between 0 and 0.125 mm). 

Å  Lublóy and Balázs (2012) extended in Lublóy and Hlavička (2017) 
fcc = 53 MPa; fc = 44 MPa; HR = 1°C/min. 
Mix 3 - Quartz sand (72%) + expanded clay (28%); cement CEM 1 42.5N.  
Hot-rolled ribbed bars; db = 12 mm; lb/db = 3.33; concrete bar cover 54 mm. 
Unstressed specimens, residual tests; 2h rest at each reference temperature, followed by 

a 24h-cooling phase down to room temperature; temperature range 20-800°C (T = 20, 
50, 300, 600°C considered here). 

Failure mode: bar pull-out. Bond stiffness: no mention. 
Here, the bond stiffness is evaluated as the secant line between 0 and 0.05 mm, and the 
elastic modulus is reduced by 20% to take care of light-weight aggregate. 

▲ Sharma, Bosnjak and Bessert (2019) 
fcc = 23 MPa; fc = 19 MPa (C16/20); blended cement with powdered limestone; mostly  
      siliceous aggregate; max. aggregate size 8 mm; HR = 2°C/min. 
Hot-rolled ribbed bars (BSt 500); db = 16 mm; lb/db = 8; concrete bar cover from 24 to 72 

mm (= 1.5-4.5 db) with the bars embedded in square concrete prisms with/without 
stirrups; the bars were aligned with the axis or in an eccentric position, to examine 
different concrete covers; here reference is made to Specimen Type 1a which exhibits 
the most consistent bond stiffness-temperature curve. 

Unstressed specimens; residual tests; force-controlled tests; T = 20, 300, 500, 700°C. 
Failure mode: bar pull-out. 
Bond stiffness: the authors evaluated the bond stiffness as the secant line connecting the 

origin with the peak stress (k20 = 4-7 MPa/mm and k700 =1-2 MPa/mm).  
Here, the passages from the secant to the quasi-tangent stiffness (slipmax = 0.05-1.0 mm) 
and from the long (8db) to the short (2-5db) bonded length were carried out by quadrupling 
and doubling, respectively, the secant values provided by Sharma et al.  

■  Lo Monte and Gambarova (2014) 
fc20 = 51, 82, 90 MPa; fc640 = 16, 24, 26 MPa; (HR)AV = 30°C/min for T £ 600°C and = 

1°C/min for T = 600-640°C. 
Natural siliceous aggregate, calcareous filler; cement type II/A-LL 42.5/I 52.5/I 52.5; 

max. aggregate size 16 mm; self-compacting concrete - SCC. 
Hot-rolled ribbed bars (Type FB38k according to the previous Italian norms, close to BSt 

400); db = 16 mm; lb/db = 15; concrete bar cover 32 mm; bars embedded inside square 
prisms aligned with the axis; two adjoining sides of each prism were subjected to a 
fire comprised between the hydrocarbon and the ISO 834 fires (first 20 minutes; later, 
temperature limited to 750°C); the other two sides were in quasi-adiabatic conditions 
to simulate corner effect in beams or columns. 

Average temperature at bar-concrete interface 640°C  
Unstressed specimens, residual pull-pull tests after heating the specimens to 640°C. 
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Displacement-controlled tests in the pull-pull mode (displacement rate 0.1 mm/min over 
a 270-mm bar length; loading rate in the bar close to 7 MPa/s). 

Failure mode: no bond failure; tests limited by bar yielding. 
Bond stiffness: a major issue together with corner spalling in the concrete.  
The bond stiffness after heating to 640°C was back-evaluated (a) by assuming the well-

known model based on linear-elasticity aimed at describing the stresses and the strains 
in the specimens, and (b) by fitting the displacements measured in the tests (k640 = 19, 
32, 37 MPA/mm). The bond stiffness at 20°C is here evaluated through the simple 
shear-lag model outlined in the Appendix (see also Fig.1b), which takes care of the 
weaker properties of the mortar-like concrete in contact with the bar. The values of 
k20 are 153, 179, 185 MPa/mm for fc20 = 51, 82, 90 MPa. (For fc20 = 20-100 MPa and 
db = 12-28 mm, the values of k20 are comprised between 50 and 200 MPa/mm). 

     According to Morley and Royles (1983) and to other well-documented tests, (a) bond 
strength in residual conditions is slightly less affected by the temperature than the 
compressive strength below 300°C, and slightly more affected (and closer to the tensile 
strength) above 400°C; (b) in either  hot or residual conditions, there is hardly any 
difference between stressed and unstressed specimens; (c) below 300°C bond strength is 
little affected by test conditions (hot or residual) and by pre-test loading (stressed or 
unstressed specimens); and (d) above 400°C – and even more above 600°C - bond-
strength in residual conditions is more affected by the temperature than in hot conditions 
(at 700°C bond-strength losses in residual conditions may amount to 80% of the original 
strength compared to 60% in hot conditions). 
     Taking advantage of the previous findings, in the next sections bond stiffness is 
derived from the experimental results irrespective of the thermal conditions of the tests 
(hot vs. residual tests) and of the load applied during the heating process (stressed vs. 
unstressed specimens).        

ROLE OF THE CRITERION ADOPTED IN THE EVALUATION OF BOND 
STIFFNESS   

The different criteria adopted in the evaluation of the bond stiffness require the 
assessment of their effect (if any) on bond-stiffness decay with the temperature. To this 
purpose, the values of the bond stiffness derived from the well-known tests by Morley 
and Royles (1983) according to the three different criteria (Fig. 3) have been examined 
vs. the temperature (Fig. 4). In Fig. 4, all variables are put in a normalized form. What 
clearly appears is that (a) the decay of the normalized bond-stiffness is little affected by 
the evaluation criterion, in spite of the huge differences among the absolute values (for 
instance, at 20°C the value of the initial  bond stiffness may be 2-6 times larger than that 
corresponding to the ideal elastic-plastic behavior; and (b) it is possible to formulate a 
relationship between the stiffness and the temperature, as a starting point towards a more 
general expression based on a larger database. The finding in (a) allows to make 
comparisons among different test campaigns, in spite of different test modalities and 
evaluation criteria. 
     Note that the third criterion (Fig. 3c) is of no use at very high temperatures (above 
600°C) because the plastic plateau of the bond stress-bar slip curve tends to prevail over 
the initial linear/nonlinear branch and the slope of this (smaller and smaller) branch may 
even increase in spite of bond decay. (At high temperatures, since bond behavior tends to 
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become rigid-plastic, the ratio k* may even increase and become infinite in the limit case 
of perfectly rigid-plastic behavior).      

 

Figure 4 – Normalized bond stiffness vs. normalized temperature, according to three 
different criteria, and proposed analytical expression. The stiffness was evaluated based 

on Morley and Royles’ test results (1983). In ̈  s1 = 0.05 mm; in ▲ s2 = 0.125 mm. 
 

BOND STIFFNESS VS. THE TEMPERATURE AND THE ACTUAL 
COMPRESSIVE STRENGTH 

For each of the twenty-two tests examined in this paper, the normalized values of the 
quasi-tangent stiffness are indicated in Figs. 5a,b. Of course, in Fig. 5a the solid circle 
(1.0, 20°C) stands for four experimental values and three calculated values (Lo Monte 
and Gambarova, 2014). The same for the point (1.0, 1.0) in Fig. 5b.    
     In general, as should be expected bond stiffness diminishes under increasing 
temperature (Fig. 5a), more in medium-grade concretes (fc20 = 44 and 48 MPa) than in 
low-grade concretes (fc20 = 19 and 29 MPa). To draw, however, definite conclusions 
further well-documented test results should be examined, since – as an example – in the 
three self-compacting concretes tested by Lo Monte and Gambarova (2014) the results 
seem to go in the opposite direction (more decay in lower-grade concretes). 
     Another way to examine the normalized stiffness at high temperatures is to do it 
indirectly, through the normalized strength in compression (Fig. 5b). The dispersion of 
the test results is high, but roughly 80% of the test results fall between a straight line (one-
to-one correlation) and a second-order parabola, denoting a greater heat-sensitivity of 
bond stiffness compared with concrete strength in compression. 
     Finally, the test results are summarized in Fig. 6, with reference to the absolute values 
of the bond stiffness (limited to 200 MPa/mm) and of the compressive strength. 
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Figure 5 - Normalized bond stiffness vs. temperature (a) and normalized compressive 
strength (b), according to five different experimental campaigns:  • Morley and Royles  

(1983), ▲ Sharma et al. (2019), ■ Lo Monte and Gambarova (SCC, 2014),  
¨ Diederichs and Schneider (1981), and Å Lublóy, Balázs, Hlavička (2012, 2017). 

On the right of Fig. 6 the values of the stiffness at 20°C (virgin conditions) are listed 
vertically, as yielded by the shear-lag model mentioned in Section 1 past Eqs. 1,2 and 
illustrated in Fig. 1b. These values are a sort of upper limit, that represents the full 
interlock between the bar and the concrete, when there is no microcracking in the concrete 
and no slip at the bar-concrete interface. (The small measured slip is solely due to the 
shear strain in the concrete of the contact layer, see the Appendix).  
     Note that: (a) in the shear-lag model, the elastic modulus E* of the concrete layer in 
contact with the bar is given values comprised between 1/2 and 1/3 Ec to take care of the 
reduced elastic properties of the mortar-like concrete in contact with the bar; and (b) the 
solid triangles of the tests by Sharma et al. (2019) take care (1) of the passage from secant 
values (at the peak stress) to tangent values (at or close to the origin), which requires the 
introduction of an amplification factor = 4-5 (= 4 in this paper); and (2)  of the fairly long 
bonded length (lb/db = 8, instead of 2-5 in the other cases), which again requires the 
introduction of an amplification factor (= 2 in this paper).    
     The solid curve plotted in Fig.5a (same as in Fig. 4, with n = 5) has an analytical 
formulation derived from that of the stress-strain curves of concrete in compression (n = 
3, EC2, 2004) and of ordinary mortars (Lo Monte and Gambarova, 2020, n = 2). The 
bottom dash-dotted curve in Fig. 5a shows the possible trend for high/medium-grade 
concretes (fc = 40-50 MPa), while the top dash-dotted curve and – to some extent - the 
solid curve do the same for medium/low-grade concretes (20-30 MPa).  
     For the time being, a viable proposal is provided by expressions like the following one 
(solid curve in Fig. 4, and bottom dash-dotted curve in Fig.5a): 

                              k* = kT/k20 = n (T* + 1)/[(n – 1) + (T* + 1)n]                                   (3) 
where T* = T/1000 (°C/°C) and n = 5. For k* = kT/k20 as a function of fc*= fcT/fc20 , and 
for kT as a function of fcT, see the expressions in Figs.5b and 6, respectively. 
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Figure 6 – Bond stiffness vs. concrete compressive strength according to five 

experimental campaigns (Fig. 5), and interpolating functions (where fc** = fcT/100): 
(^) kT = 135 fc** (1 + 4.5 fc**); (^^) kT = 620 fc**2.5 and (^^^) kT = 640 fc**2.  

 
CONCLUDING REMARKS 
The test results of the five different campaigns examined in this paper about bond 
behavior at high temperature shed some light on the critical issue of bond stiffness vs. 
temperature, which is of practical interest whenever the post-fire stiffness of a structure 
has to be modelled. In fact, reinforced-concrete structures generally survive severe fires 
and the assessment of their residual stiffness is an important step in the decision-making 
process about repairing, strengthening or demolishing the fire-damaged structure. 
     Through tension stiffening, bond stiffness comes into play in post-fire situations, but 
the scanty and dispersed test results on bond stiffness available in the literature make any 
choice about bond stiffness as a function of the temperature hardly feasible.  
The test results examined in this preliminary paper – though limited – allow to recognize 
that (a) the normalized bond stiffness vs. the temperature is little sensitive to the way it is 
measured (tangent, secant or according to the idealized elastic-plastic behavior of bond); 
(b) the bond stiffness (either normalized or in absolute terms) decreases sharply with the 
temperature and increases with the residual compressive strength; (c) the evaluation of 
the bond stiffness from the tests is a critical aspect, since it depends on the stress range 
considered; and (d) the evaluation of the initial bond stiffness by means of the simple 
equations proposed in MC 10 and 20 (rather conservative), or provided by the proposed 
shear-lag model confirms the range 50-200 MPa/mm.        
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Appendix – Maximum value of the bond stiffness at room temperature 
In a number of cases the value of the quasi-tangent stiffness at room temperature could not be reliably 
evaluated from the test results, as it was too large. Hence, the quasi-tangent stiffness was quantified by 
means of a shear-lag model based on linear elasticity, whose assumptions are synthetized in Fig.1b:  

k20 = h x g Ec/[2 n db (1 + n)] 

where   h = parameter associated with the average value of the shear-related displacement s* (= 1/3 for a 
parabolic profile); x = reduction factor of the elastic properties in the contact layer (= ½ or 1/3, the latter 
for very small aggregate particles: da < 10 mm; no reduction for HPC/HSC); g = adjustment factor allowing 
to evaluate the quasi-tangent stiffness for any given stress (= 4-5 if the stress coincides with the peak  of 
the bond stress-slip curve); ndb = thickness of the contact layer, where n = 1 (or = 2 for rather brittle 
concretes). Further details to be found in a companion paper, whose first draft is in progress.          
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The Rehabilitation of Segmental Bridges Subjected to Time-
dependent Deflections Through Additional Prestressing 

M.F. Granata75, L. La Mendola76 

 

ABSTRACT: Segmental bridges built by cantilevering with in-situ casting in the ‘60s-‘80s of the XX 
Century present a central hinge on the main span or a central simply supported span between the two 
cantilevers (drop-in span). Due to time-dependent phenomena like creep of concrete and to unexpected loss 
of prestressing, several bridges of this typology show an abnormal deflection at hinges causing discomfort 
of traffic as well as insufficiencies of checks at Service and Ultimate Limit States. Moreover, these bridges 
are today at the end of their nominal service life, impacting significantly on Italian road network. A 
methodology for retrofitting these bridges by partial recovering of deflection and overall strengthening is 
proposed through the application of additional prestressing, especially in segmental bridges with variable 
box cross-section. The proposed solution supplies a global rehabilitation strategy aiming to improve the 
performance of the bridge, providing robustness and increasing of the service life. 

INTRODUCTION 
The first generation of bridges built with the cantilever method (that is through subsequent 
segments from the pier toward midspan) was built with in-situ casting; segments were 
individually prestressed by using high yielding strength steel bars, commonly called 
Dywidag bars. The pioneers of these bridges were engineers from the firm Dyckerhoff 
und Widmann, who built prestressed concrete bridges by joining cantilever segments 
through post-tensioned steel bars (Fernandez Troyano, 2003). This scheme was also 
introduced in Italy and the first bridges of this type were designed and built by Cestelli 
Guidi, Croci and Zorzi for the highways and state roads under construction between the 
‘50s and ‘70s (Guastini et al., 2012). A feature of these bridges was the rigid connection 
between the pier and the deck, which was essential for the cantilever construction and 
allowed the final scheme to remain unchanged also in service life. This means that the 
connection at the midspan between the two cantilevers was made with an intermediate 
beam resting on the tips of cantilevers through Gerber saddles (drop-in span) or in other 
cases through an internal hinge.  

Among the first examples there are in Italy the bridges on the road between Cosenza 
and Paola: Cubia, Emoli and Cannavino, designed by Cestelli Guidi (Cestelli Guidi, 
1986). In these examples it can be seen the difference between the two schemes generally 
adopted: the Emoli viaduct (fig. 1a) has an internal hinge while the Cannavino viaduct 
(fig. 1b) has the intermediate beam. Both bridges show an excessive downward 
displacement in the midspan, with a significant discomfort for traffic in service life which, 
although it did not result in critical problems at the Ultimate Limit State, highlighted a 
relative rotation between the cantilevers and in the Gerber saddles. This situation arises 
from two factors:  

- the effects of creep over time, which increased the initial elastic displacement of the 
cantilever tip.  

- The effect of prestressing losses, which accentuated the downward displacements. 
Many other bridges of the same typology were built in Italy as the Stupino, Ruiz (Del 

Papa et al., 1993), and Grottalunga viaducts (Cestelli Guidi, 1986) on Salerno-Reggio 
Calabria motorway which presented the same problems, with deflection up to 50 cm. 
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Another case is the bridge over the Rio Sinigo near Bolzano (Martinello, 2005), where 
the use of a special mix-design of lightweight concrete contributed to the increased 
midspan deflection due to creep effects. 

The examples mentioned above clearly identify two problems that can act 
simultaneously and which are equally important: the time-dependent deformations and 
the loss of prestressing. It is good to distinguish the two causes because, although they 
are inter-dependent, the solutions and success of retrofitting interventions can depend on 
the prevalence of one of these phenomena on the other. In fact, the loss of prestressing 
depends only in part on concrete shrinkage and creep or steel relaxation, that is the 
increase of deformations in the time, because losses for friction that occur in these bridges 
play an important role and they are of different nature from creep, reducing the beneficial 
effect of prestressing from the first phase of elastic deformation. Consequently, in these 
bridges there is generally the overlap of the following phenomena: 

1) at the application of the initial prestressing the steel bars and above all the junction 
sleeves between the bars, placed in the joints between segments, show a sudden loss of 
prestressing that cannot compensate for the deflections due to self-weight and 
superimposed dead loads; this means that original prestressing, although thought as 
integral or balanced prestressing by the designer, can become actually a partial 
prestressing with the consequent cracking, depending on the real degree of prestressing 
applied to the girder. 

2) The further prestressing losses over time, due to creep, favor the initial deformation, 
reducing the prestressing rate and increasing the downward displacements. 

3) In combination with the previous phenomena, creep increases (for the first principle 
of linear viscoelasticity) the initial elastic deformation, which had not been compensated 
by prestressing, and therefore was already higher than the design predictions. 

4) During the service life of the bridge, the increased deformations are compensated by 
greater thicknesses of pavements that is additional weight on the cantilever tips and on 
the intermediate beam, worsening the initial situation. 

5) When the bridge has three spans with the side spans fixed on end bearing, the central 
span is influenced by the deformation of the piers; this effect can be important for tall 
piers, contributing to increase the deflection of the cantilever tip. 

In some bridges (as in the case of Rio Sinigo) the effect of creep is predominant while 
in the cases of bridges made in the ‘60s with Dywidag bars, friction losses of prestressing 
have the leading role till losses over 30% (Del Papa et al., 1993), hence the deflections 
are mainly due to the lack of prestressing and afterwards they are intensified by creep. 
 
 

  
(a)                                                                    (b) 

Figure 1. Views of Emoli viaduct (a) and Cannavino viaduct (b) 
 

In this paper, after deepening the causes of the deflections that lead to the non-
satisfaction of the Service Limit State in these bridges, the solutions for retrofitting are 
evaluated by adopting external prestressing, in terms of both additional prestressing 
(increase in the axial force introduced along the bridge) and the effect of eccentricity and 
tendons layout on the elastic deformations, for the partial recovery of deflections. 
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TIME-DEPENDENT DEFLECTIONS AND PRESTRESSING LOSSES 
Time-dependent deflections 
The effect of creep on prestressed segmental bridges is double: on the one hand the elastic 
deformed configuration increases due to permanent loads at the end of construction as a 
result of the first principle of linear viscoelasticity (Chiorino, 2005); on the other hand, 
there is a reduction of prestressing force due to the compatibility of the tendon or the 
injected bars with concrete which, for the progressive shortening of concrete over time, 
causes a tendon relaxation and a slow time-dependent stress loss (Granata et al., 2013). 
When full prestressing is achieved (no tensile stress on cross-section) or it is balanced 
with sustained loads (self-weight and superimposed dead loads), the initial deformation 
can be upwards and creep can increase this effect, without consequences on Service and 
Ultimate Limit States. By contrast, in the case of an unbalanced prestressing after initial 
losses, the sustained loads prevail, providing downward displacements and creep 
enhances this effect, increasing the deflection. 

The segmental bridges of the first generation, built by cantilevering, presented two 
fundamental characteristics (Fernandez Troyano, 2003):  

1) each segment was cast in-situ on formworks, and this implies that creep has a 
greater effect than precast segments, because self-weight is immediately applied 
to the young concrete; 

2) after the two opposite cantilevers were completed, no connection was provided 
between them, maintaining a central hinge or a drop-in girder at midspan and the 
pier clamped to the deck. 

 

a  
b

 
 

c 

Figure 2. Deflections due to creep for a segmental bridge. a) Static scheme and 
configuration; b) deflections with redistribution of forces due to the change of the static 
scheme (internal clamps at midspan and bottom prestressing); c) without redistribution 

of forces (internal hinges at midspan) 
 

Today instead, segmental bridges of the 2nd generation are mostly built by precast 
segments assembled when they are cured; hence, the effects of creep reduce because 
segments are older than those cast in-situ. Furthermore, precast segments have beneficial 
effects on the overall homogeneity of concrete along the bridge, which has homogeneous 
properties with respect to the long-term behaviour. Another important characteristic of 
the modern segmental bridges is that of supplying continuity on piers by clamping the 
cantilever tips at the midspan and disconnecting piers from the deck. In this case a 
redistribution of forces acts on the bridge because of creep (third theorem of linear 
viscoelasticity) and the additional bottom prestressing provided in the central spans is 
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beneficial not only for live loads but also for compensating the redistributed internal 
forces due to permanent loads and the related deflection. The consequence is that 
generally in modern bridges, prestressing prevails on dead loads with initial upward 
displacements in the midspan. 

Figure 2 shows the behaviour of a modern segmental bridge with precast segments (fig. 
2a) in which the analysis is performed with different creep models (Arici et al., 2013); it 
is worth noting that the case of the bridge with the hinge at the midspan (fig. 2c) presents 
deflection that is three times that of the bridge with clamp in the midspan (fig. 2b). This 
effect can increase when segments are cast in-situ or prestressing losses are greater than 
the expected ones. 

 
Prestressing losses 
Segmental bridges with cast in-situ present greater time-dependent losses than precast 
bridges because prestressing acts to younger segments; hence the curve of creep models 
presents higher values of the creep coefficient, and the total prestressing loss increases 
too. This loss is nearly 20-25% over time, and the greatest part of loss occurs in the first 
year of the bridge life even though it remains significant for 50 years, i.e. for the entire 
expected service life. Many models of creep such as the GL2000 and B3 o B4 models, 
included in the ACI recommendations (ACI, 2008; Granata et al., 2013) predict a 
significant increasing rate of creep after many years from construction, contrary to what 
is predicted by the European models like the one of Model Code 2010 (fib, 2012). In each 
case, the prediction of creep coefficient values for long times allows engineers to estimate 
a range of possible increments of deformations over time and finally a realistic value of 
prestressing losses together with the deflection of the bridge. The values at the end of 
service life, both for deflection and prestressing loss, are often greater than the one 
expected in the ‘60s and ‘70s, when the studies on creep were at the beginning, till the 
double of what expected in the design.  

Although this aspect is important and it has shown that the effects of creep over time 
can be greater than expected, prestressing losses can also be immediate and not only time-
dependent, hidden and with an insidious effect than that of the creep losses seen above. 
When prestressing is achieved through rigid bars, like in segmental bridges of the first 
generation, the continuity and transfer of prestressing between one segment and another 
was entrusted to joining sleeves of the bars that were mainly positioned in the joints 
between segments. This means that the stressing operation acts on bars with multiple 
sleeves inside the sheaths, so that the friction initially predicted could increase in an 
unexpected and localized way, precisely in the joints between segments. A much greater 
friction than expected leads to an immediate loss which is very deceptive because it is not 
readable at the stressing jack, except through the evaluation of the elongations. It follows 
that the effective prestressing in the segments is somewhat smaller than expected and the 
bridge therefore has a lower degree of effective prestressing. Some authors (Del Papa et 
al., 1993; Petrangeli, 1995) found that these prestressing losses due to friction can reach 
30-40% more than those estimated for creep, so that effective prestressing becomes 
almost half of that of the design with immediate effects both in terms of deflection 
(Service Limit State) and in terms of Ultimate Limit State. In fact, when sudden losses 
occur, a lower prestressing is applied from the beginning to the bridge and it means that 
a "partial prestressing" rather than an "integral prestressing" acts to the bridge and the 
degree of effective prestressing depends precisely on the sudden loss not expected. Partial 
prestressing implies that cracking can occur for permanent loads and not only for the 
highest levels of traffic loads, as generally conceived by the designers.  

In presence of partial prestressing, in order to evaluate the real prestressing degree, two 
definitions are classically applied: the one by Leonhardt and the one given by Thürlimann 
(Leonhardt, 1964). Leonhardt defines the degree of prestressing in a beam under bending 
through the ratio: 
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  (1) 

in which k = prestressing degree; MD = bending moment that leads the section edge to a 
null value of stress; Mdead+live = maximum value of bending moment due to the worst 
combination of dead and live loads except that due to prestressing. Cracking is directly 
correlated with the prestressing degree. Values of k > 0.6÷0.7 correspond to controlled 
cracking mainly due to live loads, while values of k < 0.6 generally imply permanent 
cracking with reduced performance of the prestressed structure. Furthermore, values of 
k > 0.5 reduce the danger of fatigue problems in prestressing steel. It is worth noting that 
in the case of sudden losses due to friction and increased time-dependent losses, the 
degree of prestressing reduces because it is proportional to the value MD, that is to the 
bending moment value which assures the integral prestressing to the considered cross-
section. In segmental bridges this evaluation is generally done in the cross-section above 
pier, at the clamp of the cantilever deck to the pier top. 

Another definition of the prestressing degree, based on the prestressing steel 
percentage in the section and on the steel strength, is given by Thürlimann: 

 (2) 

where l = prestressing degree; Ap = area of prestressing tendons; fp,0.2k = characteristic 
conventional yield strength of prestressing steel; As = area of ordinary reinforcements; fyk 
= characteristic yield strength of ordinary steel. 

The latter parameter cannot be used in this case, because it does not consider the 
prestressing loss respect to what initially expected, maintaining the hypothesis that all 
prestressing reinforcement is effective and the design already predicted the ratio between 
mild reinforcements (dimensioned for cracking in the design) and prestressing tendons. 
Hence, this definition cannot be correlated to the actual stress state of cross-section and 
to the cracking attributable to unexpected losses. 

REHABILITATION WITH ADDITIONAL PRESTRESSING 
The effects seen above on the segmental bridges of the first generation increase the 
deflection together with cracking, especially in the area of the deck above the pier where 
negative bending moments are maximum. The combination of these effects leads to the 
noticeable and unexpected deformations of these bridges which do not benefit from the 
bottom prestressing inside the box section and from the continuity in the midspan. A 
hypothesis of rehabilitation of these bridges through external prestressing is investigated 
in the following, on the base of a real bridge designed in 1962 by Carlo Cestelli Guidi 
(1986) for the A3 motorway in Italy, the Grottalunga viaduct. This bridge has three spans 
and a central drop-in span between Gerber saddles placed at the cantilever tips. In this 
case the effect of the pier on the structural behaviour can be investigated highlighting the 
additional deflections of midspan due to the in-ward deformations of tall piers. 

Figure 3 shows the geometry of the bridge from original drawings. It is long 221 m 
with the central span of 115 m and the side ones long 53 m; the drop-in span is long 19 
m. The average length of segments is 3.5 m and the box cross-section has a variable height 
from 7.0 m above piers to 2.2 m at the cantilever tip; the carriageway is about 10 m wide. 
Prestressing is provided by Dywidag bars, diameter 32 mm, with yielding strength fpyk = 
800 MPa and ultimate strength fptk = 1050 MPa. Bars are coupled by internal sleeves at 
the segment joints. Concrete strength is fck = 40 MPa. The deck cross-section at the top 
of pier presents 160 prestressing bars and the estimated prestressing force in service life 
by the designer was about 75000 kN. Piers average height is 35 m from foundation to the 
bottom of the deck. A Finite Element model of the bridge (fig. 4) was carried out and 
analysed with different hypotheses of prestressing losses and creep coefficient. 
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Figure 3. Geometry of the Grottalunga viaduct (from Cestelli-Guidi, 1986) 

 

 
Figure 4. FE model of the bridge 

 
Analysis of time-dependent deflection and prestressing loss on segmental bridges 
In order to evaluate the effects seen above on real bridges, the model of the Grottalunga 
bridge was analysed by varying the following parameters: 

1) Static scheme of the bridge: the bridge is analysed in its actual configuration, with 
the three spans and the tall piers and in another configuration of multiple spans 
similar to the central one and in sequence; this is done in order to simulate the 
behaviour of bridges with several spans of the same kind and two final side spans, 
very common for this typology and with the aim of investigating the effect of the 
tall pier combined with the fixed bearing at the cantilever tip of the side span, 
which modifies the overall behaviour of the bridge.  

2) Prestressing loss due to friction: the bridge is analysed without additional friction 
losses, considering only the time-dependent losses and in the case of an additional 
loss of 30% in the sleeves of Dywidag bars. 

3) Partial prestressing: the bridge is analysed in the case of no cracking in the 
cantilever cross-sections (integral prestressing) and in the case of cracking (partial 
prestressing), by varying the elastic modulus of concrete, reducing it to one third 
in the cracked regions (deck sections above piers and external side of piers). 

The results were summarized in four main cases: a) no prestressing loss – no cracking; 
b) 30% prestressing loss – no cracking; c) 30% prestressing loss – cracking; d) 30% 
prestressing loss – multi-span structural scheme. 

Figure 5 shows the results in terms of deflection for the four cases examined, found 
with the creep model of fib Model Code 2010 (fib, 2012), where: relative humidity is RH 
= 50%, equivalent height h = 2Ac/u = 500 mm, concrete strength fck = 40 MPa. The model 
supplies an average creep coefficient at 20000 days, j(10, 20000) = 2.12. The fib 
MC2010 model is chosen among the other models because it supplies an average value 
of the creep coefficient in accordance also with the ACI model, avoiding an excessive 
value of creep compliance for the evaluation of the real behavior of the bridge as it can 
happen with models B3, B4 and GL2000. Each segment is cast in-situ and self-weight is 
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applied at 10 days from cast; in a first approximation the analysis is performed through 
the implementation of the linear viscoelasticity in the hypothesis of homogeneous 
segments with respect to creep and symmetrical behaviour of cantilevers. In the analysis, 
Stage 0 is the end of cantilever construction, afterwards the drop-in span is built and the 
fixed bearings at the end of spans are inserted; final time of analysis is 20000 days, 
corresponding to 60 years of age. The midspan deflection increases from the initial value 
that is a downward displacement of about 15 mm. This depends on the fact that the value 
of designed prestressing does not provide integral prestressing in the most stressed 
sections, hence initial prestressing does not perfectly balance the permanent loads, 
favoring a downward displacement. 

 
Figure 5. Deflections at 20000 days for different models of the bridge 

In the case (a) of no loss and no cracking on the three-span scheme, the maximum 
deflection is 314 mm, depending on time-dependent prestressing losses and creep effects 
on the initial downward displacement, for the first principle of linear viscoelasticity. In 
this configuration at the pier top 0.19 degrees of rotation occur and the effect of the tall 
pier deformability contributes moderately to the midspan deflection, while in the Gerber 
saddle of drop-in span 0.42 degrees of rotation occur. The degree of prestressing, 
computed through eq. (1) is k = 0.89. 

In the case (b) of 30% loss and no cracking on the three-span scheme, the maximum 
deflection is 437 mm; hence, the effect of friction losses alone increases the deflection of 
about the 39% with respect to the previous case. At the pier top 0.23 degrees of rotation 
occur while the rotation of the drop-in span is 0.66 degrees. In this case, prestressing 
degree, computed through eq. (1) is k = 0.63. 

In the case (c) of 30% loss and cracking on the three-span scheme, the maximum 
deflection is 571 mm, showing that cracking and pier deformation contribute in 
substantial way to the midspan deflection, increasing the downward displacement of the 
previous case of about 30% and even of the 80% the one registered by the case (a). The 
in-ward rotation at the pier top achieves the notable value of 0.30 degrees and the rotation 
of the drop-in span is 0.89 degrees. Prestressing does not change respect to the previous 
case, maintaining to k = 0.63. 

In the case (d) of 30% loss and cracking on the multi-span scheme, the maximum 
deflection at the cantilever tip is 324 mm, showing that the effect of pier in-ward 
deformation and fixed end bearings contribute for about the 55% of the total midspan 
deflection. The symmetric construction and the absence of the side bearings make 
unnoticeable the rotation of the pier top. 

Results are summarized in table 1. 
 

Table 20. Summary of deflection results. 
Type Case a Case b Case c Case d 

Maximum deflection [mm] 314 437 571 324 
Rotation at the Gerber saddle [°] 0.42 0.66 0.89 - 

Prestressing degree k 0.89 0.63 0.63 0.63 
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Bridge rehabilitation and results after intervention 
The main aim of the rehabilitation of a segmental bridge of this type is to recover the 
deflection recorded at the cantilever tip. But this, which concerns the Service Limit State, 
is not the only objective, as the cracking due to partial prestressing also involves the 
Ultimate Limit State, reducing the performance of the bridge and the safety factor with 
respect to failure in the most stressed sections. 

Furthermore, it is known that the effects of creep cannot be easily recovered, but the 
reduction of deflection is mainly entrusted to the recovery of the elastic deformation and 
an upward displacement that can be induced by new additional prestressing. 

Consequently, the rehabilitation strategy considered here is composed of two 
interventions that can be effective on this type of segmental bridges:  

1) an additional external prestressing, consisting of rectilinear tendons that extend for 
the entire cantilevers at both sides of the pier, placed at the intrados of the top slab inside 
the box section (fig. 6);  

2) a reduction in the weight of the drop-in span by replacing it with a steel-concrete 
span.  

If the initial prestressing rate and the subsequent losses are considered, it was estimated 
that additional prestressing could be applied through 18 tendons with 12 strands of 0.6”, 
for a total prestressing force equal to 36000 kN. Of course, the eccentricity of the tendons 
with respect to the center of gravity of segments provides a contribution of bending 
moment in opposition to dead and live loads, which is beneficial both in terms of stress 
state and reduction of deflection, closing the permanent cracking on the deck. 
Furthermore, the new drop-in span results in the overall reduction of weight of about 1450 
kN, contributing to the elastic recover of displacements. The prestressing degree achieved 
with the intervention is k = 1.05; it is greater than one because the additional prestressing 
has been evaluated for recovering the maximum value of deflection, exceeding the degree 
related to integral prestressing.  

 

 
Figure 6. Additional prestressing layout along the bridge 

 
Figure 7 shows the result of the rehabilitation in the four cases examined. It is worth 

noting that the combination of the two interventions (prestressing and substitution of the 
drop-in span) leads to a residual deflection that varies from 70 to 190 mm, that cannot be 
recovered and must be compensated by a new lightweight pavement, after rehabilitation. 
From figure 7c it is possible to see that the case in which the intervention shows its 
maximum effectiveness is when it helps to reverse the deformation of the pier, recovering 
the deflection from 571 mm to 157 mm, that is an overall recover factor of 72%.  

Due to the non-linear and quasi-permanent nature of the deformative effects of creep, it 
is not possible to have a better efficacy of the intervention together with acceptable values 
of additional prestressing and maximum compressive stresses, achieving an average 
recover of deflection of 60%. However, this result can be judged sufficient to restore 
safety degrees in terms of the Service and Ultimate Limit States. This type of intervention, 
among other things, avoids the need for demolition and reconstruction of the entire bridge, 
which often implies excessive social costs, also forcing the closure of the road and 
discomfort for users. Furthermore, considering that these bridges are now unquestionably 
part of the history of modern bridges and construction methods, also considering their 
historical value, it is ethically responsible to evaluate the possibility of recovery and 
rehabilitation instead of demolition, especially in cases where the road network does not 
provide for significant changes to the layout or carriageways. 
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a  b 

c  d 

 
Figure 7. Deflections at different stages for the cases examined. a) no loss – no 

cracking; b) 30% loss – no cracking; c) 30% loss – cracking; d) 30% loss – multispan. 
 

CONCLUSIONS 
The segmental bridges of the first generation, built by the cantilever method with in-situ 
castings, often present unexpected and excessive deflections which, after about 50-60 
years from construction, result in problems involving the Service Limit State but also the 
Ultimate Limit State, as the prestressing losses can lead to a permanent state of cracking 
of the cantilever. 

This paper explored the causes of deflections for bridges with prestressing bars 
showing friction losses, deformation of tall piers and significant effects of creep on initial 
elastic deformations. Furthermore, the presence of a drop-in span or hinges at midspan 
and the absence of the midspan clamp with bottom prestressing contribute to the increase 
in deformation over time. 

A coupled intervention to remedy this situation and to rehabilitate the bridge is that of 
adding external prestressing and substituting the drop-in span, trying to recover as much 
as possible the deflection accumulated over time. However, the nature of the creep 
deformations limits the effectiveness of the intervention with additional prestressing to 
the balancing effect of elastic deformations of new prestressing, being creep deformations 
almost exhausted after 60 years from construction.  

Based on the case of a real bridge designed by Cestelli Guidi in the 1960s, different 
bridge models have been carried out, varying the main parameters governing the problem 
and thus finding the maximum deformation effect for the combination of unexpected 
friction losses, in-ward piers deformation and cracking due to partial prestressing acting 
to the cantilever sections. 

The average recover of deflections is about 60% of the initial one and additional 
prestressing is about the 40% of that established by the designer, the unexpected loss often 
being of 30-40%. After the intervention total prestressing is achieved and permanent 
cracking is avoided, also improving the serviceability. 
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Reinforced concrete beams strengthened in shear with U-
shaped PBO FRCM (Fabric Reinforced Cementitious 

Mortar) composites: analysis of prediction models 
M. Guglielmi77, and L. Ombres78 

 

ABSTRACT: FRCM composites, consisting of fiber fabrics embedded into inorganic matrices (cement or 
lime mortars), are suitable systems for strengthening and repair reinforced concrete structures. Shear 
strengthening is, generally, made with U-shaped strips bonded in different configurations (continuous or 
discontinuous). As recognized by experimental investigations, shear capacity of FRCM strengthened beams 
is strongly influenced from strip debonding. Prediction models of strengthened beams shear capacity focus 
on the effective strain as the representative parameter of debonding. This paper provides an assessment of 
the commonly adopted models for predicting the shear capacity of FRCM strengthened reinforced concrete 
beams. In addition, a new model founded on the evaluation of the effective strain by the results of bond 
tests is proposed. The comparison between models predictions and available experimental results allows to 
evaluate the effectiveness of the performed analysis. 

INTRODUCTION 
Fabric Reinforced Cementitious Mortar (FRCM) composites, consisting of fiber fabrics 
embedded into inorganic matrices (cement or lime mortars), are suitable systems for 
strengthening and repair reinforced concrete structures. Experimental studies and 
research have proven that the use of FRCM composites as externally bonded 
reinforcements enhance the bending and shear strength of reinforced concrete elements 
and improve significantly the behavior of reinforced concrete columns subjected to axial 
loads. The shear strengthening of reinforced concrete beams is, generally, made by U-
shaped FRCM strips externally bonded around the cross section. They can be 
continuously or discontinuously applied along the beams. 
Composite debonding usually occurs when the U-wrapped configuration is adopted; 
however, different failure modes can take place when specific FRCM systems are used.  
As well-known, the behavior of FRCM strengthened structural elements is related to the 
failure modes occurring at the substrate-to-reinforcement interface among those the 
debonding phenomenon plays the most significant role.  Since this failure mode is deeply 
complex, design approaches commonly refer to specific parameters, such as the effective 
strain or the effective stress, that account for the general loss of composite action. The 
effective strain efe is defined as the average strain in the fibers crossing the shear crack at 
failure; its value is strictly related to the bond between the concrete substrate and the 
strengthening material.   
The use of an effective strain or stress allows to perform a traditional cross-sectional 
analysis in evaluating the bearing capacity of the strengthened beams. However, it is 
important to underline that the debonding process involves also the interfacial shear 
stresses; so a local cross-section analysis cannot fully describe the phenomenon. 
To evaluate the effective strain, different methods can be employed; among these, 
analytical procedures based on the determination of the composites strain at failure and 
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semi-empirical procedures founded on experimental results. The former requires some 
assumptions to model the FRCM strengthened beams behavior while the latter focused 
on the direct measurements on the composite system. Due to the complex phenomenon 
governing the failure mode, the evaluation of the effective strain by an analytical general 
formulation is too difficult. Empirical procedures found on the analysis of experimental 
results can be adopted to overcome these drawbacks.  
The effective strain depends on the FRCM-to-concrete bond properties; therefore, 
formulations that take into account the bond behavior of the FRCM system are needed to 
use a design approach based on the effective strain. 
Since direct shear tests are generally conducted to analyze the stress transfer mechanism 
of FRCM systems, at the fiber/mortar and/or composite/substrate interface, it is possible 
to connect the debonding strain attained in the composite system with the effective strain 
in strengthened reinforced concrete beams.  
In this paper, direct shear test results obtained on PBO-FRCM-to-concrete joints was 
collected in a database; a regression analysis of the data made possible to evaluate the 
debonding strain in the composite system; thus, this value was used to predict the shear 
capacity of FRCM shear strengthened reinforced concrete beams.  
However, it is not clear how direct shear tests results could be related to the effective 
strain in the FRCM systems used as shear strengthening of reinforced concrete beams, so 
a comparison with experimental results is needed. At this aim, the proposed model 
predictions were compared with those of other models available in the literature and with 
experimental results obtained by tests on FRCM shear strengthened reinforced concrete 
beams. 
 

SHEAR CAPACITY OF FRCM STRENGTHENED REINFORCED CONCRETE 
BEAMS 

The shear capacity of FRCM strengthened reinforced concrete beams is computed by 
adding the contribution of the composite system, Vf, to the shear capacity of un-
strengthened element Vunst= Vc +Vs 
 

VR= Vc+Vs+Vf       (1) 
 
being Vc and Vs the concrete and the internal steel reinforcement contribution, 
respectively. Vc and Vs can be calculated by using the current relationships for the un-
strengthened reinforced concrete beams (ACI 440.4R, 2020; CNR-DT 215, 2018) while 
the contribution of the FRCM reinforcement. Vf, is evaluated through the truss model 
theory as:  
 

Vf= efe Ef rf b d (ctg q +ctg a)(wf/sf) sina                                   (2) 
 
In Eq. (2), efe and Ef  are the “effective strain” and the elastic modulus of the textile, 
respectively, rf is the FRCM reinforcement ratio, defined as rf = 2 nf teq /b, where nf is the 
number of layers, teq the equivalent thickness of a single layer, b and d the width and the 
effective depth of the cross-section, sf and wf the spacing measured along the longitudinal 
axis and the width of FRCM strips, respectively, q the angle of the diagonal crack (usually 
assumed equal to 45°) and a the inclination angle between the main direction (warp 
direction) of fibers and the beam axis perpendicular to the shear force.  
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Prediction models       
Some available models are considered in this study to evaluate the contribution of the FRCM to 
the shear strength of reinforced concrete beams. They were subdivided in two groups: models 
expressing the effective strain determined by a regression analysis of experimental results (group 
I) and mechanics-based models (group II). 
In the regression-based models the effective strain of the FRCM is expressed as a function of its 
axial rigidity Ef rf  combined with the concrete compressive strength, fc 

 
efe= a (fc2/3/Efrf)b  efu                                                                    (3) 

 
being a and b numerical coefficient depending on the analyzed experimental results and 
efu the ultimate strain of the fibers.  
Mechanical-based models take into account both the axial rigidity of the FRCM 
composite and the available bond length. In these models, the contribution of the 
composites is depending on the effective stress of fibers ffe=Ef efe, determined on the basis 
of all geometrical and mechanical parameters involved. 
 
2.1.1. Regression-based models 
Three regression-based models were considered in this study, namely the model of Escrig 
et al. (Escrig et al., 2015), the model proposed by Thermou et al. (Thermou et al., 2019) 
and the model proposed by Ombres and Verre (Ombres and Verre, 2017).  
The Escrig et al. model, is applicable to beams for which the debonding of FRCM strips 
is avoided (anchored strips); it was derived from the analysis of the test results on 
reinforced concrete beams strengthened in shear with U-shaped FRCM composites and 
using data collected from the literature. The relationship for computing the effective strain 
of fibers was: 
 

efe= 0.020 (fc2/3/Ef rf)0.55  efu    (4) 
 
In Eq. (4) fc and Ef  are expressed in units of MPa and GPa, respectively. 
A regression analysis of results of tests conducted on reinforced concrete beams 
strengthened in shear with U-wrapped Steel Reinforced Grout (SRG) strips, was 
performed by Thermou et al. to predict the effective strain of the textile. The following 
analytical expression was derived:   
 

efe= 0.015 (fc2/3/Ef rf)0.94  efu    (5) 
 
A best fit analysis of results of tests on reinforced concrete beams strengthened in shear 
with U-shaped strips was performed by Ombres and Verre. In all the examined beams,  
failure was due to debonding; the following relationships for computing the effective 
strain were proposed: 
 

efe= 0.055 (fc2/3/Ef rf)0.39  efu for un-coated fibers (6) 
 

efe= 0.010 (fc2/3/Ef rf)0.21  efu for coated fibers (7) 
 
In Eqns (6) and (7), Ef is expressed in GPa. 
 
2.1.2. Mechanics-based models 
The mechanics-based models considered in this analysis were the modified Cheng and 
Teng model (Tetta et al, 2018) and the ACI 549 4R-20 (ACI 2020).  
The Chen and Teng model was originally defined for FRP shear strengthened reinforced 
concrete beams; it can be applied for all strengthening configurations of composite jackets 
(Side Bonded, U-Wrapped). The contribution of the composite to the shear capacity of 
strengthened beams is expressed as 
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Vf= 2 ffed tf hef (ctg q +ctg a)(wf/sf) sina                                   (8) 
 
being ffed the design value for the effective stress in the jacket expressed as ffed =Dfffedmax, 
where Df is the stress distribution factor and ffedmax is the maximum design stress in the 
jacket, while hef is the effective depth of the jacket. The average stress of the jacket, ffed, 
is based on the assumption that the stress distribution in the jacket along the shear crack 
is not uniform at the ultimate limit state. The maximum stress in the strengthening jacket 
intersected by the shear crack, ffedmax and the stress distribution factor Df are the key 
parameters of the model.  
The stress distribution factor Df is given by the following equations 
 

𝐷5 =
2
𝜋l �

1 − 𝑐𝑜𝑠 R𝜋l2 T

𝑠𝑖𝑛 R𝜋l2 T
� 				l ≤ 1 

𝐷6 = 1 − cG.
𝜋l

          l > 1     (9) 

being l the normalized maximum bond length parameter defined as l= lmax/le where  

lmax= hfe/sina (U-wrapped strips) and 𝑙; = �
d7/7
e6$

 are the available and the effective bond 

length, respectively. 
The expressions of ffedmax and Df for reinforced concrete beams strengthened in shear with 
FRCM systems, defined by Tetta et al, (Tetta et al., 2018) through an analysis of 
experimental results, were  

𝑓6;A123 = 8.67𝛽f𝛽E�
#777e6$

/7
    (10) 

𝑙; = 15�
#777/7
e6$

    (11) 

In Eqns (10) and (11) units are in MPa and mm. The coefficients bl and bw that reflect the 
effective bond length and the effect of jacket to concrete width ratio, respectively, are 
given as 

𝛽E = 1		𝑖𝑓	l ≥ 1;		𝛽E = sin `cl
.
a 			𝑖𝑓	 l < 1   (12) 

𝛽f = �.Gf7/gJ7J"$:h
#]f7/gJ7J"$:h

       (13) 

The ACI 549 4R-20 provides the following expression to determine the contribution of 
the FRCM strengthening 
 

Vf= n Af ffvdf      (14) 
 
being n the number of composite layers, Af the area of the textile by unit width effective 
in shear, df the effective depth of the shear FRCM reinforcement (for a rectangular cross 
section it is equal to the effective depth, for a T-shaped cross section it is equal to the 
effective depth reduced by the height of the slab). The design tensile strength of the shear 
FRCM reinforcement is calculated from the equation 
 

ffv=efV Ef     (15) 
 
where the design tensile strain is expressed as efv=efu< 0.004.  
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The proposed model 

As previously mentioned, the effective strain is mainly dependent on the mechanics of 
the stress transfer between the strengthening system and the substrate. Direct shear tests 
are generally carried on to analyze the stress transfer mechanism at the interface 
composite system/concrete substrate or, as for FRCM and SRG systems, at the interface 
fiber/mortar. The experimental observations of bond tests evidenced that the failure of 
FRCM composites may occur as debonding at different interfaces, that is at the matrix-
fiber interface with slippage of the fibers (mode A), at the matrix-fiber interface with 
damage of the matrix (mode B), at the matrix-substrate interface without damage of the 
substrate (mode C) and at the matrix-substrate interface with detachment of a thin layer 
of the substrate (mode D). Some of the FRCM shear strengthened beams failure occurred 
due to the debonding of the strips following the above described modes; it is, then, 
reasonable to correlate the strain attained in the FRCM system in direct shear tests with 
the effective strain in the composite strips of strengthened reinforced concrete beams. 
Direct shear tests are more simple and less expensive than those performed on full-scale 
reinforced concrete beams; in addition, they allow to evaluate mechanical properties of 
the strengthening system as indicated by Codes and Guidelines (National Research 
Council, 2018). Thus, a large number of experimental observations are available and can 
be used to evaluate the effective strain of the strengthening systems. It should be pointed 
out that the evaluation of effective strain through the results of the shear tests requires 
that edge effects, which in the case of U-wraps can be detrimental for fibers, be limited 
or absent. To this end, it is necessary that the installation of U-wraps be performed after 
edge rounding as suggested by current guidelines and technical standards. 
In a recent study (Ombres and Verre, 2021) the effective strain of a SRG system, 
evaluated by a regression analysis of bond test results, was adopted to predict the 
contribution of the composite to the shear capacity of strengthened reinforced concrete 
beams. A good correlation between predictions and experimental results was observed. 
In this paper, the procedure is applied to a database of direct shear test results obtained 
by testing PBO-FRCM system/concrete joints with the aim to define a feasible prediction 
model. 
 
2.2.1. The database of direct shear test results 
The results of 221 direct shear tests performed on PBO FRCM-to-concrete joints were 
collected and analyzed. The experimental results were available in the literature (Ombres, 
2015; D’Ambrisi et al., 2013; Sneed et al., 2014; D’Antino et al., 2014 ); the range of 
variability for the parameters characterizing the collected data are listed in Table 1 where 
lb (mm) the bonded length, bf (mm) the width of the PBO-FRCM strips, fcm and fc (MPa) 
the compressive strength of the mortar and the concrete substrate, respectively, tf and Af 
the equivalent thickness and the area of the textile, respectively.  
 

Table 1. Range of variability for the collected bond test data 
 lb 

(mm) 
bf 

(mm) 
fcm 

(MPa) 
fc 

(MPa) 
tf 

(mm) 
Range  100-450 50-80 28.4-30.4 26.3-42.5 0.00455-0.263 

  
Figures show the variation of experimental strain values determined by single lap direct 
shear tests with the axial rigidity Eftf (Figure a) and the concrete strength (Figure b). 
Through the approach commonly adopted in regression-based models, the effective strain 
of the PBO FRCM reinforcement can be predicted by the following analytical relationship  
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         (16) 

where a and b are unknown parameters calibrated by a best-fit analysis to minimize the 
difference between predicted and experimental strain values.  

Figure 1: Single lap direct shear results: debonding strain versus Eftf (a) and concrete 
strength, fc (b)  
 
Using the mean square error (MSE) method, the values determined by the analysis of the 
database were a= 0.28 and b=0.60 (MSE=0.0015); as a consequence, Equation (16) 
becomes: 

efe= 0.28 (fcm2/3/Eftf)0.6 efu     (17) 
 

Figure 2 shows the comparison between predictions furnished by Eq. (17) and direct shear 
tests results; the analysis of both graphs evidences the good accuracy of predictions (R2= 
0.8232) and the effectiveness of the proposed relationship (Eq. 17). 

 

 
Figure 2. Direct shear tests: comparison between experimental results and predictions 

 
The coefficients a and b take into account the contributions of all involved parameters 
such as the mechanical properties of fibers and mortar. Further investigations are 
therefore needed for a more accurate formulation of the model to make explicit the 
mechanical properties of the mortar, which, as found experimentally, significantly affects 
the value of debonding stresses and strains. 
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3. SHEAR STRENGTHENED REINFORCED CONCRETE BEAMS: 
COMPARISON BETWEEN PREDICTION MODELS 
 
The effectiveness of the examined models was evaluated through a comparison between 
their predictions and the experimental results obtained by tests performed on PBO-FRCM 
shear strengthened reinforced concrete beams. At this aim, a database of reinforced 
concrete beams strengthened in shear with PBO-FRCM U-shaped strips was collected 
from the literature (Ombres, 2015; Aljazaeri and Myers, 2017; Loreto et al., 2015; Trapko 
et al., 2015, Escrig et al., 2014). All collected beams failed by debonding at the fiber-to-
matrix interface. Predicted values of the shear contribution of the PBO-FRCM were 
determined by Eq. (2) while the experimental values were evaluated as the difference 
between the ultimate shear capacity of strengthened beams and the ultimate capacity of 
the corresponding control beams.  
Table 2 reports the results of the above-mentioned comparison; for each considered 
model, the values of the predicted/experimental ratio were also reported. 
The analysis of the results shows that all the examined models overestimate the 
experimental values. The modified model by Chen and Teng and the model proposed by 
Thermou provide excessively higher predictions than the experimental results; this is 
mainly due to the definition of both models, which is based on experimental results 
obtained on reinforced systems other than PBO-FRCM. Chen and Teng model had been 
modified referring to an experimental database of Carbon-FRCM reinforced beams, while 
Thermou et al. proposed a model based on the experimental results obtained on SRG 
reinforced beams. A more contained overestimation was furnished by the ACI model, 
which predictions are strongly influenced by the limit set on the effective strain value 
(εfe< 0.004), while accurate predictions have been provided by the models developed by 
Escrig et al. and Ombres and Verre as well as by the proposed model. The average value 
of the predictions provided by the latter model exceeds the experimental values by about 
20%; this result requires a more detailed verification to be carried out on a larger sample 
of data. The proposed method seems nevertheless to be effective, confirming the 
reliability of the results obtained through the shear tests on the reinforced concrete beams 
shear strengthened with U-shaped FRCM. Figure 3 shows the comparison between 
theoretical predictions and experimental results as the reinforcement (i.e. number of 
textile reinforcement layers) varies. Both the analysis of the reported Figures and the 
results collected in Table 2 highlight the predictions accuracy of the examined model 
(except for the model proposed by Thermou et al.) in the case of reinforced concrete 
beams strengthened with a single layer of textile. In particular, the average of the 
experimental / predictions ratio is equal to 1.63 for the modified Chen and Teng model, 
1.036 for the ACI model, 1.18 for the Ombres and Verre model and 1.085 for the proposed 
model, respectively. The model defined by Escrig underestimates the experimental 
values; the ratio between predictions and experimental values is in fact equal to 0.83. In 
the case of shear reinforced beams with two or more textile layers, all the models 
predictions are much higher than the experimental values. This result is due to the 
definition of the models, based on the results obtained for single-layer reinforcements. A 
further analysis is therefore needed also to face the technical limitations of the currently 
available models. 
 



The New Boundaries of Structural Concrete 
 
 

 256 

Table 2. Comparison of prediction models and experimental results 
Ref. Specimen  Vu,exp  

(kN) 
Vf,exp  
(kN) 

CH&T 
 (kN) 

Pred/Exp 
(-) 

ACI 
 (kN) 

Pred/Exp 
(-) 

ESC 
(kN) 

Pred/Exp 
(-) 

THE 
(kN) 

Pred/Exp 
(-) 

OMV 
(kN) 

Pred/Exp 
(-) 

Proposed 
(kN) 

Pred/Exp 
(-) 

 TRA1 94.37 19.02 40.58 2.13 21.87 1.15 20.22 1.06 75.18 3.95 28.40 1.49 29.00 1.52 
 TRB1 139.53 33.83 44.93 1.33 21.87 0.65 23.25 0.69 95.44 2.82 31.20 0.92 33.70 1.00 

Ombres,2014  TRB2 95.83 27.37 77.50 2.83 43.74 1.60 27.09 0.99 75.79 2.77 43.40 1.59 37.40 1.37 
 TRB3 95.83 27.47 53.03 1.93 43.74 1.59 12.90 0.47 72.49 2.64 27.20 1.00 17.80 0.65 
 TRB4 99.98 10.15 27.64 2.72 21.87 2.15 9.57 0.94 71.17 7.01 17.80 1.75 13.70 1.35 
 TRB5 99.88 10.05 78.4 7.80 65.61 6.53 15.69 1.56 76.02 7.56 35.50 3.53 21.30 2.12 
                
 B-02 191.50 29 39.22 1.35 26.68 0.92 16.75 0.58 77.35 2.67 27.50 0.95 20.60 0.71 

Aljazaeri and 
Myers, 2017 B-03 192 29.50 148.39 5.03 106.73 3.62 67 2.28 84.06 2.85 66 2.24 35.80 1.21 

 B-04 200 37.50 55.47 1.48 26.68 0.71 33.50 0.89 154.71 4.13 42.60 1.14 41.10 1.10 
 B-05 213.50 51 209.85 4.11 106.73 2.09 134.01 2.63 168.13 3.30 102 2.00 71.60 1.40 
                
 L_1_X 101.57 18.14 44.38 2.44 24.11 1.33 22.01 1.21 81.09 4.47 31.10 1.71 31.20 1.72 

Loreto et al. 
2015 L_4_X 125.58 42.15 165.50 3.93 96.42 2.29 88.04 2.09 88.12 2.09 74.50 1.77 54.40 1.29 

 H_1_X 115.59 23.96 49.20 2.05 24.11 1.01 25.37 1.06 103.36 4.31 34.20 1.43 36.50 1.52 
 H_4_X 147.85 56.22 184.80 3.29 96.42 1.72 101.48 1.81 112.33 2.00 81.90 1.46 63.50 1.13 
                

 Trapko et 
al.,2015 B1 128.50 52.29 27.64 0.53 19.44 0.37 10.15 0.19 41.16 0.79 17.70 0.34 14.70 0.28 

                
Escrig et al., 

2014  
V-

PXM750-1 100.78 37.88 47.47 1.25 24.69 0.65 34.70 0.92 173.59 4.58 42.60 1.12 34.10 0.90 

 V-
PXM750-2 108.11 45.22 47.47 1.05 24.69 0.55 34.70 0.77 173.59 3.84 42.60 0.94 34.10 0.75 

     Average  2.663  1.701  1.184  3.634  1.492  1.178 
CH&T= Chen and Teng modified model ; ACI= ACI model ; ESC=Escrig et al. model; THE=Thermou et al. model; OMV=Ombres and Verre model  
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Chen and Teng modified model   ACI model 

 

  
Escrig  model                                              Thermou model 

 

 
      Ombres and Verre model    Proposed model 

 
Figure 3: Comparison of prediction models and experimental results  

 
4. CONCLUSIONS 
 
The main conclusions drawn from this study are summarized as follows:  
-models predictions are reliable for reinforced concrete beams strengthened in shear with 
a single layer of PBO-FRCM strips. All the models excessively overestimate the 
experimental results when multilayers strips were used; 
- the proposed model provides accurate provisions giving evidence of the shear bond 
effectiveness to the definition of the composite effective strain. 
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SMART reinforced and geopolymer concrete with enhanced 
durability: MAREWIND solution, a case study 

 
Ingrosso I.1, Tarantino V.2, Angiuli R.3 

 

ABSTRACT: In the frame of MAREWIND project (founded by the European Union’s Horizon 2020 
research and innovation program under Grant Agreement N° 952960), an innovative and green concrete 
formulation based on Alkali – Activated Materials (AAM) and a Structural Health Monitoring (SHM) 
system based on Fibre Optic (FO) sensors integrated in FRP rebars (defined for this reason SMART Rebars) 
have been developed for the application in Ground Based Structures (GBS) of offshore wind farms. 
Combined use of AAMs with SMART FRP rebars should thus provide an innovative green solution 
avoiding problems of chloride attack in steel reinforcing bars and therefore increasing reliability and 
durability. 
The results of validation tests and experimental program related to mechanical tests (i.e. compression tests, 
indirect tensile test and flexural strength tests, etc.) that was carried out to assess the performance of the 
presented innovative solution are presented in the work.   

 

INTRODUCTION 
Traditional construction materials generally undergo a number of durability threats during 
the service life which are even magnified in harsh environment as the marine one. Mineral-
based concrete made of eco-efficient AAMs (Alkali Activated Materials) are used in 
MAREWIND project (founded by the European Union’s Horizon 2020 research and 
innovation program under Grant Agreement N° 952960) to overcome durability problems 
of traditional concrete when exposed to chloride, organic acids and sulphate attacks. 
Additionally, non-metallic reinforcements based on FRP (Fiber Reinforced Polymers) are 
used to overcome any potential durability problems related to steel corrosion. 
Furthermore, such reinforcement are sensorized with embedded Fibre Optic sensors to 
realize a Structural Health Monitoring (SHM) system able to provide real-time feedback 
of the structural beaviour of components, thus becoming SMART FRP rebars.  
Alkali-activated materials (AAMs) are alternative green materials that have a high 
potential as alternative binder as compared to ordinary Portland cement (OPC), because 
of their high performance (high early strength, good resistance against acid and sulphate 
attack, etc.) beside lower CO2 emissions.  
However, these materials present different problems, such as quick setting time, poor 
workability and high shrinkage. These problems are related to the type of slag that is used 
and, therefore, vary according to their chemical composition; The mixtures developed in 
the project have been optimized to reduce these effects. During the experimental activities 
these problems were mitigated by optimizing the powder - activator ratios and the type of 
aggregates. 
SMART FRP rebars as reinforcement in concrete provide to the structure the advantages 
of FRP rebars (lightness, high mechanical strength and no corrosion) and the ability to 
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monitor the strain evolution of the structure, from the casting throughout its entire service 
life, allowing the reduction of maintenance costs and time.  
Fibre Optic (FO) cables are made of different concentric cables. The first two cables (core 
and cladding) are, generally, glass cables of 9 nm and 125 nm diameters, respectively. 
They are the wave guide that confines and transmits the light inside the FO and are known 
as bare FO. Because of the high brittleness of these cables, bare FO are normally coated 
with further cables, known as protective coatings, able to increase the strength of the FO. 
When used as strain sensors, the FO cable must transfer the applied strain without any 
slippage between the different layers of coatings, thus bare fibres would appear to be most 
suitable FO to be used. However, bare cables are brittle and unsuitable in a harsh 
environment. Therefore, strain sensing cables with an acrylate coating (final diameter 250 
µm) to serve as a protection layer have been used. 

DEVELOPMENT OF NEW CEMENT FREE SMART REINFORCED 
CONCRETE 
Alkali-activated materials (AAMs) characteristics 
One of the objectives of the MAREWIND project, concerns the development of a 
cementless concrete based on alkaline activators with physical characteristics, resistance 
and durability comparable to ordinary Portland concrete (OPC). This article provides 
information on the fresh and hardened state characterization of the geoconglomerate 
developed, while the durability tests (NT Build NT-492 and AASHTO T358: chloride 
intrusion, EN 12390-8: water penetration resistance and ASTM C666: material 
freeze/thaw resistance) are still in progress. Furthermore, since activated alkaline 
materials have a very viscous behavior and generally have very fast setting times (fast 
short-term strength development), they are difficult materials to mix and use. For this 
reason, another objective of the experimental program is also to verify that the viscosity 
of the material and the rapid setting time give not negatively affect the survival of the fiber 
optic sensors embedded in the concrete during the curing time. The development of 
geopolymer concrete involved the design of different mixtures for which components 
were mixed in different proportions and couplings in order to obtain a conglomerate with 
characteristics in the fresh and the hardened state comparable to the ordinary Portland 
concrete (OPC) generally used for the offshore wind industry. The experimental program 
involved the use of glass powders and blast furnace slags activated with water, sodium 
silicate and sodium hydroxide for the development of the geopolymer binder and three 
different types of sands for the development of the mortars. Once the goodness of the 
binder and mortar was verified, the coarse aggregates were used to create and optimize 
the final geo-conglomerate. The fine and coarse natural aggregates (NA), fine recycled 
aggregates (RA) and fine natural magnetite (NM) was characterized according to UNI EN 
1097-6, the results are showed in Table 21. 

Table 21: Material Density and Absorbition  
Material Size Density Absorbition 
 [mm] [kg/m3] [w %] 
GGBS filler 2780 / 
GLASS filler 1400 0 
NA  0-4 2700 4.97 
NA  4-9 2600 1.00 
RA 0-4 2300 9.86 
RA  4-9 2400 5.72 
NM 0-2 5100 0.30 
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Chemical compositional data of GGBS are reported in the technical data sheets that shows 
the following components CaO (43.4%), SiO2 (36.4%) and Al2O3 (12.1%). Regarding 
the activators, according to the producer, the alkaline solution (Ingessil) has sodium 
silicate percentage 41.7-45.0 % and SiO2/Na2O mass ratio in the range 1.60-1.70.  
 

 
Figure 22: Aggregate characterization 

Concrete mixture design 
Due to its viscosity and rapid setting time, before designing the geoconglomerate, to avoid 
excessive consumption of materials and safeguarding equipment, six different binders 
were developed to evaluate their rheological behavior and compressive strength, therefore, 
excluding the contribution of the aggregates. To optimize the binder, blast furnace slag 
and glass powder were mixed in proportions of 70% - 30% and 80% - 20% respectively 
with water, sodium silicate and sodium hydroxide. The binders were designed with 
water/binder ratios (w/b) ranging from 0.35 to 0.50. After fifteen minutes of mixing, they 
were subjected to the workability test according to the standard UNI EN 1015-3 (Test 
methods for masonry mortars - Part 3: Determination of the consistency of fresh mortar), 
density test, compressive strength (UNI EN 12390-3). After choosing the binder with the 
best performance in terms of workability and compressive strength, the same tests were 
performed on the mortars using normalized sand, natural sand, recycled sand and natural 
magnetite. The recycled sand, from the demolition of prefabricated elements, was used to 
increase the sustainability of the mix design, while natural magnetite, from LKAB 
company, was used to increase density and reduce heat of hydration. In fact, during the 
days of curing, the binders showed some shrinkage cracks due to the high heat of hydration 
and the absence of aggregates. Considering the fresh and hardened characteristics of the 
binders and mortars, subsequent activities focused on the design of the geoconglomerate 
and its characterization in the fresh (density, slump test and air content) and hardened state 
(density, compressive strength, and indirect tensile test). 
 
SMART FRP rebar realization 

As far as it concerns the SMART FRP rebar realization, among the others, the near 
surface bonded technique, consisting in bonding the FO sensors with the rebar (both on 
the surface or in a groove realized on the surface of the rebar), was chosen. In particular 
it was chosen to embed the FO in a precut groove on the rebar (
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Figure 23), because it was shown that merely attaching the fiber to the rebar or even 
gluing it to the rebar may not ensure the same deformation of both the fiber and rebar 
(Sieńko, 2018; Marc Quiertant, 2012). Moreover, a mechanical cut helps to ensure the 
groove to be straight and with even depth, which is essential for preventing premature 
failure of the fiber.  

 

Figure 23: Groove on an improved superficial adherence GFRP rebar; in the light - 
blue inset an optical microscope image of the groove. 

The technique was proved on rebars with different typologies of superficial finishes 
(smooth, enhanced adherence, veining) and it resulted adequate for all. Thus a 250 µm 
diameter acrylate coated FO was inserted in the groove and fixed punctually with 3M 
Scotch-Weld™ epoxy adhesive DP490. 

EXPERIMENTAL CHARACTERIZATION AND MECHANICAL TEST 
PROGRAM 
AAM concrete characterization 
The results of the characterization tests conducted on the binders, mortars and 
geoconglomerate developed during the experimental campaign are shown below. For each 
of these elements a preliminary characterization of fresh and hardened states was realized 
to select the best formulation. Thus, once defined the best AAM formulation, mechanical 
characterization of the concrete was realized by means of compressive and indirect tensile 
strengths tests. 

Binders characterization 
As shown in table 2, the most suitable binders to be used for making mortars and concretes 
seem to be those with a w/b ratio of 0.35. Furthermore, lowering the percentage of glass 
from 30% to 20% further improves workability. 

Table 22: Results of fresh state binder tests 

ID w/b Slag/Glass Workability 
% Consistency mm 

Binder 1 0.50 70/30 Fluid >300 
Binder 2 0.40 70/30 Fluid 300 
Binder 3 0.35 70/30 Workable 180 
Binder 4 0.50 80/20 Fluid >300 
Binder 5 0.40 80/20 Fluid 300 
Binder 6 0.35 80/20 Workable 240 

 
The above reported results were also found in the hardened state characterization; in fact, 
as shown in Table 23, all the specimens showed good compressive strengths from the first 
days of curing. 
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Mortars characterization 
As for the binders, the mortars were also characterized in the fresh and hardened state. In 
this case, having chosen the best binder (binder 6 with w/b = 0.35), it was mixed with the 
previously characterized sands. The results in Table 24 show, as happened for binders, 
workability and consistency acceptable rheological behaviour. 

Table 23: Results of hardened state binder tests  

ID 

Compressive strength  
 

Density 

MPa Kg/mc 
2 days 7 days 14 

days 
14 

days 
Binder 1 27.2 49.2 54.9 1631.9 
Binder 2 30.2 44.7 45.6 1640.6 
Binder 3 42.8 52.5 56.3 1718.8 
Binder 4 53.7 58.4 52.5 1691.0 
Binder 5 52.2 59.9 56.5 1769.1 
Binder 6 84.5 74.7 67.4 1850.0 

 
Table 24: Results of fresh state mortar tests  

ID w/b 
Aggregates Slag/

Glass 
Workability 

% % Consistency mm 
Mortar 1 0.35 100 NS 

80/20 

Dry 240 
Mortar 2  100 NM Fluid 220 
Mortar 3  50 RA/50 NM Workable 220 
Mortar 4  50 NA/50 NM Workable 220 

 
Table 5 shows the results of the compression and density tests. It was found that the 
interaction between the cementless binder bonded perfectly with the different types of 
sand, providing very high compressive strengths close to 85 Mpa. 

Table 25: Results of hardened state mortars tests 

ID 

Compressive strength  Density 
MPa Kg/m3 

3 days 7 days 14 
days 

28 
days 

 

Mortar 1 / 56.1 55.1 58.3 2242.2 
Mortar 2 49.2 58.8 72.6 78.6 2503.9 
Mortar 3 59.8 66.3 69.3 83.7 2296.9 
Mortar 4 54.3 61.2 67.8 74.5 2257.8 

 
Concrete characterization 

In order to achieve the desirable workability and to be able to make comparisons five 
mixtures were prepared and tested. The same binder developed in the first phase of the 
experimental program and used for the realization of the mortars was subsequently used 
for the design and development of the geopolymer concrete. The different mix designs 
have been designed and tested, the best of which has been optimized and subjected to 
mechanical and durability tests. As mentioned above, the durability tests, are still ongoing 
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and, therefore, the results are not included in this paper. To facilitate the flow of concrete 
between the reinforcing bars of the foundation prototype of the offshore wind turbine, 
aggregates with a maximum diameter of 9 millimeters were chosen. The different 
percentages and types of aggregates used in the mix designs are shown in table 6. 
 

Table 26: Percentage of aggregates used in the mixture 

ID 
Natural (NA) Recycled (RA) Magnetite 

(MG) 
0-2 
mm 

4-8 
mm 

0-5 
mm 

5- 9 
mm 

0-2 
mm 

AAC_M1 45% 55%    

AAC_M2  50% 25%  25% 
AAC_M3   25% 50% 25% 
AAC_M4   50% 25% 25% 
AAC_M5 50% 25%   25% 

As regards the characterization in the fresh state, the results are recommended in table 7. 
 

Table 27: Fresh state concrete test results  
 Slump Test Air 

Content 
ID Class/Slump 

mm 
Spread 

mm 
% 

AAC_M1 S5/>220 400 

5 
AAC_M2 S2/70 110 
AAC_M3 S5/>220 500 
AAC_M4 S5/<220 500 
AAC_M5 S5/>220 500 

The results of the data analysis showed that, except for mix 2, the addition of the high-
density fine aggregate gives good workability and consistency compared to the natural 
aggregates taken alone. Furthermore, all the mixtures recorded an air content close to 5% 
and a rheological behavior similar to a self-compacting concrete (SCC). 
 

 
Figure 24: Air content and slump test 

As for the characterization in the hardened state, except for mix 1, prepared with natural 
aggregates only, all the mixtures showed comparable densities and compressive strengths 
close to 60 Mpa (Table 8). 

Table 28. Hardened state concrete test results 
 Cubic Compressive Strength  Density 
 MPa Kg/m3 
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ID 3 
days 

7 
days 

28 
days 

58 
days average 

AAC_M1 32.7 36.8 46.1 / 2262.2 
AAC_M2 20.0 42.6 60.8 / 2700.0 
AAC_M3 28.1 37.8 56.6 58.4 2646.0 
AAC_M4 22.2 19.4 44.5 48.1 2614.2 
AAC_M5 16.4 43.7 52.2 62.7 2613.0 

AAM concrete mechanical characterization 
The mix design chosen to build the foundation prototype was the one with prefixed 
mechanical and workability properties. Therefore, the Mix 5 was replicated four times in 
order to evaluate the repeatability of the results by modifying the percentages of water and 
mixing times, to optimize its rheological behavior in the fresh state and to evaluate further 
mechanical properties. The cubic and cylindrical compression resistance tests of the 
specimens were conducted according to UNI EN 12393-3. For each mixture, cylindrical 
specimens of 150 * 300 mm and cubic of 150 * 150 * 150 mm were prepared respectively. 
Three parallel specimens of each mixture were tested at the ages of 58 days to determine 
the average compressive strengths (During the experimental program it emerged that this 
type of mixture develops maximum resistance after about 60 days of curing). The indirect 
tensile strength was conducted according to the standard UNI EN 12390-6 on specimens 
of dimensions 150 * 300 mm. The mechanical characterization tests were performed with 
a 3000 kN hydraulic press equipped with support and compression plates having 
dimensions of 300 mm. In accordance with the above mentioned standards, the tests were 
performed under load control with a speed of 0.6 MPa/s. 

Table 29: Mix 5 Optimization results 

ID 

Fresh 
State Hardened State 

Density Slump 
Test 

Cubic 
Compressive 

strength 

Cylindrical 
Compressive 

strength 

Indirect 
tensile 

strength 

Kg/m3 
Class/Spre

ad 
[mm] 

MPa MPa MPa 

58 days 58 days 58 days 

AAC_M5 2940 

S5>220 / 
500 

62.7 23.22 5.78 
AAC_M5I 2963 58.3 22.95 5.34 
AAC_M5II 2950 53.4 21.18 4.85 
AAC_M5III 2967 59.9 22.50 5.16 
AAC_M5IV 2964 60.1 22.78 5.89 
 

Pending the results of the durability tests, the geo-conglomerate developed showed a good 
repeatability of the results, in addition to a good behavior in the fresh and hardened state. 
The compressive strengths of all the mixtures are in line with the results found previously, 
the cylindrical compression and indirect tensile tests have confirmed the goodness of the 
mix design with values comparable to those of an ordinary concrete. 

 
SMART FRP rebar validation and calibration 
Once the SMART FRP rebars were manufactured, the behaviour of FO sensors was 
investigated by means of tensile strength tests on SMART FRP rebars. Such tests were 
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intended to validate and, eventually, calibrate the FO sensors. Smooth GFRP rebars were 
sensorized and tested on a ZwickRoell ProLine instrument with a 100 kN load cell. The 
tests were realized in displacement control mode with a rate of displacement of 0.5 
mm/min. During the tests acquisitions with the OBR4600 system of Luna Innovations 
were run at predetermined ranges of value of load (i.e. 300-350 N; 600-650 N; 950-
1000N). For each tested rebar the test was initially carried out until 5 kN load and repeated 
at least 3 three times. Then the test was repeated until 20 kN load.  
To verify the proper operation of the FO sensors rebars were instrumented with 3 electric 
Strain Gages (SG) (uniaxial, 6mm length, 120 Ω resistance) each, that were connected to 
a MX1615B Quantum X module. 
Figure 4 reports the strain values measured over the length of the FO for different applied 
loads, while figure 5 shows the FO signal acquired in comparison with the acquired data 
from SGs. Considering Figure 4 the value of the deformation read by the FO sensor is 
constant throughout the reading section and the effects of the adhesive are visible only 
nearby the glue position. In figure 5 the values of the FO strain signal recorded in the same 
SGs’ positions on the rebars show a high agreement with SGs results demonstrating no 
need of calibration of the sensors. 

 

 
Figure 25: Strain values measured over the FO length for different loads. 

SMART FRP rebar mechanical characterization: Compression tests 
In order to validate the ability of the SHM system to monitor also compression stress, tests 
on concrete cubes with inside small segments of SMART rebars were realized (rebar 
length approximately 8 cm; embedded FO length approximately 6 cm). Different SMART 
rebars inside the cubes were connected together by means of FO splicer to monitor more 
elements at the same time. 
Tests were realized in a Controls Concrete Compression Testers machine with a load cell 
of 3000 kN on cubes of 150 x 150 x 150 mm3 following the UNI EN 12390-3 standard. 
The test was conducted in load control mode, that means that the machine controlled that 
the load applied to the sample was always coherent to the test, with a rate of 0.6 MPa/sec. 
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Figure 26: Comparison of FO and SG data 

In Figure 6 it is possible to see how the different small SMART rebars inside the cube 
were able to detect increasing compression strain in the cube (100 kN – red line; 350 kN 
- yellow line; 600 kN – green line). Different values are due to not perfect alignment of 
the rebars inside the cube respect to the load surfaces. 
 

 
Figure 27: (a) SMART FRP rebar; (b) SMART concrete cube for compression tests; 

(c) Measured compression strain signals 

SMART FRP rebar mechanical characterization: Adhesion tests 
Adhesion tests on SMART specimen were realized. The direct pull-out tests setup and 
specimens are designed according to the RILEM Recommendations “RC 6 Bond test for 
reinforcement steel. 2. Pull-out test, 1983”. Each specimen is cubic with side equal to 10 
cm and a centred embedded rebar in order to have a concrete cover equal to 4.5 cm. The 
embedded rebar had two different zones over its length: the bonded zone, where the 
concrete is able to adhere to the rebar, and the unbonded zone, where the concrete isn’t 
able to adhere to the rebar. The unbonded zone was realized by applying a plastic sheet 
on the specific length of the rebars.  
Three LVDTs (Linear Variable Displacement Transducer) are used: one is anchored at the 
unloaded side of the bar meanwhile the other two are positioned at the loaded side to 
record the corresponding slips. A tensile force is applied by means of a testing machine 
under displacement control at a rate of 0.2 mm/min. All tests are stopped when a free slip 
of 10mm is reached, except when the specimens failed before (i.e., splitting failure). The 
results presented on Figure 7 demonstrate that FO sensors not only can survive the 
concreting process, but can also acquire strain measurement. In particular, in the graph it 

(a) 

(b) 

(c) 
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is clear the ability of FO sensors to detect increasing tensile strain in the specimen as the 
load increases. (3 kN – red line; 10 kN - yellow line; 15 kN – green line). 

 Figure 28: (a) Smart rebar; (b) Pull-out specimen proving the FO survival; 
(c)Measured FO strain signal   

CONCLUSIONS 
This study deals with the development of a high durable solution for marine structures 
composed of sustainable concrete formulations, combining mineral aggregates with glass 
powder and blast furnace slag (instead of ordinary cement) activated with alkaline 
materials, and a structural health monitoring system based on SMART FRP rebars.  
Based on the study carried out, cementless formulations suitable for production of 
structural elements have been optimized. This can be regarded as a positive result 
especially considering that, the cement content is zero and, furthermore, allows to give a 
second life to the blast furnace slag. These results are obviously linked to the evaluation 
of the durability of the geoconglomerate because, despite the good mechanical 
performance shown so far, it is a decisive parameter for the performance of a concrete, 
especially if intended for marine use. 
Regarding the SHM system for concrete structures, the reported activities showed the 
feasibility of FO distributed sensors to be applied as monitoring system in reinforced 
concrete structures. Being applied to FRP rebars, that overcome any potential durability 
problems related to steel corrosion, such solution increases the durability of the structure 
and, implemented as a real-time monitoring system, permits a continuous evaluation of 
the structure health, thus reducing maintenance costs. 
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Seismic and energy retrofitting of a RC-building by means of 
a new inorganic mortar composite: a preliminary study 
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ABSTRACT: Climate change and natural disasters are alarming phenomena even in the field of civil 
engineering. In fact, building heritage is very dated all around Europe; thus, a deep renovation program 
needs to be properly exploited. In this scenario, the use of inorganic mortar composites (IMCs) is a 
promising solution for both structural strengthening and thermal insulation. Recently, a new IMC was 
developed by the joint work of the University of Salento and the Italian National Research Council with the 
aim of improving the shear strength of a masonry substrate and, at the same time, providing additional 
insulating capacity by means of a fly-ash- and expanded glass-based mixed matrix. In this work, a case-
study building (located in Italy) is considered. Its I-shape was found relevant in terms of thermal dispersion 
facades while prone to manifest also horizontal torsion when seismically excited. The investigations 
consisted of numerically simulating the ante and the post operam behaviors of both the energy and seismic 
performance and, then, comparing the results. The retrofitting involved the sole application of the new IMC 
along the external vertical surfaces. The outcomes evidenced that an effective retrofitting can be achieved 
in a unified solution. 

INTRODUCTION 
Engineering is gradually more often on the existing structure’ side instead of new 
construction of buildings. This trend is reasonable because of two main reasons: new 
constructions require the use of resources which is in the opposite direction with respect 
to the environmental sustainability preservation and, at the same time, the actual building 
heritage is now ancient and prone to quick decay. Substantially, today’s market pushes for 
a deep renovation process involving both seismic issues, energy-saving and global CO2 
reduction; Zhong et al. (2015), Gencturk et al. (2016), Rohden et al. (2018). In this 
perspective, the upgrade of seismic and energy performances represents two main 
challenging features. In fact, a large part of the reinforced concrete (RC) buildings is 
nowadays inappropriate in relation to the threshold of energy and seismic capacities 
compared to the perceptions reported in updated technical guidelines and codes at the 
European level; e.g. in Cascardi et al. (2022). In detail, on the energy side, the infills 
(which are generally tuff-based masonry arranged in a single or double layer) have poor 
thermal insulation capacity. As a consequence, excessive energy amount is required for 
warming a room. Furthermore, the thermal bridge effect is manifest corresponding to the 
contact between the infill and the RC-structure confining the infill itself; Karabulut et al. 
(2016), Borelli et al. (2020), Lu et al. (2020). In this case, humidity may easily occur. On 
the other hand, the recent catastrophic events had evidenced the lack of many RC-
structures located in seismic-prone areas. Local damage or even collapse of RC-
constructions were generally caused by lack of strength and ductility. Commonly, these 
deficiencies are solved by different engineers in separate design solutions. In such a way, 
the potential interferences are neglected. For example, the seismic strengthening is often 
archived by gluing composites on the existing structural members.  
 
________________________ 
1Department of Innovation Engineering, University of Salento, via per Monteroni, Lecce - 73100, Italy 
2ITC-CNR, Construction Technologies Institute - Italian National Research Council, Bari - 70124, Italy 
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In this perspective, the use of fibers reinforced polymers (FRPs) and, more recently, inorganic 
mortar composites (IMCs) are considered both promising (see Motavalli et al. (2007), Almusallam 
et al. (2007), Della Corte et al. (2008), Batikha at al. (2015), Ombres and Verre (2021) and 
Dehghani et al. (2015), Akhoundi et al. (2018), Koutas et al. (2019), respectively). The additional 
tensile strength provided by these composites is governed by the effective adhesion on the 
substrate itself. Thus, in the event of a former installation of a thermal insulation layer (Zhou et al. 
(2004), Huang et al. (2020), De Sousa et al. (2021)), the direct adhesion of the composites on the 
RC is not possible anymore. Alternatively, when the FRP-installation is assessed first, the 
breathability of the infills may be dramatically limited and inter-layer humidity can occur at a later 
time when the external covering with a thermal insulation system is achieved.  

STATE OF KNOWLEDGE AND RESEARCH SIGNIFICANCE 
Many efforts have been made by researchers in the recent past aimed to investigate the 
combined seismic and energy retrofitting of the existing RC-framed buildings; e.g. in 
Azinović et al. (2014), Bournas (2018), Mastroberti et al. (2018), Margani et al. (2020). 
The most shared solution consists of alternate the seismic and the energy oriented 
additional layers in a side-by-side scheme. The seismic-oriented layer was demonstrated 
to be suitable if firstly applied directly on the existing structure, while the thermal 
insulating layer needs to be sequent. In case of IMCs, the thickness of the mortar layer is 
fixed to be at least 30 mm per side, while the thermal insulating layer is properly designed 
by defining two variables which determine the choice of the insulating material: the 
thermal conductivity and the thickness. In such a way, the full additional thickness of the 
intervention may be considerable by ranging between 120 mm and 240 mm. This aspect 
may be a severe disadvantage when the infill is faced on a balcony since the reduction of 
the available space is relevant. Moreover, the cost of a two-phases intervention is 
significant since the thermal layer can be installed when the IMC curing is completed 
(almost 28 days). In order to cover these drawbacks, a unified solution was recently 
developed and investigated; Longo et al. (2019) (2020a,b) (2021a,b) (2022). A novel 
IMC-matrix was manufactured with the focus of reaching a compressive strength similar 
to NHL-based mortar (~6 MPa) and a low thermal conductivity (~0.234 W m-1 K-1). To 
this scope, the recycled fly-ash based binder was associated to an aggregate made of 
expanded glass in the form of spheres with different sizes. The mix was completed by the 
addiction of a proportion of metakaolin. Metakaolin is a component traditionally used for 
mortars and plasters packaging in “green” building. In fact, its production involves low 
temperature without additives. The addition of metakaolin to the lime putty has a 
“pozzolanic effect” which consists in naturally hardening the mixture in a short time. 
Using metakaolin with slaked lime, the mortars and plasters are optimally compatible with 
buildings of historical interest built before the advent of hydraulic lime and cement. 
Therefore, the obtained mortar is a valuable material for restoration, but also 
recommended in modern construction to obtain plasters and breathable finishes with 
appreciable resistance against the atmospheric events even in marine environment. 
Different fabrics were also considered for the internal reinforcement of the fly-ash based 
mortar, such as glass and steel. The definition of the composites was the next step. many 
tests were run in order to evaluate the performance of the novel IMC with respect to the 
traditional alternative by considering the same cross-section: direct tensile, shear lap and 
thermal conductivity test. The outcomes evidenced the validity of the proposal. Lastly, the 
composite was applied to a masonry substrate in order to evaluate the produced gain in 
terms of lateral stiffness, shear strength and (on the other side) the thermal capacity. The 
experimental evidence demonstrated the effectiveness of the retrofitting which was found 
able to increase the shear strength and thermal resistance about the 125% and the 100%, 
respectively.  
The goal of the present study is to evaluate the benefits of simulating the installation of 
the beforementioned IMC both in terms of seismic and energy improvement in the 
perspective of a deep renovation approach for a real case study. At this scope, a I-shaped 
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RC-framed building was selected on order to be on the safety side for the proposed 
estimation. In fact, this shape of building has relevant disadvantage for the large area to 
be passed thought by the warm energy and, at the same time manifest deleterious torsional 
modes when seismically excited. A structural analysis was run by implementing a set of 
beam elements able to take into account columns, beams and infills (in a strut and tie 
model). A second attempt was devoted on the thermal assessment by reproducing the 3D 
model of the building implementing the RC-structure, the infills and the windows. Both 
the models were repeated in ante and post operam simulations in order to compare and 
compute the improvements of both the seismic and energy performances. In this sense, 
the present research is to be considered as a preliminary study of a larger investigation 
including different RC-buildings varying the shape and properties of materials. 

DESCRIPTION OF THE BUILDING (STATE OF PLAY) 
The herein proposed case-study is a six-story over the ground (namely P.0-P.5°) I-shaped 
building as illustrated in Figure 1. There is a further underground level for the car-boxes 
culvert (namely U). The structure is a RC-frame consisting of a set of columns with 
rectangular cross-section oriented in two orthogonal directions with almost constant span 
in between and connected by the same beams according to the detail reported in Table 1. 
In particular, the 30x30 cm cross-section has 4ϕ14 for the longitudinal reinforcement and 
ϕ8/20 cm for the transversal stirrups (concrete cover about 2.5-3 cm). The 40x60 cm cross-
section has 8ϕ20 for the longitudinal reinforcement and ϕ8/20 cm for the transversal 
stirrups (concrete cover about 2.5-3 cm). The 30x60 cm cross-section has 6ϕ16 for the 
longitudinal reinforcement and ϕ8/20 cm for the transversal stirrups (concrete cover about 
2.5-3 cm). The 30x175 cm cross-section has 14ϕ18/20 for the longitudinal reinforcement 
and ϕ12/18 cm for the transversal stirrups (concrete cover about 3 cm). Concerning the 
beams, the longitudinal reinforcement and stirrups were determined by means of a 
simulated project considering the design code valid at the time of the building 
construction. The mechanical properties of concrete were investigated by means of 
SonReb method and the compressive strength was found equal to ~26 MPa. The slabs are 
composed of hollow clay brick and concrete joists, the infills are tuff-based masonry and 
the windows are mainly single layered glass with metallic frame. The building is 
characterized by its I-shape which make it on the conservative side for both the energy 
and seismic demand (see Figure 1). In fact, the presence of a plan asymmetry leads to 
torsional modes and uneven distribution of internal forces in case of horizontal action and, 
at the same time, non-compact section trend to disperse more energy along the external 
infills when (for example) the heating systems are working. The non-compact shape is 
testified by the ratio between the plan surface and the whole volume, i.e. S/V=0.32. While 
the equivalent parallelepiped would manifest an S/V=0.21. Example of compact shapes 
are the square, rectangular and circular cross-sections. In this sense, the proposed 
retrofitting solution is intended to be evaluated referring to a case-study in which the 
effectiveness of the renovation is limited by the properties of the building itself (i.e. on 
the safety side). The location is supposed to be south of Italy in a high seismic hazard and 
hot clime prone zone.  

Table 1. Abaco of the columns (dimensions in centimeters). 
Column Label 
(see Figure 1) 

U P. 0 P. 1° P. 2° P. 3° P. 4° P. 5° 
 

bxh bxh bxh bxh bxh bxh bxh 
1A 1B 1D 60x30 60x30 60x30 60x30 60x30 60x30 / 

1E 1F/1 1G/1 30x30 / / / / / / 
2A 2B 2D 60x30 60x30 60x30 60x30 60x30 60x30 / 

2E 2F 2G 2H 30x30 / / / / / / 
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3A 3B 3D 60x30 60x30 60x30 60x30 60x30 60x30 / 
3E 30x60 30x60 30x60 30x60 30x60 30x60 / 

3F 3G 40x60 40x60 30x60 30x60 30x60 30x60 30x60 
3H 30x60 30x60 30x60 30x60 30x60 30x60 30x60 
4A 60x30 60x30 60x30 60x30 60x30 60x30 / 
4B 20x80 20x80 20x80 20x80 20x80 20x50 20x50 
5C 30x30 30x30 30x30 30x30 30x30 30x30 30x30 
5D 60x30 60x30 60x30 60x30 60x30 60x30 60x30 
6E 30x175 30x175 30x175 30x175 30x175 30x175 30x175 

6F 6G 6H 40x60 40x60 30x40 30x40 30x40 30x30 30x30 
7D 60x30 60x30 60x30 60x30 60x30 60x30 60x30 
8A 60x30 60x30 60x30 60x30 60x30 60x30 / 
8B 20x80 20x80 20x80 20x80 20x80 20x50 20x50 

9A 9B 9D 60x30 60x30 60x30 60x30 60x30 60x30 60x30 
9E 30x60 30x60 30x60 30x60 30x60 30x60 30x60 

9F 9G  40x60 40x60 30x60 30x60 30x60 30x60 30x60 
9H 30x60 30x60 30x60 30x60 30x60 30x60 30x60 
10A 60x30 60x30 60x30 60x30 60x30 60x30 / 

10B 10D 60x30 60x30 60x30 60x30 60x30 30x30 30x30 
11A 11B 11 D 60x30 60x30 60x30 60x30 60x30 60x30 60x30 

 
Figure 1. Plan view of the I-building (dimensions in meters). 
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PROPOSED RENOVATION INTERVENTION 
The building has the typical deficiencies of the late 70’ Italian construction which are 
characterized by low ductility, form one side, and poor thermal resistance from the other 
side. The first aspect may be solved by enhancing the contribution of the infills to 
structural response of lateral-load resisting system, by an IMC-retrofitting (see Figure 2) 
and consequent beam-column joint FRP-strengthening (if needed). The second may be 
improved by thermal insulating plastering. In this perspective the beforementioned new 
IMC finds application. The intent is to provide a global structural overstrength and, at the 

same time, solving the thermal bridges and improving the thermal resistance of the infills. 
The latter also requires substitution of existing windows with a double layered glass new 
ones in order to be effective. The designs were both numerical. 

Figure 2. Sketch of the IMC-retrofitting (external side view). 

NUMERICAL SIMULATION 
The design of the seismic/ energy retrofitting was computed by means of different 
numerical models through different commercial software (ProSap and Termolog, 
respectively). The so-called ante operam model was oriented to reproduce the state of play 
of the building while the post operam model was designed for the simulation of the 
improvement assessed by the IMC-retrofitting. 
Seismic  
The masonry infills retrofitting, although they are not recognized by codes as structural 
elements, can be strengthening-oriented. In fact, the only contribution to dead loads of the 
infill, rather than the contribution to lateral strength is generally considered at design stage. 
Additionally, infills can potentially suffer an out-of-plane failure in case of seismic events. 
Consequently, the infills’ retrofit can both prevent out-of-plane failure and improve the 
global strength of RC framed buildings. In order to quantify the contribution of reinforced 
infill walls to structure retrofitting, three numerical models were assessed with the 
software ProSap. The first was assessed by implementing beam elements (representing 
beams and columns) and was herein labeled “UR” (UnReinforced). In this model, only 
the dead load contribution of the masonry infills was considered, i.e. assuming a lack of 
proper connection between RC-frame and masonry infills. The second model, namely 
“IF” (InFills) implemented the masonry infills according to NTC 2018. In this case, the 
masonry infills were modelled as truss elements and the reinforcement contribution was 
neglected; which means that the retrofitting was oriented to prevent only the out-of-plane 
failure. The third model involved also the reinforcement contribution with the simplified 
model suggest by Pohoryles & Bournas (2020); i.e. in-plane contribution was taken into 
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account. According to this model, the contribution of the retrofitted infill can be computed 
by considering both a strut and tie (Figure 3).  

Figure 3. 3D structural model and retrofitted infill walls implementation. 
The non-linear behavior of the RC frame was modeled through a lumped plasticity 
approach. Zero-length flexural hinges were included at the ends of elastic beam elements 
representing beams and columns. The parameters ruling the moment-rotation response in 
zero-length hinges were assumed according to NTC18. It was assumed that plastic hinges 
manifest early in beams and columns, while strut and tie representing masonry infills are 
supposed to have an elastic behavior until RC-frame failure. Moreover, the absence of 
shear failure mechanisms was assumed and checked at the end of the pushover analysis. 
In other words, in the last step of the analysis, the shear of every element didn’t overcome 
the shear resistance. A pushover analysis was run concerning, as suggested in both 
Eurocode 8 and NTC18, two different horizontal load distributions: the former was a 
uniform distribution of forces deduced from a uniform trend of accelerations along the 
height of the structure, the latter was a static distribution of forces, proportional to static 
forces (i.e. the ones involved in the equivalent static analysis). For each direction and 
distribution, an accidental (small) eccentricity between the mass and the stiffness centroid 
was considered, resulting in a total of 24 analyses for each model. The results were 
elaborated by using the nomenclature MM-D-F, where MM denoted the model (UR, IF or 
RF), D the direction of forces distribution (X or Y) and F denoted the force distribution 
(Uniform or Static). 

 

(a) (b) 

(c) (d) 

Figure 4. Capacity curves for the RF, IF and UR models with respect to (a) uniform 
distribution of forces along X, (b) uniform distribution of forces along Y, (c) static 

distribution of forces along X and (d) static distribution of forces along Y. 
 

In Figure 4a the results of uniform distribution along X were represented as averaged bi-
linear capacity curve with its relative dispersion (energy criteria were used for the bi-
linearization). The same force distribution along Y highlighted a higher dispersion, likely 
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due to a lack of uniform distribution of stiffness (Figure 4b). Nevertheless, the Y 
distribution highlighted a higher shear capacity. Similar observations can be made for X 
and Y distribution of static forces (Figure 4c and 4d, respectively). In the most critical 
distribution, i.e. X-U, an improvement in shear capacity was recorded, equal to 116% and 
144% for the IF- and RF-series, respectively. 
Energy 
The building shell trends to disperse thermal energy across both the vertical and horizontal 
surfaces. Therefore, effective energy-oriented retrofitting needs to be focused on the 
whole improvement; i.e. involving all the parts. In such a way the case-study was 3-D 
modelled according to Figure 5 using Termolog software. In particular, the top and the 
bottom horizontal surfaces were upgraded by adding a 10 cm fiberglass insulating layer, 
the windows were substituted with double glass layered new ones and the infills were 
simulated to be covered with the new IMC (compare Table 2 and Table 3). In addition, 
the thermal bridges were studied in the ante and post operam in order to check if the IMC-
layer was able to solve them. In this perspective, the considered thermal bridges are 
reported in Figure 6. The outcomes demonstrated as the thermal bridge effect was not 
allowed anymore in the building. Definitely, the thermal transmittance of the infills passed 
from 1.315 W/m2K to 0.907 W/m2K by applying 40 mm of IMC-layer per side. As a 
consequence, the computed annual energy dispersion varied from 122.52 kWh/m2year to 
97.92 kWh/m2year. The presence of interstitial humidity and mold formation were both 
discouraged in the new infill package according to the numerical results. On the other side, 
the heating systems were not varied even if they are mainly dated with an average 
efficiency factor equal to 0.9.  

   
(a) (b) (c) 

Figure 5. 3D energy model: (a) lateral, (b) inner and (c) outer view. 
 
Table 2. Description of the un-retrofitted infill with thermal transmittance (U =1.315 

W/m2K), thermal resistance (R=0.760 m2K/W) and total thickness (T=340 mm). 

 

 Layers t 
 [mm] 

R 
[m2K/W] 

λ 
[W/mK] 

ρ 
[kg/m3] 

C 
[kJ/kgK] 

 Internal adductance na 0.130 7.690 na 1 
A Plaster  20 0.025 0.80 1600 1 
B Tuff-based masonry 300 0.545 0.55 1600 1 
C Cement and sand 20 0.020 1 1800 1 
 External adductance  na 0.04 25 na 1 

*na means not applicable. 
 
Table 3. Description of the retrofitted infill with thermal transmittance (U=0.907 

W/m2K), thermal resistance (R=1.102 m2K/W) and total thickness (T=420 mm). 
 Layers t  

[mm] 
R 

[m2K/W] 
λ 

[W/mK] 
ρ 

[kg/m3] 
C 

[kJ/kgK] 
 Internal 

adductance 
na 0.130 7.69 na 1 
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A Plaster  20 0.025 0.8 1600 1 
B New IMC 40 0.171 0.234 1800 12 
C Tuff-based masonry 300 0.545 0.550 1600 1 
D New IMC 40 0.171 0.234 1800 12 
E Cement and sand 20 0.020 1 1800 1 
 External 

adductance 
na 0.04 25 na 1 

*na means not applicable. 

 

wall with 
column 

 

wall - 
window 

 

wall - 
flat roof 

 

corner  
walls 

 

wall - 
floor 

  

Figure 6. Thermal bridge effects within the building. 

CONCLUSIONS AND FINAL REMARKS 
The upgrade of existing buildings is challenging for practitioners. Nowadays there are 

many methods and materials able to improve the thermal or seismic capacity of a RC- 
structure separately. In this case-study an attempt to achieve both the goal within a unique 
retrofitting was focused. At this scope, the use of a new IMC with relevant ther- mal and 
mechanical properties was simulated by numerical modelling. In order to be conservative, 
a I-shape building was considered considering a huge dispersive area and non-
symmetrical behavior from the thermal and seismic point of view, respectively. 
The results evidenced that the proposed application was adapted to solve the state-of- play 
thermal bridges while improving the thermal resistance of the infills by about 31%. 
Moreover, the annual percentage of energy dispersion decreased by about 20%. On the 
seismic side, the infills were considered to be seismically reactive due to the IMC- 
application which was able to constrain the out-of-plan failure and, at the same time, in- 
crease the shear strength and stiffness. As a consequence, the shear capacity of the 
structures, due to IMC on the infill walls, was found to be enhanced by about 144% by 
means of pushover analysis. The outcomes are to be intended as preliminary results. In 
fact, advanced modelling and analysis approaches could be adopted to accurately 
investigate the interaction phenomena between the RC-frame and the retrofitted masonry 
in- fill. Particularly, multi-truss equivalent models for the infill could be adopted to obtain 
a more reliable simulation of the internal force’s distribution. Lastly, the run of non-linear 
time history analyses would allow to assess the effect of hysteretic response of the 
structural elements. 
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Seismic reliability of code-conforming single-story RC precast 
buildings considering multiple performance levels 

G. Magliulo1, D. D’Angela2, V. Piccolo3, C. Di Salvatore4 and N. Caterino5 

 

ABSTRACT: The paper presents an extensive assessment of seismic performance of code-conforming 
single-story precast buildings, with focus on seismic reliability. Single-story RC precast buildings designed 
according to Italian building code are considered as case studies, varying site seismicity, building geometry 
layout, and soil type. Nonlinear time history analyses are performed considering three-dimensional models 
and bi-directional seismic excitation. Several damage criteria and damage states (DSs) were considered for 
the assessment of the reliability indexes, according to damage limitation, life safety, and near collapse 
performance levels (PLs). The paper contributes to the literature in terms of (a) technical guidance for 
expeditious assessment of reliability of precast buildings, (b) quantitative findings associated with reliability 
of code-conforming Italian precast buildings, and (c) recommendations towards a more reliable 
design/assessment of precast buildings. 

INTRODUCTION 
Precast facilities typically host industrial and public/strategic activities that are essential 
for regional/national economy and that significantly condition the functioning of local 
communities. For example, the interruption of the operation of industrial facilities and 
processes critically affects the production/supply chain and the industrial/retail market, 
likely producing significant economic and social losses; or, the functioning disruption of 
a precast building that hosts a fire station significantly affects public safety. Therefore, 
precast buildings should guarantee high structural and seismic performances, with regard 
to both ultimate limit states (i.e., life safety and near collapse conditions) and service limit 
states (i.e., operativity and damage limitation conditions). However, several post-event 
surveys (e.g., (Ercolino et al., 2016; Liberatore et al., 2013; Magliulo et al., 2014; 
Saatcioglu et al., 2001)) pointed out the typical inadequate seismic performance of precast 
buildings, stressing the need for developing knowledge into the seismic vulnerability, 
possibly providing technical guidance for the enhancement of the seismic performance. 
 
Most studies investigating the seismic performance of precast buildings were focused on 
estimation of fragility and vulnerability (e.g., (Babič and Dolšek, 2016; Casotto et al., 
2015; Magliulo et al., 2018)), whereas very few studies addressed seismic safety and 
reliability (Iervolino et al., 2018). In many cases, only ultimate limit states and unique 
damage criteria formulations were taken into account. Therefore, a critical research gap 
can be identified in the literature, which corresponds to the seismic reliability of precast 
buildings considering multiple capacity criteria and performance levels. The present study 
aims at reporting the preliminary results of an extensive study focused on the 
abovementioned aim. In particular, seismic response of code-conforming one-story 
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precast buildings was assessed by implementing nonlinear analyses through a multiple-
stripe analysis (MSA). Both ultimate and service limit states were considered, i.e., damage 
limit state (DLS), life safety limit state (LSLS), and near collapse limit state (NCLS), and 
multiple damage capacity formulations were taken into account. Reliability indexes are 
produced and compared with code target values, shedding light on the current reliability 
of Italian and European one-story precast buildings. 

CASE STUDY BUILDINGS 
Industrial one-story buildings were considered as a case study, according to the building 
layout depicted in Figure 29. Two different building geometries were considered: {L1,L2} 
equal to {15.0,6.0} m and {20.0,8.0} m, corresponding to short-span (SS) and long-span 
(LS) buildings, respectively; H and H1 were set equal to 9.0 and 7.5 m for both buildings. 
The buildings were designed according to the Italian building code “Norme Tecniche per 
le Costruzioni” (NTC) 2008 (Ministero delle Infrastrutture e dei Trasporti, 2008), 
considering three sites in Italy: Milan (MI), Naples (NA), and L’Aquila (AQ). These sites 
correspond to design accelerations at the bedrock equal to 0.050, 0.168, and 0.261 g for 
LSLS, respectively. Two soil conditions were hypothesized, i.e., type “A” and “C”, 
associated with average velocity of (30 m dept) shear waves larger than 800 m/s and in 
the range 180 - 360 m/s, respectively. The structures were designed considering both DLS 
and LSLS, and the former limit state was verified considering the damage of nonstructural 
elements. The design was carried out assuming a medium ductility class (“CDB” 
according to NTC), assuming a behavior factor equal to 2.5. Structural materials consisted 
in C45/55 concrete and B450C reinforcement steel. 
 

(a) (b) 

  
Figure 29 Case study building layout: (a) plan and (b) elevation views. 

 
The building columns had same square cross-sections, and foundations consisted in 
interconnected socket plinths. Transversal beams (parallel to X direction) consisted in 
prestressed variable cross-section (in width and height) beams. Longitudinal beams 
(parallel to Y direction) had U-shaped cross-section. Dowel connections were used to 
connect the beams to the columns’ tops. π-shaped elements were used to form the roof; 
the elements were supported by and fastened to transversal beams, as well as they were 
joined by a cast in situ slab (5 cm thick). The lateral closing system of the building 
consisted in precast vertical cladding panels, fastened to the lateral surfaces of the 
respective beams. The columns were provided with an internal corbel for supporting the 
crane beams and system. Detailed design and structural details can be found in (Magliulo 
et al., 2018). 

STRUCTURAL MODELING 
The building models were defined in OpenSees (McKenna et al., 2000), including column 
and beam elements. Columns’ bases were fixed according to the typical boundary 
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conditions associated with socket foundations; beam-to-column connections were 
modeled by hinges, and structural eccentricities were implemented by rigid links. Rigid 
diaphragm response was assigned to the roof to account for the roof structure, not 
explicitly implemented in the model. Claddings were only considered as applied masses, 
assuming that the panel-to-structure connections provide sufficient sliding capacity up to 
their failure, which is typically associated with low seismic intensities. In particular, 
failure of claddings was assessed by a posteriori analysis. The inelastic response of the 
buildings was associated with the behavior of the columns, which were modeled 
considering a lumped plasticity approach. In particular, Ibarra-Medina-Krawinkler (IMK) 
model was assigned (Ibarra et al., 2005; Ibarra and Krawinkler, 2005), considering a peak-
oriented hysteretic degradation model. Each column was modeled by a series system, 
composed by an elastic-plastic zero-length spring and an elastic column. 
 
Figure 30a depicts a schematic of the spring to elastic element series response (D’Angela 
et al., 2021). Each spring connected the base node, which was fixed, to an internal node, 
with coordinated coinciding with the base node; the spring was modeled by considering 
uniaxialMaterial ModIMKPeakOriented material (Karavasilis et al., 2009; McKenna et 
al., 2000). Each elastic element connected the previously defined internal node to the top 
node, and it was modeled by an elasticBeamColumn element. The elastic stiffness of the 
series elements, i.e., each consisting of a spring and an elastic element, corresponded to 
the estimated global member stiffness, and the elastic stiffness of the spring was assumed 
to be ten times the stiffness of the elastic element, according to consolidated literature 
(D’Angela et al., 2021; Ibarra & Krawinkler, 2005; Ricci et al., 2018). Further details 
regarding the modeling approach and numerical implementation are omitted since they 
are available in (Ercolino et al., 2018). 
 

(a) 

  

(b) 

Figure 30 Structural modeling: (a) schematic of series model and (b) spring 
backbone and hysteretic parameters (D’Angela et al., 2021). 

 
The response of the spring was modeled by considering the backbone and hysteretic 
parameters, which are schematically shown in Figure 30b (D’Angela et al., 2021). 
Yielding moment-curvature response was assessed through a refined fiber analysis, also 
accounting for the concrete confined response. Yielding rotation was estimated according 
to Fardis and Biskinis (2003), whereas the formulation provided by Haselton and 
Deierlein (2007) was considered to assess capping and post-capping rotations and capping 
moment. Null residual moment was implemented, and ultimate rotation corresponded to 
rotation related to null moment. Degradation parameter λ was estimated as it was done by 
Magliulo et al. (2018), i.e., considering formulation by Haselton and Deierlein (2007) 
modified according to Fardis and Biskinis (2003); deterioration parameter c and 
asymmetry parameter D were set equal to one. 
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NUMERICAL ANALYSES 
Nonlinear static analyses were performed, and pushover (PO) curves were estimated for 
both horizontal directions. Nonlinear dynamic analyses were carried out considering MSA 
approach (Jalayer, 2003). Loading histories and scaling factors were derived by Iervolino 
et al. (2017, 2018), who implemented conditional spectrum approach. Spectral 
acceleration at building period (Sa(T1)) was considered as an intensity measure; building 
periods can be found in (Magliulo et al., 2018). A number of 20 bidirectional records were 
considered for each of investigated 10 stripes, corresponding to return period equal to 10, 
50, 100, 250, 500, 1000, 2500, 5000, 10000, and 100000 years. Figure 31 shows MSA 
spectral acceleration at building period (Sa(T1)) as a function of return period TR. Further 
details regarding the record selection and MSA procedure can be found in (Iervolino et 
al., 2017, 2018; Jalayer, 2003). 

DAMAGE CRITERIA 
Several damage states (DSs) were investigated in the study, considering multiple 
performance levels, i.e., damage limitation, life safety, and near collapse, associated with 
DLS, LSLS, and NCLS, respectively. In particular, both local and global, low to severe 
damage, conditions were accounted for. Interstory drift ratio (IDR), member end chord 
rotation θ, beam-to-column connection (shear) force Vbc, and roof drift ratio (RDR) were 
considered as engineering demand parameters (EDP). The occurrence of DS is defined by 
the achievement of the capacity threshold associated with DS (EDPDS,c) by the relevant 
engineering demand parameter (EDPDS); the investigated damage criteria are reported in  
Table 3, whereas reference EDPDS,c are defined in Table 31; the reader is kindly referred 
to studies reported in Table 31 for the extended capacity formulations. It is worth 
mentioning that RDRu capacities were estimated through PO curves, i.e., RDRu was 
associated with the RDR threshold corresponding to a reduction of 50% of the PO strength 
from the capping poing (along the degrading branch), according to a relatively robust 
approach (i.e., Italian RINTC project [25,44,45]). 
 

 
Figure 31 Multiple stripe analysis (MSA) inputs: spectral acceleration at building 

period (Sa(T1)) as a function of return period TR, corresponding to all stripes (intensity 
levels). 
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Table 30. Investigated damage criteria. 
DS DSIDR,NSC DSθy DSIDR,SD DSIDR,4% DSθu DSVbc,b DSVbc,d DSRDRu 

EDPDS IDR θ IDR IDR θ Vbc Vbc RDR 
EDPDS,c IDRNSC θy IDRSD IDR4% θu,80% Vu,bc,b Vu,bc,d RDRu 

 
Table 31. Capacity threshold associated with DS (EDPDS,c). 

EDPDS,c References Description 
IDRNSC (CEN, 2004; Zoubek et al., 2016)  Nonstructural component damage 

θy (Fardis and Biskinis, 2003; Fischinger et al., 2008) Member’s yielding rotation 
IDRSD (CEN, 2020) Conventional significant damage 
IDR4% (D’Angela et al., 2021; Ghobarah, 2004) Conventional significant damage 
θu,80% (Fischinger et al., 2008; Haselton et al., 2008; 

Haselton and Deierlein, 2007) 
Member’s ultimate rotation 

Vu,bc,b (Cimmino et al., 2020) Brittle beam-to-column failure 
Vu,bc,d (Cimmino et al., 2020) Ductile beam-to-column failure 
RDRu (D’Angela et al., 2021; Magliulo et al., 2018) Ultimate roof drift ratio 

 

RELIABILITY ASSESSMENT 
The structural reliability of the buildings was estimated considering the most significant 
combinations of DSs and limit states (LSs), i.e., DLS was assessed considering DSIDR,NSC, 
and DSθy, DSIDR,SD, DSIDR,4%, DSθu, DSVbc,b, DSVbc,c were considered to evaluate LSLS; 
NCLS was assessed considering RDRu. Reliability index β was assessed according to Equation 
1: 

β = Φ-1 (1-Pf),     (1) 
 
where Φ is the cumulative standard gaussian function and Pf is the conditional failure 
probability, i.e., probability that the building achieves DS under the seismic demand 
associated with the relevant LS. Pf is defined in Equation 2: 
 

Pf = P[EDPDS ≥ EDPDS,c | Sa(T1) = Sa(T1)MCE],      (2) 
 
where Sa(T1)MCE represents the maximum considered earthquake (MCE) associated with 
the relevant LS (seismic demand measure). It should be noted that Pf is not associated with 
the building failure probability over a reference time period, which is also often called 
failure probability. Pf was assessed by processing the numerical analysis results according 
to multiple EDP-based fragility assessment approaches, i.e., (a) Shome and Cornell (i.e., 
3Par (discrete) fragility) (Shome and Cornell, 2000), (b) maximum likelihood fit (i.e., 
MLF fragility) (Baker, 2015), (c) normal probability paper fit (i.e., NPP fragility), and (d) 
least squares fit (i.e., LSF fragility) (Draper and Smith, 1998), as recommended by 
(Baraschino et al., 2020; Iervolino, 2017)). In order to account for all relevant uncertainty 
sources, the formulation provided in (Federal Emergency Management Agency (FEMA), 
2009) was implemented for the estimation of the fragility logarithmic standard deviation, 
i.e., design requirements, test data, and modeling uncertainty sources were estimated 
according to literature studies (Kramar et al., 2009) and code provisions (Applied 
Technology Council (ATC), 2018; Federal Emergency Management Agency (FEMA), 
2009)), where record-to-record uncertainty was directly considered in the numerical 
analyses. 
 
Figure 32 shows reliability index (β) related to L’Aquila (AQ) site since no sufficient 
failure occurrences were associated with other investigated sites. The most critical 
outcome is associated with LSLS and DSVbc,b, which accounts for the brittle failure of the 
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beam-to-column dowel connection. It should be mentioned that this failure mechanism 
can be reasonably prevented by strictly adhering to the prescription of regulations. 
However, in some cases, due to various reasons (e.g., production issues or human error), 
these structural detail prescriptions might be not respected (please, see (Cimmino et al., 
2020)). According to Figure 32, reliability index associated with this failure mechanism 
and LSLS are even negative, representing failure probabilities even significantly larger 
than 50%. Reliability related to LSLS and DSIDR,SD is estimated to be critical for both soil 
type “A” and “C”, even though for the former condition, the reliability is just lower than 
the target threshold. This critical response might be associated with the potential 
inconsistency between the considered DS and LSLS. As a matter of fact, DSIDR,SD was 
found to be more associated with incipient yielding than with severe damage, being more 
consistently relatable to DLS than LSLS. Therefore, it might be found that DSIDR,SD should 
be more consistently evaluated considering DLS, possibly supplying higher reliabilities. 

 

 

 
Figure 32 Reliability index (β) associated with investigated limit state-damage 

states (LS-DS) cases, considering site L’Aquila (AQ) site and both soil type “A” and 
“C”; SS and LS stand for short-span and long-span buildings; MLF, NPP, and LSF 

stand for maximum likelihood fit, normal probability paper, and least squares fit 
methods. The black dashed line shows the target reliability threshold. 
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Further studies should be carried out to investigate this issue, and the present results cannot 
be considered to be exhaustive. Reliability index associated with DLS and DSIDR,NSD is 
not adequate (i.e., lower than target threshold) for soil type “C”, whereas an opposite trend 
is found considering soil type “A”. This suggests that the design provisions associated 
with the different soil condition (i.e., passing from soil type “A” to “C”) are not actually 
balanced in terms of structural reliability. In other words, the structural detailing due to 
more critical soil condition does not sufficiently balance the increment in terms of seismic 
demand. Again, these results are not meant to be exhaustive and further investigation 
should be carried out. For all other cases, the reliability indexes are larger and significantly 
larger than the target value, for all considered methods. 

DISCUSSION AND CONCLUDING REMARKS 
 
The following remarks can be deduced according to the evidence. (1) The influence of the 
fragility assessment method might be relevant on the estimated reliability of the 
investigated structures, and particular attention should be focused when the number of 
collapse occurrences and the corresponding analysis stripes is reduced or not exhaustive 
over the damage condition of interest. (2) The use of 2% interstory drift ratio (IDR) 
threshold might not be representative of significant damage for case study buildings and 
might result in the underestimation of the seismic reliability; assuming a larger IDR 
threshold value could be more meaningful. (3) The seismic performance associated with 
damage to nonstructural elements might be not adequate for higher seismic demand due 
to soil condition “C” (compared with soil condition “A”). (4) The seismic performance 
corresponding to near collapse condition was found to be generally adequate even though 
the relatively reduced number of collapse occurrences points out the need for performing 
further investigations. 
 
The paper shed light on the seismic reliability of code-conforming one-story precast 
buildings, accounting for alternative limit state (LS)/damage state (DS) conditions. In 
particular, both ultimate and serviceability LSs were assessed considering several capacity 
criteria and DSs. The reliability assessment was based on the results of (nonlinear) 
multiple-stripe analyses, considering buildings designed according to the Italian building 
code, varying geometry layout, soil type, and site (seismicity). 
 
The study highlighted some critical aspects of the seismic performance of the investigated 
buildings, providing quantitative measures of (in)adequacy of the structural performance, 
based on comparison between estimated and target reliability. In particular, both 
methodology and quantitative findings contribute to the field literature and to the practice, 
even though the study cannot be considered as exhaustive and further investigations 
should be carried out to validate and extend the findings. 
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Effect of the elevated temperatures on the structural response 
of PBO-FRCM systems and PBO-FRCM strengthened 

reinforced concrete beams 
P. Mazzuca1, L. Ombres2, S. Verre3 and M. Guglielmi4 

 

ABSTRACT: The paper reports the results an experimental investigation on the effect of elevated 
temperature exposure on the mechanical response of concrete members strengthened with PBO FRCM 
composites. Fourteen direct shear (DS) tests on PBO FRCM-concrete prisms and four flexural tests on RC 
beams either un-strengthened or PBO FRCM strengthened were performed over a temperature range from 
20 ºC to 300 ºC. After being exposed to elevated temperatures, specimens were cooled naturally to room 
temperature and tested until failure. The obtained results confirm that the effect of the temperature on the 
FRCM-to-concrete bond behavior is a matter of concern for building applications: at 300 ºC, the retained 
bond strength was almost ~60% of the ambient temperature values. On the other hand, the flexural behavior 
of the FRCM strengthened RC beams seems to be much less affected by elevated temperature: in fact, the 
ultimate loads demonstrated negligible reductions for the tested range of temperature.  

1  INTRODUCTION 

During recent years, Fabric-Reinforced Cementitious Matrix (FRCM) composites have 
been increasingly considered as a strengthening system of damaged masonry and 
reinforced concrete (RC) structures because of their improved durability, good strength to 
weight ratio and ease of installation (Ombres, 2011; Ombres et al., 2022). Additionally, 
FRCMs present several fire-related advantages such as breathability, non-flammability 
and incombustibility owing to the inorganic nature of their matrix if compared to 
traditional Fiber Reinforced Polymers (FRP), (Nanni, 2012). However, legitimate 
concerns are associated to the mechanical performance of FRCM composites when 
subjected to elevated temperature or fire. Despite the effort made in the last years to 
investigate the mechanical behavior at elevated temperature of this composite material, 
the understanding of several aspects is still very limited. This lack of knowledge is also 
reflected in the current design codes, where no information is provided regarding fire 
analysis and design. Concerning the influence of the exposure to elevated temperature on 
the bond behavior FRCM-to-concrete, the information available in the literature is limited 
(Ombres, 2015; Raoof & Bournas, 2017; Al Jaberi et al., 2019; Silva et al., 2014). One of 
the main limitations connected to these studies is related to differences in the experimental 
procedures (e.g. in terms of heating rate, specimen geometry, loading rate and textile 
finishing), which not allow for a straightforward comparison of the results. As for the bond 
behavior, the information concerning the flexural behavior of FRCM strengthened RC 
beams at elevated temperature is also limited (Saad et al., 2017; Hashemi and Al-Mahaidi, 
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2012; Bisby et al., 2013; Michels et al., 2014). Most of these studies focused on the 
comparison between the flexural capacity of RC beams strengthened with either FRP or 
FRCM systems, showing the better effectiveness of the latter mainly due to improved 
performance of his inorganic matrix at elevated temperature. The above mentioned 
information highlighted the need of performing additional experimental studies to provide 
further insights about the mechanical response of FRCM composites at elevated 
temperature. The aim of this study is to fulfil the research needs, focusing on the 
experimental characterization of the (i) bond behavior of PBO FRCM-concrete joints up 
to 300 ºC and (ii) flexural behavior of PBO FRCM strengthened RC beams up to 200 ºC. 
The main objective of this study is to provide a better understanding about the mechanical 
behavior of the PBO FRCM strengthening system at elevated temperature, thus 
contributing to the definition of constitutive relationships and failure modes, which can be 
used for thermo-mechanical simulations and fire design of RC structures.  

 

2 EXPERIMENTAL INVESTIGATION 
2.1 Materials 
The casting of the specimens used in both flexural and bond tests was made using a 
commercial ready-mix concrete consisted of siliceous aggregates with Portland cement 
(Type 1) without admixtures. The water-cement ratio was 0.43, and the maximum 
aggregate size was 10 mm. The average compressive strength of the concrete f′c at 28 
days, determined by standard tests on three samples, was 30.5 MPa (CoV of 9%). The 
mechanical properties of the steel rebars used as internal reinforcements of the RC beams, 
were determined by standard tensile tests performed on three samples. The average 
obtained values were: yielding strength fy = 525.5 MPa (CoV of 1%); ultimate tensile 
strength fu =628.5 MPa (CoV of 2%). The strengthening system used in this experimental 
investigation consisted of an unbalanced PBO mesh embedded in a cement-based matrix. 
The mechanical properties of FRCM systems constituent materials namely, PBO mesh 
and cement-based mortar were determined in a previous experimental investigation 
(Ombres & Verre, 2020). The tensile strength ft and elastic modulus Ef of the PBO mesh 
at room temperature were found to be equal to 3400 MPa (CoV of 3%) and 211 GPa (CoV 
of 4%), respectively. The compressive strength fcm and tensile strength fctm (at 28 days) of 
the inorganic matrix were equal to 43.11 MPa (CoV of 3%) and 6.73 MPa (CoV of 5%), 
respectively. 

 
2.2 Direct shear tests 

Fourteen direct single lap shear tests (DS) were performed on PBO FRCM-concrete 
joints using the test set up illustrated in Figure 1. The FRCM reinforcement consisted of 
one layer of PBO mesh positioned between two 3 mm thick layers of cement-based matrix. 
The PBO mesh consisted of 4 yarns arranged in two orthogonal directions with a 10 mm 
mid-yarn spacing. The equivalent thickness in the longitudinal and transverse direction 
was 0.045 mm and 0.012 mm, respectively. The specimens’ preparation consisted of two 
stages: first the surface of the concrete prisms was sandblasted in order to (i) improve the 
bond between the concrete substrate and the FRCM composite and to (ii) remove any 
possible defects on the concrete surface. Then, a single layer of PBO FRCM composite 
was bonded on each side of the prism (nominal dimensions of 100 × 200 × 400 mm).  The 
bond length started at a distance of 30 mm from the loaded end and was set as 300 mm, 
while the width of the PBO FRCM composite was approximately 40 mm. It is worth 
mentioning that no impregnation was applied on the bare PBO mesh at the loaded end. 
The DS tests were carried out following the recommendations of RILEM TC-250. The 
PBO FRCM-concrete joint was placed in a steel frame positioned in the Universal testing 
machine having a load capacity of 100 kN. In all tests, the specimens were mechanically 
clamped to the testing machine. Two aluminium tabs were bonded at the loaded end of 
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the PBO mesh by means of an epoxy adhesive. This solution guarantees a uniform 
distribution of the tensile stresses among the yarns. The specimens were loaded up to 
failure under displacement control, with a cross-head rate of 0.18 mm/min. The loaded 
end slip was measured using two LVDTs installed next to the bare PBO mesh. The LVDTs 
reacted off a thin aluminium profile that was glued on the bare reinforcement. 

(a)                                            (b) 
Figure 33 – Test set-up of DS tests. 

2.3 Flexural tests 
Four flexural static tests were performed to investigate the influence of elevated 
temperature on the flexural behaviour of PBO-FRCM strengthened RC beams. The tested 
specimens were 1000 mm long, 150 mm wide and 150 mm deep, while the internal 
longitudinal steel reinforcement (cover of 2 cm) comprised four 8 mm-diameter bars and 
five 8 mm-diameter stirrups spaced of 200 mm (cf. Figure 2).  
 

 
Figure 34 – Geometry and reinforcement of the RC beams. 

The PBO FRCM system was applied on the bottom surface of the concrete beam following 
the same procedure described in section 2.2. Figure 3 shows the test setup used in the 
flexural tests. All the beams were simply supported with a span of 900 mm and were tested 
in a three-point bending configuration. The reinforcing system was 900 mm long with a 
rectangular cross-section of 110 mm wide and 6 mm thick. As a reference, an un-
strengthened RC beam was also tested.  Two electrical strain gauges were installed on the 
internal reinforcements, aiming at measuring the strains in the bottom (SG-T) and top 
(SG-C) steel rebars, respectively. The mid-span displacements were recorded by two 
displacement transducers with a measurement range of 50 mm, while a displacement 
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transducer with a measurement range of 100 mm was used record fibre strains. The data 
provided by the load-cell, strain gauges and displacement transducers were recorded using 
a data logger at an acquisition rate of 1 Hz. The RC beams were loaded up to failure under 
displacement control, at a rate of 2 mm/min. 

 
Figure 35 – Test set-up of flexural tests. 

2.4  Heating procedure 
Before testing, all the specimens (namely the PBO-FRCM/concrete joints and RC 

beams) were heated at temperature ranging from 20 ºC to 300 ºC and then cooled down to 
ambient temperature (20 ºC) using a thermal chamber (cf. Figure 4a). The temperature at 
the middle of the FRCM composite and at the interface between the FRCM and the 
concrete substrate was measured using type-K thermocouples (0.25 mm of conductor 
diameter); an additional thermocouple was also used to monitor the air temperature inside 
the thermal chamber. The specimens were heated at an average rate of 2 ºC /min 

 
 

 
 

a) 

 

b) 
Figure 36 – Heating procedure: (a) equipment used and (b) representative temperature vs. time 

curves measured at the interface FRCM/substrate of RC beams tested at 100 and 200 ºC. 

 
It is worth mentioning that the temperature of the thermal chamber was set 10 ºC above 
the target temperature in order to reduce the specimens heating time. Once the temperature 
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at the FRCM-to-concrete interface reached the desired value (from now on called 
“specimen temperature”), the thermal chamber was switched off and the specimens were 
left cooling down following a natural process (i.e. the cooling rate was not defined a 
priori). Figure 4b shows for two target values (namely 100 ºC and 200 ºC), the temperature 
vs. time curves of both specimen and thermal chamber (differences among temperatures 
measured at the centre of the FRCM composite and at the interface were negligible). 
During the heating and cooling stages, no mechanical restrictions were imposed on the 
specimens; thus the thermal expansion of the specimens was free. 
 

3 RESULTS AND DISCUSSION 
3.1 Bond behaviour 
To evaluate the bond stress the following equation was used, 

 𝜏< = 𝐹/(𝑡 ∗ 𝑏) (1) 
 
where F is the load, t is the equivalent thickness of the PBO mesh (0.045 mm) and b is the 
specimen’s width (40 mm). The stress distribution is assumed to be constant along the 
bond length of the FRCM composite, as generally suggested for relatively short bond 
lengths. Figure 5 plots the bond stress vs. global slip curves of each tested specimen 
exposed at temperature ranging from 20 ºC to 300 ºC.  
 

  a) 

 

      b) 
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   c) 

 

      d) 
Figure 37 – Bond stress vs. global slip curves at different temperatures: (a) 20 ºC, (b) 100 ºC, 

(c) 200 ºC and (d) 300 ºC. 

From the obtained results, it can be observed that in the ascending phase the curves 
exhibited a certain degree of non-linearity mainly due to (i) the friction between mortar 
and fibres and (ii) micro-damages in the composite. In what concern the post-peak 
behaviour, all the specimens tested up to 200 ºC presented a steep drop which was 
followed by a progressive bond stress reduction. The influence of temperature on the bond 
properties is also presented in Table 1, which lists the results obtained with reference to 
the following parameters: temperature T, bond stiffness K, defined as the slope of the 
ascending branch of the curves between 25% and 50% of the maximum value of the bond 
stress, peak load, Fu, failure mode, bond strength, τm, and corresponding slip, sm. It is worth 
mentioning that the PBO FRCM-concrete prisms were labelled according to the following 
nomenclature: DS_T_S; where DS refers to the direct shear test, T indicates the 
temperature and S is the specimen number.  

 
Table 32 - Summary of the results obtained in the direct shear tests of PBO FRCM-joints. 

Specimens 
T 

[ºC] 
K 

[N/mm] 
Sm 

[mm] 
Fu  

[kN] 

τs  
[MPa] 

Failure mode 
[-] 

DS_20_1 

20 

5177.22 0. 48 2.19 1208.35 Slippage 

DS_20_2 6265.96 1.70 2.71 1490.91 Slippage 

DS_20_3 2169.90 0.81 2.75 1514.93 Slippage 

DS_20_4 4144.64 1.34 2.71 1493.17 Slippage 

DS_100_1 

100 

1845.00 1.13 2.62 1440.77 Slippage 

DS_100_2 1914.00 1.60 2.68 1476.29 Slippage 

DS_100_3 1655.00 1.31 2.76 1521.47 Slippage 
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DS_100_4 1861.00 1.34 2.84 1565.08 Slippage 

DS_200_1 

200 

1783.57 1.25 2.31 1269.49 Slippage 

DS_200_2 1769.00 1.34 2.35 1291.53 Slippage 

DS_200_3 1590.00 0.97 2.38 1310.67 Slippage 

DS_300_1 

300 

1285.00 0.85 1.56 858.15 Fiber rupture 

DS_300_2 1283.84 0.80 1.69 911.62 Fiber rupture 

DS_300_3 1148.64 1.20 1.65 903.98 Slippage 

 
 
As shown in Table 1, the increase of temperature led to a progressive reduction of the 
bond stiffness. At 100 ºC, an average reduction of almost 70% was recorded; this might 
be due to some thermal degradation occurring at the interface between the concrete 
substrate and the composite. For higher temperatures, the reduction was less pronounced: 
from 100 ºC to 300 ºC, the bond stiffness was only reduced by ~12%. Table 1 shows that 
the bond strength at 100 ºC was higher than at 20 ºC: this result may be related to the 
thermal expansion of the matrix that was possibly more significant than the thermal 
degradation of the materials/interface. At 200 ºC, the reduction was relatively low, with 
retained bond strength of approximately 90% compared to ambient temperature value. 
When the test temperature was increased to 300 ºC, the bond strength recorded reductions 
of almost 60%.  
The variation with temperature of the slip at the maximum bond stress was also reported 
in Table 1. In general, a non-monotonic variation with temperature was observed: the 
value of sm increases of almost 33% and 20% at 100 ºC and 200 ºC (when compared to 
ambient temperature values), respectively. This result is probably associated to the in-
crease of the PBO mesh slippage within the matrix with increasing temperature. At 300 ºC, 
specimens DS_1_300 and DS_2_300 values of sm were lower than those observed at 100 
ºC and 200 ºC; this result mostly stems from the different failure modes observed. In fact, 
the failure of PBO FRCM-concrete joints tested up to 200 ºC occurred due to the 
fibres/matrix slippage (cf. Figure 6a); while at 300 ºC, a premature failure was observed 
in specimens DS_1_300 and DS_2_300 involving the rupture of the warp fibres (cf. Figure 
6b). 
 

(a)                                                                      (b) 
Figure 38 – Failure modes at different temperatures: (a) up to 200 ºC and (b) at 300 ºC. 
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3.2 Flexural tests 
Figure 7 shows the load vs. mid-span displacement curves for all the tested specimens.  

 

Figure 39 - Bond stress vs. global slip curves at different temperatures: (a) 20 ºC, (b) 100 ºC, (c) 
200 ºC and (d) 300 ºC. 

All the specimens presented a similar behavior showing the typical three-stages reported 
in the literature for the flexural behavior of FRCM strengthened RC beams: (i) an initial 
linear stage (uncracked stage), followed by (ii) a second almost linear branch, in which 
the concrete starts cracking; then a non-linear ascending branch corresponding to the to 
the post-yielding stage until reaching the peak load. As expected, the RC beams 
strengthened with PBO FRCM system presented higher ultimate loads compared to the 
un-strengthened specimen; this result confirms the effectiveness of the PBO-FRCM 
systems in increasing the load-bearing capacity. The important contribution of the PBO-
FRCM as strengthening system is also evidenced from results listed in Table 2, where a 
summary of the tests is reported in terms of temperature T, yielding load Pyie, mid-span 
deflection at yielding δy, maximum load Pmax, mid-span deflection at failure δmax, ductility 
index, δmax/ δy, strain at failure of the PBO-FRCM system, εfrcm  and flexural capacity 
increase, Di. Each specimen is labelled according to the following nomenclature: (i) type 
of tested concrete member, beam (B); (ii) type of reinforcement, unreinforced (U) or 
reinforced (R); and (iii) tested temperature. 

Table 33 - Summary of the results obtained in the flexural tests of RC beams. 

Specimens 
T 

[ºC] 
Pyie  

[kN] 
δy 

[mm] 

Pmax  
[kN] 

δmax 

[mm] 

δmax/ δy 

[-] 

εfrcm 

[mm/mm] 

Di  
[%] 

B_U_20 20 28.19 3.32 2.19 13.06 3.93 - - 

B_R_20 20 33.52 4.10 42.30 11.21 2.73 0.015 21.12 

B_R_100 100 34.01 3.79 43.10 11.37 3.00 0.015 23.76 

B_R_200 200 31.84 3.90 41.34 11.25 2.88 0.018 18.65 
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As previously mentioned, the application of the FRCM system increased the load bearing 
capacity of the RC beams (when compared to the control beam): the ultimate loads at 20 ºC, 
100 ºC and 200 ºC were increased to 21.12%, 23.76% and 18.65%, respectively. As for 
the ultimate loads, when the temperature was increased from 20 to 200 ºC, the yielding 
load of the strengthened specimens was also increased of approximately 12-20% when 
compared to the values observed in the control beam. These results seem to suggest that 
for the specific geometry used and range of temperature, ultimate and yielding loads are 
not significantly affected by the thermal treatment. Furthermore, Table 2 shows that 
temperature does not affect the ductility of the strengthened beams, defined as the ratio 
δmax/ δy. For all the tested beams, values of approximately 2.7-3 were reported. The 
obtained show that the ductility of the un-strengthened specimen is higher than those of 
the strengthened ones. This result may stem from the geometry of the specimens, which 
can lead to size effects on the ductility of the beam when comparing results from small-
scale and full-scale specimens. Unfortunately, it was not possible to perform further tests 
to better understand this aspect. In this context, other investigations are needed to better 
analyse the influence of the size effects on the structural ductility of beams with the same 
geometry used in this study. In all the tested beams, failure involved both the concrete 
crushing (under the loading point) and slippage of the fibers within the matrix. It is worth 
mentioning that tensile failure of the PBO fibers never occurred, this result is consistent 
with the deformation of the FRCM system at failure (εfrcm) measured by the horizontal 
LVDT (cf. Figure 3): for all the specimens tested, the values of efrcm ranged from 0.0155 
to 0.018, thus remaining below the ultimate deformation of the dry fiber obtained by 
tensile tests (εfu=0.0215). 
 

 
Figure 40 - Typical failure mode for the strengthened TCC beams (example of the failure mode 

observed in specimen R_200). 

4 CONCLUSIONS 
This paper presented an experimental investigation on the bond and flexural behaviour 

of concrete member strengthened with PBO-FRCM composites exposed to elevated 
temperatures ranging from 20 ºC to 300 ºC. The study provided further insights of the 
influence of elevated temperature on the mechanical behaviour of this composite system, 
providing a series of experimental data not available in the literature. The bond properties 
of the PBO- FRCM-concrete joints were significantly affected by the exposure to elevated 
temperature. At 100 ºC, the bond stiffness was already reduced to approximately 30% of 
the corresponding ambient temperature value – this result should be associated to the 
degradation of the interface between the concrete substrate and FRCM system. On the 
other hand, reductions in the bond strength were very limited up to 200 ºC, mainly due to 
the matrix-fiber interlocking mechanism, which lead to an improvement of the bond 
between yarns and matrix. However, when the test temperature was increased to 300 ºC, 
the bond strength loss started to be significant, with retained values of almost 60%. This 
change in the reduction trend was also reflected in the failure modes: (i) specimens tested 
up to 200°C presented ductile failure, which involved the slippage of the fibers within the 
matrix; while (ii) at 300°C, the failure mode was brittle, with a sharp rupture of the warp 
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PBO fibers. The flexural response at elevated temperature of PBO FRCM strengthened 
RC beams, was not significantly influenced by the thermal treatment. The ultimate loads 
of the reinforced beams were approximately 20% higher than that observed in the control 
specimen. The failure modes, in all the FRCM strengthened RC beams, was triggered by 
the crushing of the concrete together with the slippage of the fibres within the matrix - 
despite the very high magnitude of axial strains reached by the FRCM, no signs of tensile 
failure of the fibres were observed In addition, the ductility of the strengthened beams was 
almost constant with increasing temperature; values of the ductility index were lower than 
that measured in the control specimen (approximately 24-30% less). 
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Use of FRCM Composites for Confinement of Concrete and 
Masonry Structures: Assessment of Compressive Strength 

A. Napoli1 and R. Realfonzo2 

 

ABSTRACT: Fabric-reinforced cementitious matrix (FRCM) composites have emerged as a viable solution 
for the external confinement of concrete and masonry members. However, what still discourages the use of 
these composites in the civil engineering field is the lack of analytical models capable of estimating the 
compressive strength of FRCM confined members with appreciable accuracy. This paper contributes to 
filling this knowledge gap by presenting a summary of the analytical study performed by the authors at the 
University of Salerno on the compressive strength of masonry and concrete members confined by FRCM 
systems. Two large databases including, respectively, results of compression tests on masonry and concrete 
members wrapped with FRCM systems were compiled from the literature and adopted with the aim to 
propose suitable strength models. The accuracy of these models is examined through a comparison with 
existing formulae published in some international guidelines. 

INTRODUCTION 
Fabric-reinforced cementitious matrix (FRCM) composites represent an appealing 

solution for the external confinement of concrete and masonry members. They entail the 
use of an open grid fabric of continuous fibers embedded in different types of matrices 
(e.g. lime-based, cement-based, and geopolymers), which combination leads to different 
physical and mechanical properties of the composite. The most commonly used fibers are 
basalt (B), carbon (C), alkali-resistant (AR), glass (G) and poliparafenilenbenzobisoxazole 
(PBO); lately, unidirectional steel (S) textiles composed of properly spaced ultra-high 
tensile strength steel cords are also being used for these applications. 

The experimental studies published on FRCM systems are less numerous than those 
performed on fiber reinforced polymers (FRPs), also due to the more recent market entry. 
The existing knowledge is rather poor, fragmented, and sometimes controversial; 
therefore, developing reliable models for the estimate of the performance of both concrete 
and masonry members confined by FRCM systems is a challenging task.  

This paper contributes to addressing this issue by presenting a summary of the 
analytical study performed so far by the authors since 2020 with the purpose to provide 
sound formulas for the prediction of the compressive strength of either concrete and 
masonry members confined by FRCM (Napoli and Realfonzo 2020, 2022a, 2022b). 

The models were found by applying best-fitting techniques to the experimental results 
of compression tests collected in two wide databases, one for masonry and the other for 
concrete members, which were confined by using one or multiple FRCM layers. 

Based on the available databases, the authors propose, for concrete confinement, 
specific strength models for each FRCM system. For masonry confinement, instead, they 
propose a general formula applicable to both any masonry type (natural and artificial) and 
FRCM system and, also, relationships better suitable for natural masonry (NM) only and 
artificial masonry (NM) only. 

 
 
1 Assistant professor, Department of Civil Engineering, University of Salerno, annapoli@unisa.it 
2 Full professor, Department of Civil Engineering, University of Salerno, rrealfonzo@unisa.it 
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The present study highlights the improved accuracy of the proposed models with 
respect to the companion formulas reported in some international guidelines, such as 
CNR-DT 215 (2018), ACI 549.4R (2020) and ACI 549.6R (2020). 

CONFINEMENT OF CONCRETE 
Database collection 
The database, published in Napoli and Realfonzo (2020), includes 293 uniaxial 
compression tests performed on plain concrete cylinders confined with different FRCM 
systems. Among the specimens, 68 were confined with B-FRCM, 50 with C-FRCM, 53 
with G-FRCM, 42 with PBO-FRCM and 80 with S-FRCM systems. The pie chart in 
Figure 1a shows the per cent (%) distribution of the 293 specimens per FRCM system. 

Overall, the specimens had height to-diameter (H/D) ratio comprised approximately 
between 2 and 3, and were manufactured with concrete mixtures characterized by an 
average value of the cylindrical compressive strength (fc0) in the range 11-52 MPa.  

Except for the steel fiber system, in all the other cases both unidirectional and 
bidirectional fabrics were used for concrete confinement. Different inorganic matrices - 
from pozzolanic to hydraulic ones - were used to impregnate the fabric and their 
mechanical properties were rather dispersed; let’s think that the compressive strengths 
ranged between 2.49 MPa and 82.00 MPa. 

The concrete cylinders were wrapped with fabric meshes by using a number of layers 
ranging between 1 and 6; the angle of fiber inclination with respect to the longitudinal axis 
(q) of the specimen was 90°, except in some PBO-FRCM confined specimens where the 
inclination was 30° and 45°. 

Looking at the collected database, relevant is the information about the observed failure 
mode since the compressive behavior of the FRCM confined concrete is significantly 
influenced by the cracking of the inorganic matrix. Depending on the cracking severity, 
two main failure modes were found: a) tensile failure of the external jacket in the hoop 
direction, and b) jacket opening, i.e., debonding of the confining system (D). The 
debonding failure was rather common for the cases of G-FRCM, S-FRCM and C-FRCM 
systems (probability of occurrence also over 30%) whereas it was missing for B-FRCM 
confined specimens. Overall, the specimens experiencing the mode a) and those 
experiencing the mode b), whatever the fiber type be used, were equal to 202 and 91, 
respectively, corresponding to 69% and 31% of the total number. 

In order to perform the best-fit analyses, the information reported in the collected 
database was re-organized in 130 homogeneous datasets. The organization in datasets is 
consistent with the methodology followed in previous investigations (Napoli and 
Realfonzo 2011) which is in turn based on the “Design by testing” approach recommended 
by the Annex D of Eurocode 0 (CEN 2002). In particular, each dataset is representative 
of a group of N experimental tests performed by same researchers and characterized by 
uniformity in terms of: a) specimen size; b) unconfined compressive strength fc0, c) 
geometry and mechanical properties of the dry fabric, d) mechanical properties of the 
inorganic matrix, and observed failure mode. The experimental results attributed to each 
dataset represent, therefore, the average values obtained for the collected N tests. 
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a) Total specimens: N = 293 b) Datasets used in the analyses: n = 111 

  

Figure 1. FRCM concrete confinement: (a) Distribution of specimens per FRCM 
system; and (b) distribution of datasets per FRCM system. 

 
It is worth mentioning that, some of the 130 datasets were excluded in the analyses due 

to the lack of proper information or uncertainty in the collected data. Also, similarly to the 
case of FRP systems, the best-fit analyses were performed by considering all datasets for 
which the lateral confining pressure fl, normalized with respect to fc0 (f=̅) was greater than 
7% in order to consider a “sufficiently confined concrete” (Realfonzo and Napoli 2011). 
Due to the limited number of datasets characterized by rather high values of 𝑓>̅, the 
threshold was lowered to 6% in the case of the B-FRCM system. The mentioned 𝑓>̅ was 
calculated according to Equation 1 by setting ke =1 : 

𝑓>̅,@55 =
𝑓>,@55
𝑓-/

= 𝑘q ∙
2 ∙ 𝑡5 ∙ 𝑛5 ∙ 𝐸5

𝐷 ∙ "𝑘A ∙ 𝜀5,B* (1) 

where: kq accounts for the fiber inclination estimated according to CNR-DT200 R1 (2013) 
(kq = 1 for  q=90°); tf and nf are, respectively, the equivalent thickness of the single layer 
and the number of employed layers of the dry fabric; Ef and ef,u are, respectively, the elastic 
modulus and the ultimate strain of the dry fabric; ke is strain efficiency factor of the FRCM 
system defined as the ratio between the ultimate hoop strain experimentally measured in 
the FRCM jacket (ej,u) and the ultimate strain ef,u. 

The pie chart in Figure 1b illustrates the distribution per FRCM system of the 111 
datasets effectively used in the best-fit analyses. In particular, the number n of datasets 
was equal to 12, 21, 15, 29 and 34 for B-, C-, G-, PBO- and S-FRCM system, respectively. 

 
The proposed strength models 
Analytical models for predicting the compressive strength of the FRCM confined concrete 
with circular cross-section, fcc, were developed, separately per fiber type, by applying best-
fit techniques to the experimental datasets.  

Given the high scatter of the matrices’ mechanical properties – often missing in the 
scientific papers – and the relatively significant number of datasets collected in the 
database, the proposed models do not account for the influence of the inorganic matrices.  

The models were formulated in a non-dimensional form by means of the following 
equation specified for circular sections: 

𝑓-̅- =
𝑓--
𝑓-/

= 1 + 𝛼C ∙ 𝑓>̅,@55
D% = 1 + 𝛼C ∙ �

𝑓>,@55
𝑓-/

�
D%

= 1 + 𝛼C ∙ �
𝑘q ∙

2 ∙ 𝑡5 ∙ 𝑛5 ∙ 𝐸5
𝐷 ∙ "𝑘A ∙ 𝜀5,B*
𝑓-/

�

D%

 (2) 

In Eq. (2), a1 and a2 are the two unknown parameters to be calibrated through the best-
fit techniques with the aim to minimize the difference between the predicted and the 
experimental values of the strength. 

Of course, the application of Eq. (2) to FRCM systems is an important simplification 
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of the real behavior. On the other hand, as long as the mechanical properties of the 
inorganic matrices are not – or not exhaustively - documented in the literature, the 
approximation to neglect the mortar contribution is believed necessary. 

In order to find the parameters a1 and a2 that yield the lowest scatter between the 
experimental fE̅E

FGH and the theoretical fH̅HIJ values of the normalized strength, the mean 
absolute percentage error (MAPE) was taken under consideration; it is given by:  

(𝐸II)JKLMN =
∑ |𝐸O|P
OQR

𝑛 ;	𝐸O =
"𝑓-̅-,O

@ST − 𝑓-̅-,OUV *
𝑓-̅-,O
@ST ∙ 100 (3) 

Table 1 summarizes the best-fit models proposed for each FRCM system minimizing 
the mean error (E)))J according to MAPE. Due to the lack of a sufficient amount of 
information for the strain efficient factor ke, the analyses were first performed by setting 
ke = 1 in Equation 2 for all the FRCM systems. Then, for B-FRCM, G-FRCM and PBO-
FRCM systems, the analyses were also performed by considering the respective average 
values of ke calculated from the collected database (Napoli and Realfonzo 2020).  

Table 1. Confinement of concrete with FRCM: New strength models. 

FRCM System n Proposal 1 Proposal 2 
Describing Equation (𝐸##)$ Describing Equation (𝐸##)$ 

B-FRCM 12 𝑓J̅- = 1 + 3.20 ∙ 𝑓>̅,@55 10.67% 𝑓J̅- = 1 + 12.05 ∙ 𝑓>̅,@55 10.67% 
𝑘A = 1.00 𝑘A = 0.27 

C-FRCM 21 𝑓J̅- = 1 + 0.55 ∙ 𝑓>̅,@55
/.X/ 7.87% - 

𝑘A = 1.00 

G-FRCM 15 𝑓J̅- = 1 + 0.50 ∙ 𝑓>̅,@55
/.Y/ 10.10% 𝑓J̅- = 1 + 1.70 ∙ 𝑓>̅,@55

/.Y/ 10.08% 
𝑘A = 1.00 𝑘A = 0.22 

PBO-FRCM  29 𝑓J̅- = 1 + 1.20 ∙ 𝑓>̅,@55 15.16% 𝑓J̅- = 1 + 2.20 ∙ 𝑓>̅,@55 16.95% 
𝑘A = 1.00 𝑘A = 0.47 

S-FRCM 34 𝑓J̅- = 1 + 1.45 ∙ 𝑓>̅,@55
/.XX 7.93% - 

𝑘A = 1.00 
 
By considering Proposal 1 it is observed that the found models, some linear and other 

nonlinear, are quite different each other to make meaningless the possibility of proposing 
a unique relationship for all the FRCM systems. The models yielding the lowest errors are 
those found for the S-FRCM and C-FRCM systems; by plotting all the relationships 
together it can be noted that, for a given value of the normalized confining pressure, the 
most performing models are those obtained for B-FRCM and S-FRCM systems whereas 
systems deserving more investigation are those employing carbon and glass fibers (the 
found best-fit models are not very encouraging). The use of ke ¹1 in Equation 2, as done 
for B-, G- and S- FRCM systems yields models (see Proposal 2) not significantly different 
in terms of errors from those labelled Proposal 1 but they just provide modified values for 
the coefficients α1 and α2. 

 
Comparison with design guidelines 

In this section, the accuracy of the found relationships is compared with that of the 
models proposed by the guidelines ACI 549.4R (2020) and CNR-DT 215 (2018), not 
reported here for the sake of brevity. In particular, the “ACI” linear model was basically 
derived from that proposed for FRP systems and then adapted to the case of mortar-based 
confining systems by modifying some parameters; therefore, it does not account for the 
contribution of the mortar properties. The model has the same structure of Equation 2, 
with α1 = 1.00 and α2 = 3.10, but in the normalized confining pressure the factor k𝜀 is 
directly replaced by a design limitation to the strain of the jacket 𝜀f,u. Therefore, in the 
model application, the k𝜀 values reported in Table 1 were considered in Equation 1 for B-
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, G- and PBO- FRCM systems, while for C- and S- FRCM systems k𝜀 = 0.30 and k𝜀 = 0.50 
have been used, respectively, as reported in Napoli and Realfonzo (2020). 

The nonlinear model suggested by CNR-DT 215 (2018) has, again, the same structure 
of Equation 2, with α1 = 2/3 and α2 = 2.6, but in the normalized confining pressure the 
strain efficiency factor k𝜀 is replaced by the parameter kmat = 0.217 .[rm.(fmat,c/fc,0)]2/3 £ 1; 
kmat accounts for the influence of the inorganic matrix through the parameter rm, defined 
as the geometrical percentage of the applied matrix in the FRCM system, and the mortar 
compressive strength to the concrete compressive strength ratio (fmat,c/fc0). 

To compare the accuracy of the mentioned formulae with those under Proposal 1 in 
Table 1, the bar chart in Figure 2 depicts, for each FRCM system, the per cent model errors 
between theoretical and experimental 𝑓-̅- values, calculated according to MAPE (see Eq. 
3). As shown, the proposed models improve the accuracy of the predictions, yielding the 
lowest MAPE errors for the all FRCM systems, followed by the formulation by ACI 
549.4R (2020) and, then, by DT 215 (2018). However, it is worth highlighting that, while 
for Proposal 1 and “ACI” formulation the MAPE errors were calculated by considering 
the same number of datasets (see n in Table 1), for the “CNR” formula, the considered 
datasets were only those providing the data needed for the kmat estimate. 

 
Figure 2. Comparison among the strength models in terms of MAPE errors. 

CONFINEMENT OF MASONRY 
Database collection 
The database, published in Napoli and Realfonzo (2022a,b), includes 261 uniaxial 
compression tests performed on FRCM confined masonry with circular (28 tests) and 
square/rectangular cross-sections (233 tests). The pie chart in Figure 3a shows the 
distribution of specimens in the database per FRCM system which includes:  
- 51 specimens confined with B-FRCM (31 prismatic and 20 cylindrical); 
- 62 specimens confined with C-FRCM (only prismatic); 
- 59 specimens confined with G-FRCM (51 prismatic and 8 cylindrical); 
- 20 specimens confined with PBO-FRCM (only prismatic); 
- 69 specimens confined with S-FRCM (only prismatic). 

All specimens were continuously confined except for the three tests where a 
discontinuous PBO-FRCM wrapping was investigated (Napoli and Realfonzo 2022b). 

As done for the analyses related to the FRCM confinement of concrete, the information 
reported in the database was, then, re-organized in 116 homogeneous datasets, of which 
108 referred to prismatic specimens and 8 to cylindrical ones. In this case, each dataset is 
representative of a group of N experimental tests performed by same researchers and 
characterized by uniformity in terms of: a) material and masonry arrangement; b) 
specimen size; c) geometry, typology of FRCM system and confinement layout; d) 
mechanical properties of the fiber mesh; e) thickness and mechanical properties of the 
FRCM inorganic matrix; compressive strength of the unconfined masonry (fm0). For more 
details, reference to Napoli and Realfonzo (2022a) can be made.  
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a) Total specimens: N = 261 b) Datasets used in the analyses: n = 99 

 
 

                                                 Prismatic specimens                                 Cylindrical specimens 

Figure 3. FRCM masonry confinement: (a) Distribution of specimens per FRCM 
system; and (b) distribution of datasets per FRCM system. 

By re-organizing the database, some datasets were excluded from the analyses due to 
some issues found by the authors in the available data; such reduction involved all the 
FRCM systems with the only exception of the S-FRCM one. Therefore, the pie chart in 
Figure 3b shows the distribution per FRCM system of the datasets effectively used in the 
analyses which are 99 against the 116 found in the database, involving a total of 227 
specimens against the 261 originally collected. 

The most significant reduction of datasets is for B-FRCM systems with 10 datasets 
removed, followed by the C-FRCM system (4 datasets removed), by the G-FRCM (2 
datasets) and, lastly, by the PBO-FRCM system with 1 dataset removed. 

By focusing the attention on the used datasets (n = 99), noteworthy is the information 
on the masonry type (natural or artificial) investigated for each FRCM confinement 
system. In particular, artificial masonry (AM) specimens made of CBs were the most 
investigated ones; indeed, in the case of C- and PBO- FRCM systems, these represent the 
totality of collected datasets. Only in the case of the G-FRCM system, a large number of 
datasets refer to specimens made of natural masonry (NM), covering the following 
typologies (Napoli and Realfonzo 2022): a) tuff units (TUs), n = 5 (prismatic); b) 
limestone (LS), n = 4 (prismatic), and c) LS – calcarenite (CALC), which is natural 
limestone composed by sand and carbonate grains, n = 3 (prismatic) + 1 (cylindrical). 

TU masonry was the only typology investigated for the S-FRCM systems, while in the 
case of B-FRCM systems LS and CALC were considered for one and two datasets related 
to prismatic and cylindrical specimens, respectively. 

The bar charts in Figure 4 provide an overview of dataset distribution per masonry type 
in the case of prismatic (Fig. 4a) and cylindrical shapes (Fig. 4b). 

Finally, another important detail is related to the masonry mass density gm which is a 
parameter believed affecting the FRCM performance. To this purpose, indeed, the 
nonlinear strength model suggested by DT 215 (2018), similarly to what already done in 
the document CNR-DT 200 R1 (2013) for FRP confinement applications, accounts for the 
contribution of the masonry mass density gm (expressed in kg/m3) in the estimate of fmc; 
specifically, this parameter roughly considers the influence of voids and porosity of both 
the constituent materials and the masonry texture itself on the estimated axial strength. 
However, looking at the 99 datasets considered for the analyses, it is noted that the value 
of gm is always provided in the scientific papers for NM specimens; in particular, most 
datasets have gm values lower than 1600 kg/m3, with the highest concentration about 1400 
kg/m3. Conversely, for CB members, this information is very often omitted and, therefore, 
an average value of gm, equal to 1700 kg/m3 was considered in the analyses; as a result, it 
may seem that the datasets are mostly concentrated about gm = 1700 kg/m3 while, in truth, 
only for a dataset related to the C-FRCM system and for another one related to the G-
FRCM system the scientific papers specifically provide gm = 1700 kg/m3. This observation 
was taken into account in the analyses presented in the next section. 
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a) Datasets related to prismatic specimens: n = 92 b) Datasets related to cylindrical specimens: n = 7 

  

Figure 4. Distribution of datasets per masonry type: (a) prismatic specimens; and (b) 
cylindrical specimens. 

 
The proposed strength models 
Analytical models for predicting the compressive strength of the FRCM confined 
masonry, fmc, suitable for any FRCM system, were developed by applying best-fit 
techniques to the experimental datasets. The models were formulated by starting from the 
slightly more general 5-parameter relationship reported in CNR-DT 215 (2018), written 
here in the following general normalized form: 

 (4) 

where kh and kv are, respectively, the coefficients of horizontal and vertical efficiency, 
whose expressions, omitted here for the sake of brevity, can be found in DT 215 (2018) 
and DT 200 R1 (2013); 𝜌5 = 4 ∙ 𝑡5 𝐷⁄  is the geometric strengthening ratio, and 𝑘JZU is the 
dimensionless coefficient of confinement efficiency given by:  

 (5) 

The parameter kmat accounts for the influence of the inorganic matrix which in turn 
depends on both the matrix reinforcement ratio ρmat and the compressive strength of both 
inorganic matrix and unconfined masonry fmat,c  ⁄ fm0; it is directly used to reduce the lateral 
confining pressure exerted by the FRCM system, being: kmat ≤ 1.  

In the estimate of ρf and in Equation 5, D represents the diameter of the circular cross-
section or the diagonal length of the square or rectangular cross-section.  

In the strength model proposed by DT 215 (2018), the coefficient α1 can be assumed 
equal to 0.5 in absence of reliable experimental results, while α2 and α3 can be set equal 
to 1.0, unless experimental results are available to justify different assumptions. For what 
concerns kmat, the exponent α5 is set to 2 while the coefficient α4 is assumed equal to 1.81 
lacking experimental results able to justify different values. Basically, the model described 
by Equations 4 and 5 is very similar to the formulation proposed by DT 200 R1 (2013) for 
confinement of masonry with FRP systems, where the coefficients α1, α2 and α3 again 
assume the values 0.5, 1 and 1, respectively, whereas the parameter kmat is replaced, for 
design applications, by a term reducing the ultimate strain εf,u 

Best-fit analyses were performed to the 99 datasets in order to calibrate the values of 
αi parameters in Equations 4-5 minimizing the difference between predicted and 
experimental values of the strength (𝑓J̅-,UV  and 𝑓J̅-@ST, respectively). As for the FRCM confined 
concrete, the MAPE error minimization technique was selected; therefore, Equation 3 was 
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applied in which the subscripts “cc” of the involved terms were replaced by “mc”. 
Overall, 9 analysis cases were performed, of which 8 are deeply described in Napoli 

and Realfonzo (2022a) and 1 was lately added in Napoli and Realfonzo (2022b). 
Differences among the cases deal with the number of αi coefficients made to vary at the 
same time (1,2,3,4 or 5) while setting the others to constant values established on the basis 
of considerations made in Napoli and Realfonzo (2022a,b). 

These cases were applied, one at a time, to three different groups of datasets, i.e.:  
- Group 1: all datasets together (n = 99), with the aim to find strength models suitable for 
any masonry type (NM and AM); 
- Group 2: datasets related to AM only (n = 77); 
- Group 3: datasets related to NM only (n = 22). 

In light of the considerations made before about the lack of gm values for the CB 
masonry, and being the number of the related datasets 3,5 times the number available for 
NM (i.e., 77 vs 22 datasets), it can be stated that considering in the analysis the variability 
of α3 is quite trivial in the case of Group 2 and, to a lesser extent for Group 1 too. 
Conversely, it can be useful to consider the calibration of α3 in the best-fit analyses 
performed on NM, for which the experimental values of gm are always available.  

Table 2. Confinement of masonry with FRCM: New strength models. 

Masonry n Proposal 1 Proposal 2 
Describing Equation (𝐸##)$ Describing Equation (𝐸##)$ 

Any  
(ALL) 99 

𝑓$̅% = 1 + 0.35 ∙ j
𝑔$
1000k

&.&(
∙ 𝑓)̅,+,,

(.-. 
13.21% 

𝑓$̅% = 1 + 1.05 ∙ 𝑓)̅,+,,
(.-( 

13.64% 
𝑘$/0 = 1.00 𝑘$/0 = 0.95 

Artificial Masonry 
(AM) 77 

𝑓$̅% = 1 + 0.60 ∙ j
𝑔$
1000k

1.&.
∙ 𝑓)̅,+,,

(.-( 
12.86% 

𝑓$̅% = 1 + 1.10 ∙ 𝑓)̅,+,,
(.-( 

12.73% 
𝑘$/0 = 1.00 𝑘$/0 = 1.00 

Natural Masonry 
(NM) 22 

𝑓$̅% = 1 + 1.00 ∙ j
𝑔$
1000k

(.1.
∙ 𝑓)̅,+,,

(.2( 
11.95% 

𝑓$̅% = 1 + 1.05 ∙ 𝑓)̅,+,,
(.3. 

11.95% 
𝑘$/0 = 0.40 ∙ p𝜌$/0 ∙

𝑓%,$/0
𝑓$(

r
1.2(

 𝑘$/0 = 0.40 ∙ p𝜌$/0 ∙
𝑓%,$/0
𝑓$(

r
1.-.

 

 
Finally, it is worth highlighting that, among the 9 analysis cases, the unique 4-

parameter analysis was performed by setting α3 = 0 with the purpose to compare the 
calibrated value for α2 with respect to α2 = 1.10 obtained for the case of FRP confinement 
(Napoli and Realfonzo 2021). To this purpose, it is mentioned that already in the case of 
FRP confinement, it was being found that the masonry mass density gm seems to have a 
negligible influence on the strength performance. 

Table 2 provides, for each group of datasets, the best analytical solutions obtained from 
the application of the MAPE minimization technique, labelled Proposal 1 and Proposal 
2; the corresponding MAPE values are also provided. In particular, Proposals 1 and 2 
account and do not for the contribution of the masonry mass density, respectively. As 
noted, in the case of the Group 1 (all datasets), Proposal 1 basically confirms the best-fit 
model found in Napoli and Realfonzo (2022a), with very slight modifications of αi 
coefficients. Proposal 2 provides the coefficient α2  = 1.05 very similar to that found for 
the FRP confinement (i.e., 1.05 vs 1.10); in spite of only a slight strength increase of the 
MAPE value with respect to Proposal 1, this model considers the possibility of neglecting 
the influence of the inorganic matrix, being α5 = 0. This model is also very similar to 
Proposal 2 found for AM, in which α2  = 1.10 and kmat is equal to unit. 

In the case of NM, the found models are a bit more complex, since kmat seems to not 
assume a constant value. However, based on the obtained MAPE values (basically, the 
same), the two proposals highlight, again, the possibility of neglecting the contribute of 
the masonry mass density (indeed, when considered in the analysis, α3 is equal to 0.15). 
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Comparison with design guidelines 
The bar charts in Figures 5a,c,e show, for each group of examined datasets, the 
comparison in terms of MAPE values between the proposals in Table 2 and the analytical 
formulas suggested by the mentioned guidelines DT 215 (2018) and ACI 549.6R (2020). 
In particular, the latter guide is the result of the work carried out by ACI 549-L Committee 
and the RILEM Committee TC 250-CSM, in which design indications are provided 
according to both American (ACI) and European approaches (RILEM); consequently, two 
different formulations are given in the guide, not reported herein for the sake of brevity. 
In particular, the model following the “ACI approach”, labelled here ACI 549.6R_1, is 
very similar to the formulation suitable for FRP applications (ACI 440.2R 2017); the 
model following the “European approach”, labelled here ACI 549.6R_2, has a structure 
more similar to that adopted by DT 215 (2018), since it considers the contribution of the 
inorganic matrix but it neglects the influence of the masonry mass density.  

It is worth highlighting that, in the comparison of Figure 5, the formulations 
recommended by the mentioned guidelines are applied to the considered datasets without 
introducing both the safety factors to use for design purposes and the limitations for the 
ultimate tensile failure of the fiber mesh 𝜀5,B. From the bar charts in Figures 5a,c,e it is 
noted that the new proposals provide the best predictions, followed by the models 
suggested by DT 215 (2018) and by ACI 549.6R_1; the less accurate estimates are 
provided by the formulation labelled ACI 549.6R_2, with errors up to 81% in the case of 
NM; however, it is common to all the guidelines’ formulas that the less accurate 
predictions are obtained in the case of NM, probably due to the lack of experimental data 
available at the time of their validation which, instead, will have been mostly based on 
AM. 

Finally, in Figures 5b,d,f the theoretical values, 𝑓J̅-
UV, calculated for the three groups of 

datasets according to the two proposals and the model by DT 215 (2018), are plotted with 
respect to the experimental ones, 𝑓J̅-

@ST. The bisector corresponds to perfect agreement 
between predictions and tests; therefore, points falling in the lower part of the graph 
indicate conservative predictions whereas points falling over the line represent 
unconservative situations. In the case of NM (Fig. 5f), the model by DT 215 (2018) often 
overestimates the experimental data (unconservative predictions), while the two proposals 
provide predictions better distributed about the bisector line. This consideration is again 
confirmed for the case of CB masonry (Fig. 5d). Finally, a larger scatter of data is observed 
when a unique formula is used for both NM and AM, with a greater number of data falling 
in the unconservative area (Fig.5a).  
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Figure 5. (a,c,e) Comparison among the strength models in terms of MAPE errors; 

(b,d,f) comparison between experimental data and predictions. 

CONCLUSIONS 
A summary of the analytical study performed on the FRCM confinement of concrete and 
masonry members has been presented. New proposals for the compressive strength of 
confined members were derived by applying an error minimization technique to the 
experimental results collected in two wide experimental databases, one for concrete and 
the other for masonry. In the case of concrete confinement, the strength models are similar 
to those typically used for FRP systems and were obtained separately per FRCM system. 
In the case of masonry confinement, the strength models are suitable for any FRCM 
system; some of them are viable for any masonry type, others for natural masonry only or 
artificial masonry only. The accuracy of the new models is significantly improved with 
respect to the formulas reported in the considered international guidelines. 
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Derivation of in-plane seismic fragility models for clay 
masonry infills in reinforced concrete frames 

S. Peloso1, E. Brunesi2 and D. Perrone3 

  

ABSTRACT: This study aims at deriving multi-damage state fragility functions for clay masonry infills in 
low-to-medium-rise reinforced concrete frames designed for earthquake resistance. Different structural 
archetypes were identified and modelled numerically by means of distributed plasticity approaches in order 
to undertake incremental dynamic analysis and derive seismic lognormal fragility models through regression 
analysis. Both infilled and bare frame configurations were simulated and compared, providing fragility 
curves corresponding to immediate occupancy, damage prevention, and, ultimately, life safety limit states, 
all of which can be integrated in general frameworks for seismic risk/loss assessment and management. To 
this end, fragility models are given in terms of three different intensity measures, namely peak ground 
acceleration, peak floor acceleration, and peak floor spectral acceleration, considering also two different 
methods for the calculation of the probability of occurrence/exceedance. 

INTRODUCTION 
The most suitable numerical modelling choice for masonry infills, part of reinforced 
concrete (RC) frame systems is still a cause of concern, owing to several factors including 
but not limited to those following. On one hand, RC frames with masonry infills constitute 
a vast portion of both existing and newly built buildings in Italy as well as other 
Mediterranean countries and places around Europe and the world. On the other hand, infill 
walls are part of the lateral-force resisting system of a building, most likely influencing 
the dynamic properties of the building system as a whole, despite being usually not 
designed according to modern seismic codes (Crisafully et al., 2000; Calvi and Bolognini, 
2001; El-Dakhakhni et al., 2006; Celarec et al., 2012; Hak et al., 2012; Cavaleri and Di 
Trapani, 2014; Sussan et al., 2016; Morandi et al., 2018; Surana et al., 2018; De Risi et 
al., 2018; Ricci et al., 2018; Perrone et al., 2020; Mucedero et al., 2020; Furtado et al., 
2021). The fact that current design practice for these buildings generally does not consider 
the influence of masonry infills, which are rather treated as non-structural elements with 
the only scope of providing thermal insulation from the outdoors, worsens the seismic 
assessment problem, with issues of damage and losses being aspects that can no longer be 
ignored nowadays (Manfredi et al., 2014; Cardone and Perrone, 2017; O’Reilly et al., 
2018; Mucedero et al., 2021). 

With the above in mind, this paper presents a framework for deriving seismic fragility 
models for clay masonry infill walls in RC frames, relying upon a simple, yet reliable 
fibre-based finite element (FE) modelling concept that makes use of a triple-strut method, 
whose calibration is carried out in accordance with past experimental test data (Cavaleri 
and Di Trapani, 2014). After selecting structural archetypes representative of medium-to-
low-rise framed buildings designed – for earthquake resistance according to Eurocode 8 
(CEN, 2004) provisions – for a medium-to-high seismicity site in Italy, nonlinear FE 
models were developed considering both bare and infilled frame configurations, thereby 
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obtaining as many sets of fragility curves – via incremental dynamic analysis (IDA) for 
different return periods (RPs) of the seismic intensity – with a view to single out the effects 
associated with the explicit modelling of the infill walls. As clarified thereinafter, different 
intensity measures (IMs) were considered to provide multi-damage state fragility models 
suited to different contexts of seismic risk/loss assessment and management, with the 
probability of exceeding a certain limit state condition being computed – for the same 
purpose/reason – in two separate manners, one of which considers the position of a 
damaged infill along the frame height and the other assumes the damage threshold being 
exceeded for the entire structure once exceeded in a single infill wall, regardless of its 
position and whether the other infills are actually to be tagged as “damaged” or not. 

METHODOLOGY 
Figure 1 shows key steps of the proposed seismic fragility analysis framework, whereas 
noteworthy aspects and assumptions underlying it are described in what follows. 

Firstly, once a building class is selected (i.e. low-to-medium-rise masonry-infilled RC 
frames designed for medium ductility class in line with European rules (CEN, 2004) in 
this case), a reliable computational model has to be defined, able to account for significant 
damage/response mechanisms for the building class of interest. The FE model has to be 
accurate enough and, at the same time, computationally efficient to sequence nonlinear 
dynamic analyses one another – thus integrating the structural response over time – in a 
reasonable amount of time. To this end, force-based fibre modelling was chosen, 
combining nonlinear beam-column elements for both beams and columns with truss 
elements for the infills. 

Secondly, structural prototypes representative of the building class or portfolio under 
investigation have to be identified in such a way that building-to-building variability could 
be taken into account properly, along with record-to-record variability, which is given by 
ad-hoc ground motion selection. For this application, five structural archetypes with 
different number of floors – from two to six – were selected from a portfolio of 100 
buildings randomly sampled via complete Monte Carlo simulation in Perrone et al. (2020). 
As previously mentioned, infilled frames have a counterpart bare frame configuration, for 
a total of ten structural FE models, all of which developed using the open source FE 
platform OpenSees (Mazzoni et al., 2006). 

Thirdly, following identification of random variables (RVs) to account for variability 
in building geometry, material, and gravity loads to use for seismic design according to 
Eurocode 8, referred to as EC8 hereon (CEN, 2004), and following both simulated design 
and modelling phases, the latter of which relies upon in-plane pseudo-static test results by 
Cavaleri and Di Trapani (2014) for the calibration of triple-strut inelastic infill model, 
IDA was carried out for different RPs ranging from 30 to 9975 years (i.e. 30, 50, 70, 140, 
200, 475, 975, 2475, 4975 and 9975 years) in order to record acceleration and 
displacement time histories at each floor and characterise the nonlinear response of each 
case-study frame. As described in the following Section, a site close to the city of Cassino, 
in Italy, was chosen for the ground motion selection, this site being characterised by a 
peak ground acceleration on stiff soil equal to 0.21 g for a 10% probability of exceedance 
in 50 years (or 475-year RP). 

Fourthly, a damage probability matrix was assembled following identification of limit 
state thresholds for as many limit states, which in this application were three: immediate 
occupancy limit state (termed as SLO to follow the Italian nomenclature available in the 
Italian building code (MIT, 2018), henceforth called NTC18), damage prevention limit 
state (referred to as SLD for the same reason), and, ultimately, life safety limit state (or 
SLV to comply with NTC18 (MIT, 2018) terminology). To do so, drift thresholds were 
selected merging information available in the NTC18 (MIT, 2018) with other in 
international seismic codes (CEN, 2004; FEMA356, 2000) and infill-specific 
experimental observations (Cavaleri and Di Trapani, 2014). 
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Fifthly, and lastly, lognormal multi-damage fragility models providing the probability 
of occurrence/exceedance of multi-limit damage conditions for a given level of seismic 
shaking, in closed-form and continuous fashion, were calculated by simply iterating the 
above-described and below-shown procedure (see Figure 1) as many times as the 
combinations of selected IMs and methods for evaluating the probability of damage state 
exceedance. For what concerns the former issue, three different IMs were considered, 
which are: i) peak ground acceleration (PGA), ii) peak floor acceleration (PFA), and peak 
floor spectral acceleration (PFSA) or peak spectral acceleration at the floor, thus resulting 
into three sets of fragility models (for comparison and correlation), each of which doubles 
when considering the methodology for damage state attainment and probability 
computation. Regarding the latter issue, two criteria were selected, namely i) first 
occurrence assumption, meaning that the limit state is said to be attained when the 
corresponding threshold is breached or exceeded in one single infill, as opposed to ii) first 
occurrence at each storey, in which case occurrences were computed separately, and the 
corresponding fragilities were grouped – conventionally – into three sets based on the 
dimensionless parameter z/H. 

 

Figure 1. Flowchart of the proposed infill-specific seismic fragility analysis. 
 

Clearly, the dimensionless height z/H is taken as the height at which the infill is located z 
normalised by the entire frame height H, and the following ranges were set: i) 0 < z/H < 
1/3, or lower storeys, ii) 1/3 < z/H < 2/3, or mid storeys, and iii) 2/3 < z/H < 1 or upper 
storeys. As can be inferred from Figure 1, the first occurrence case is identified by 0 < z/H 
< 1, in which the dimensionless parameter z/H simply spans the entire range of possible 
outcomes. 
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It is noteworthy that the so-derived fragility functions allow a three-fold comparison be 
driven for analysts/designers or eventually decision-makers, i) between fragilities of the 
same kind (or limit state) for the same IM – and considering infill walls placed at the same 
height over the structure – but coming from bare and infilled frame simulation results, ii) 
between fragilities of the same kind for different IMs, which refer to shaking of a different 
nature, and iii) between fragilities associated with infills located at different positions up 
to the building height, for the same modelling option (infilled or bare case) and assumed 
IM. 
 
 

CASE-STUDY STRUCTURES AND DAMAGE ANALYSIS 
The analysed case-study buildings are simple masonry-infilled RC plane frames extracted 
from the portfolio randomly generated in Perrone et al. (2020). These structures, with 
number of floors varying from two to six, were meant to resemble all characteristics of 
newly built frame systems designed for gravity loads and earthquake resistance in Italy 
and the Mediterranean area. Geometry and mechanical properties, together with gravity 
loads, were selected accordingly, as a result of a complete Monte Carlo simulation process 
in conjunction with a simulated design procedure, which relies upon European seismic 
provisions (CEN, 2004) for the so-called ductility class B, assuming all structures be 
located near the city of Cassino, a medium-high seismicity zone in Italy with a design 
PGA of 0.21g for SLV (or life safety limit state, i.e. RP = 475 years in this case). 

Figure 2 shows an example of the structural system, along with key items of the 
implemented FE modelling approach and selected RVs, namely i) the number of floors nf, 
(ii) the inter-storey height hi, iii) the number of bays nb, iv) the length of the bays Lb, v) 
the dead loads gT, vi) the live loads qk, vii) the yielding strength of reinforcing rebars fy, 
and viii) the concrete compressive strength fc. For the sake of clarity and completeness, 
Table 1 summarises numerical values for every RV, thereby providing an idea of building-
to-building variability involved in the undertaken infill-specific fragility analysis. More 
information regarding the assumptions underlying these buildings and their design can 
simply be found in Perrone et al. (2020). 
 

 
Figure 2. Numerical model concept for infill-specific seismic fragility analysis. 

 
Table 1. Characteristics of the case-study structures and values of RVs. 
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Model nf 
(-) 

hi 
(mm) 

nb 
(-) 

Lb 
(mm) 

gT 
(N/mm) 

qk 
(N/mm) 

fy 

(N/mm2) 
fc 

(N/mm2) 
M1 2 3250 3 3500 22.32 12.25 375.0 32.0 
M2 3 3000 3 4000 24.01 11.00 430.0 39.0 
M3 4 2750 6 3750 22.34 9.38 430.0 40.0 
M4 5 2750 3 4500 25.60 10.13 375.0 39.0 
M5 6 3000 6 3750 22.75 10.31 430.0 41.0 

 
All FE models were developed by making use of the open platform OpenSees (Mazzoni 
et al., 2006) assuming a distributed-plasticity approach to simulate the onset and 
propagation of damage in the structure and its key portions. Both beams and columns were 
modelled by means of the nonlinear beam-column element available in OpenSees 
(Mazzoni et al., 2006), meaning a force-based formulation was assumed for fibre 
modelling. More in detail, Concrete07, the uniform confinement model implemented by 
Chang and Mander (1994), was assigned to concrete fibres, and Steel01, a bilinear 
constitutive material model with isotropic strain hardening, was assumed for the 
longitudinal steel bars of beams and columns. 

For what concerns the infills, they were modelled by an equivalent triple-truss model, 
in which the global stiffness of the panel was distributed amongst three parallel diagonal 
inelastic truss elements by assigning a rate of stiffness and strength equal to 50% to the 
central truss and equal to 25% to each of the off-diagonal trusses. The pinching4 material 
model available in OpenSees (Mazzoni et al., 2006) was considered to mimic the cyclic 
behaviour of a clay masonry infill tested by Cavaleri and Di Trapani (2014), namely 
specimen S1B-1. For the sake of completeness, it is worth noting that vertical and 
horizontal Young′s moduli were taken equal to 6401 and 5038 MPa, respectively, whilst 
the compressive and shear strength values were taken equal to 8.66 and 1.07 MPa, 
respectively, in agreement with material characterisation tests undertaken by the same 
authors (Cavaleri and Di Trapani, 2014). 

Nonlinear time-history analyses (NLTHAs) were performed assuming a suite of 20 
earthquake ground motions per each of the ten RPs selected to characterise nonlinear 
structural behaviour. All these records – from the PEER NGA-West database – resulted 
from a hazard-consistent selection undertaken based on spectral compatibility with a 
conditional mean spectrum according to the methodology proposed by Jayaram et al. 
(2011). IDA results were processed to evaluate occurrences relying upon the drift 
thresholds reported in Table 2, as per Italian and international prescriptions (MIT, 2018; 
FEMA356, 2000) as well as infill-specific outcomes from testing (Cavaleri and Di 
Trapani, 2014). 
 

Table 2. Assumed drift thresholds for performance evaluation. 

 SLO SLD SLV 
Drift 0.15% 0.3% 0.8% 

 
In closing, for the sake of clarity, it is worthwhile to mention that the above-reported drift 
levels are in line with §7.3.6.1 of the NTC18 (MIT, 2018) as well as Table C1-3 in 
FEMA356 (2000) for “Unreinforced Masonry Infill Walls”. 

SEISMIC FRAGILITY FUNCTIONS 
Seismic fragility models were derived according to the flowchart presented in Section 2 
and the assumptions concerning numerical modelling and damage analysis described in 
Section 3. Figure 3 and Figure 4 provide discrete/empirical fragility data along with 
continuous lognormal models, for the three limit states assumed, in terms of PGA, for bare 
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and infilled frame cases, respectively. Moreover, Table 3 summarises the parameters of 
PGA-based functions, namely the mean of logPGA (denoted as μ), standard deviation of 
logPGA (denoted as σ) and coefficient of determination (R2). 
 

 
Figure 3. Fragility curves for the bare frame case in terms of PGA. 

 
 

 
Figure 4. Fragility curves for the infilled frame case in terms of PGA. 

 
 

Table 3. Parameters of PGA-based fragility models. 

  SLO SLD SLV 
B/I z/H µ s R2 µ s R2 µ s R2 

B
ar

e 

Low 0.954 1.485 0.940 1.726 1.455 0.953 3.667 1.525 0.908 
Mid 0.793 1.385 0.956 1.574 1.405 0.957 3.539 1.491 0.804 
Upp 1.118 1.331 0.953 2.345 1.416 0.940 7.598 1.830 0.727 
All 0.811 1.410 0.941 1.592 1.397 0.954 3.549 1.436 0.919 

In
fil

le
d 

Low 1.278 1.586 0.948 2.784 1.395 0.975 7.045 1.657 0.532 
Mid 1.131 1.461 0.955 2.564 1.325 0.987 7.354 1.648 0.669 
Upp 2.094 1.396 0.981 4.675 1.512 0.905 - - - 
All 1.209 1.595 0.929 2.710 1.390 0.971 7.018 1.711 0.541 

 
It can be clearly seen from a comparison between Figure 3 and Figure 4, or alternatively 
from Table 3, that the fragility of the infills for the bare frame configuration is higher than 
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that associated with the infilled case counterpart. The fact that the vulnerability reduces if 
moving to mid (or intermediate) and upper storeys (the latter denoted as “Upp” in Table 
3) can also be noted, which in turn affirms that the vulnerability of the entire structure 
(referred to as “all z/H values” in Figure 3 and Figure 4, or shortly as “All” in Table 3) is 
driven by that of the lower storeys (z/H < 1/3 in Figure 3 and Figure 4 or “Low” in Table 
3), regardless of whether the bare or infilled configuration is concerned. As an example, 
the PGA associated with the 50% probability of SLD being exceeded changes from 
approximately 1.73 to 2.35 m/s2, when passing from 0 < z/H < 1/3 to 2/3 < z/H < 1. 
Similarly, for the infilled frame case, the PGA changes from 2.78 to 4.68 m/s2. 

Another noteworthy aspect is that no fragility models could be fitted and provided for 
SLV at the top storeys simply because of no occurrences, meaning that the drift threshold 
corresponding to this limit state (i.e. 0.8% drift) has never been reached or exceeded 
during the series of NLTHAs for RPs ranging between 30 and 9975 years. Finally, it has 
to be pointed out that less variability is observed for what concerns the dispersion, as far 
as different limit states are compared together or if the comparison is made between the 
bare and infilled cases for the same limit state. 

For the sake of brevity, PFA- and PFSA-based fragility models are shown only for the 
bare frame configuration, in Figure 5 and Figure 6, respectively, whereas μ and σ 
corresponding to both bare and infilled configurations are given in Table 4 and Table 5. 
 

 
Figure 5. Fragility curves for the bare frame case in terms of PFA. 

 
 

 
Figure 6. Fragility curves for the bare frame case in terms of PFSA. 

 
 

Table 4. Parameters of PFA-based fragility models. 
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  SLO SLD SLV 
B/I z/H µ s R2 µ s R2 µ s R2 

B
ar

e 
Low 0.942 1.461 0.982 1.612 1.408 0.978 3.039 1.354 0.944 
Mid 0.965 1.235 0.925 1.699 1.224 0.953 3.229 1.151 0.995 
Upp 1.955 1.080 0.947 3.400 1.116 0.982 6.993 1.102 0.958 
All 1.530 1.351 0.972 2.643 1.292 0.983 4.642 1.316 0.938 

In
fil

le
d 

Low 1.977 1.729 0.917 4.056 1.538 0.908 10.79 2.135 0.456 
Mid 2.747 1.235 0.974 5.435 1.231 0.942 10.84 1.397 0.481 
Upp 6.349 1.302 0.954 11.84 1.449 0.682 - - - 
All 4.030 1.430 0.953 7.828 1.375 0.936 16.57 1.966 0.206 

 
 

Table 5. Parameters of PFSA-based fragility models. 

  SLO SLD SLV 
B/I z/H µ s R2 µ s R2 µ s R2 

B
ar

e 

Low 3.582 1.579 0.960 6.110 1.454 0.965 10.56 1.583 0.923 
Mid 5.019 1.263 0.974 8.488 1.222 0.991 14.09 1.218 0.965 
Upp 9.688 1.228 0.985 15.56 1.157 0.972 30.56 1.222 0.944 
All 7.432 1.434 0.962 12.41 1.316 0.985 19.99 1.381 0.942 

In
fil

le
d 

Low 9.858 1.860 0.920 19.22 1.702 0.888 99.14 5.479 0.233 
Mid 17.04 1.369 0.964 30.74 1.292 0.973 64.34 1.612 0.618 
Upp 37.22 1.332 0.974 68.58 1.783 0.714 - - - 
All 24.76 1.521 0.973 43.83 1.395 0.940 127.0 2.640 0.401 

 
These latter sets of fragility functions or models could help interpreting the sensitivity of 
infill-specific vulnerability to the IM, thus creating a paradigm that involves parameters 
of shaking of a different kind/type. Notably, with the same response data at hand, 
extension is possible to the bi-variate or three-variate cases, thereby the probability of 
reaching or exceeding a certain limit state could be traced, conditioned upon reaching two 
or more triggers in terms of seismic shaking. 

CONCLUSIONS 
In this paper, IDAs were carried out to derive multi-damage state fragility models for clay 
masonry infills lodged in RC frame systems designed for earthquake resistance. A 
framework was developed and proposed involving i) the explicit modelling of infills in 
terms of stiffness and strength, as well as obviously mass, ii) different IMs, and iii) the 
position of infill walls along the height of the archetype framed building – and, similarly, 
a criterion for evaluating the probability of limit state occurrence/exceedance. In 
particular, the first occurrence over the building and the first occurrence at the floor level 
were both considered and compared together. 

Sets of NLTHAs were undertaken for five structural archetypes, representative of 
Italian masonry-infilled frames, considering ten RPs ranging from 30 to 9975 years (i.e. 
30, 50, 70, 140, 200, 475, 975, 2475, 4975 and 9975 years) in such a way that lognormal 
fragility functions could be obtained (and eventually integrated within frameworks for 
seismic risk and loss assessment and management). 

The main conclusions drawn from this study can be summarised as follows: 
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• The lognormal model was proven a good fit/approximation of empirical fragility 
curves, with R2 values close to 0.90 or even higher being observed for the vast 
majority of the cases. 

• The PGA-, PFA- and PFSA-based, closed-form fragility models – expressed 
either in terms of median and standard deviation or their ratios – allow 
correlation of different fragility estimates and seismic intensity parameters. 

• The non-negligible influence of stiffness and strength of the infills was 
quantified by simply comparing fragility models for bare and infilled 
configurations, both of which could be valid depending on purpose and time. 

• Criteria other than the first occurrence in an entire building could be promising 
and worth trying not only in relation to position but also with impact on issues 
of repair and loss. 
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Experimental and numerical analyses of a new RC-framed 
skin system for integrated seismic retrofitting intervention on 

existing buildings 

I. Rocca1, L. Pozza2, D. Alejandro Talledo3, R. Federico4, A. Saetta5, M. Savoia6 

 

ABSTRACT: This work presents the results of a research aimed at investigating a new RC-framed skin 
system for integrated and sustainable retrofitting interventions on existing buildings. The RC-framed skin 
system is built from the outside of the existing building, so guaranteeing a limited invasiveness and without 
interruption of the building usage. The first results of some full-scale cyclic experimental tests carried out 
on a representative element of the RC-framed skin are presented. The test setup, the samples characteristics 
and the cyclic loading protocol are presented. Then, a numerical model of a Gravity-Load-Designed (GLD) 
RC frame building with and without retrofitting intervention is presented, developed to perform a parametric 
study by non linear static analyses, aimed at evaluating the influence of the main geometrical parameters of 
the proposed RC-framed skin on the structural response.  

INTRODUCTION  
The integrated and sustainable retrofit of existing building is a key aspect of urban 
renovation strategies to have greener, safer and more resilient cities (Margani et al., 2020). 
Recent studies highlight that the existing building stock is nowadays responsible for at 
least 40% of the final energy demand and for approximately 36% of greenhouse gas 
emissions (Sajn et al., 2016, Landolfo et al., 2011, Economidou et al., 2011, Pozza et al., 
2021). Moreover, the seismic vulnerability of the existing buildings has a significant 
impact on the safety and resilience of cities, since nearly 50% of the European territory is 
earthquake-prone (e.g., Margani et al., 2020). Compared to the European scenario, the 
Italian one is even more critical because specific regulations on energy saving and anti-
seismic design of buildings have only recently been introduced. At present, about 86% of 
the residential stock is strongly energy-consuming and about 50% is characterized by a 
high seismic vulnerability (e.g. La Greca & Margani 2018, Zanini et al., 2019). These 
energy deficiencies and seismic vulnerabilities are typically associated with a general 
aging of the building stock which is more than 35% over 50 years old, meaning that, from 
a structural point of view, about a third of existing buildings have already reached their 
nominal service life (Belleri & Marini 2016). 
Considering the age and vulnerability of Italian existing buildings, the option that would 
seem most appropriate for a building stock renovation, from a technical and economical 
point of view, would be demolition and reconstruction (Power, 2010, Alba-Rodríguez et 
al., 2017). However, this option has a significant impact and disturbance on the occupants 
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of the buildings and, therefore, it cannot be implemented in a systematic and widespread 
way. On the contrary, integrated retrofit interventions, especially if executed from the 
outside of the existing building, require shorter relocation time and minimize the occupant 
disturbance, resulting more sustainable and easier to apply (Alba-Rodríguez et al., 2017).  
New integrated refurbishment techniques have been recently developed and introduced in 
the market making renovation interventions more environmentally, economically, and 
socially sustainable and less disruptive. A comprehensive literature review of integrated 
refurbishment systems can be found in (Pozza et al., 2021, Talledo et al., 2021). Among 
the integrated retrofit interventions, the eco-friendly and sustainable RC-framed skin 
presented in (Pozza et al., 2021, Talledo et al., 2021) is innovative and promising.  
The present work gives a brief description of the proposed technology, illustrates the 
prototyping phases and the preliminary tests conducted at CIRI-EC laboratory of 
University of Bologna. Finally, a parametric numerical study performed with reference to 
a selected case study is presented, aimed at defining the level of seismic improvement that 
can be achieved by scaling the size of the reinforcement RC-framed skin elements.  

DESCRIPTION AND EXPERIMENTAL CHARACTERIZATION OF THE RC-
FRAMED SKIN TECHNOLOGY 

In this section, the RC-framed skin system is described and the main outcomes of the 
prototyping phases reported. Moreover, preliminary results of experimental test are briefly 
presented. 

 
The RC-framed integrated refurbishment technology 
The integrated refurbishment technology illustrated in this work is based on the idea of 
cladding an existing building with an external RC-framed skin. The execution of the 
reinforcement intervention from the outside minimizes the invasiveness and limits the 
interruption of use of the building.  
The RC-framed skin is casted on site using a prefabricated EPS formwork system. The 
EPS formworks are thermal insulating modular elements specifically shaped to realize, on 
the external surface, a thick and impact-resistant finishing plaster. The RC-framed skin is 
characterized by a modular geometry: typical column interspace is equal to 1200 mm even 
if some adjustment can be required to fit the façade opening geometry; columns have a 
square cross-section with variable side dimensions in the range 150 mm - 250 mm; 
transversal beams have a rectangular cross-section with base equal to the side of the 
column and height of 400 mm. The transverse beams are positioned in contact with the 
existing structure and connected by means of anchor rods at the floor level. Figure 41 
schematizes the RC-framed skin. A detailed and multi-performance description of the 
examined system is reported in (Pozza et al., 2021, Talledo et al., 2021).  

 

 
Figure 41. Scheme of the RC-framed skin 
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The transverse reinforcement of columns and transverse beams of the RC-framed skin are 
different: columns have continuous spiral transversal reinforcement while transverse 
beams have ordinary stirrups. The spiral reinforcement of the column is continuous across 
the beam-column joint to ensure adequate confinement.  
Longitudinal reinforcement of columns and beams are sized according to geometry of the 
elements and level of seismic improvement to be achieved. Figure 42 shows typical 
reinforcements adopted for three different geometries of the RC-framed skin identified by 
the column cross-section dimensions. 
 

          
 (a) (b) (c) 

Figure 42. Details of the reinforcement of beam and column cross-sections: (a) 
250x250 module; (b) 200x200 module; (c) 150x150 module 

 
Prototyping of RC-framed skin 
Figure 43 shows the 250x250 module of the RC-framed skin to be tested, consisting of 
three columns and two beams with a square cross section 250x250 mm and 250x450 mm, 
respectively. 
The spacing between columns is 145 cm, while the spacing between the lower and upper 
beams is 3.150 m, which corresponds to the typical inter-story height of existing building, 
see (Pozza et al. 2022) for details. 
The concrete is C28/35 type and the reinforcements of the RC-framed skin, detailed in 
Figure 42a, are made of B450C steel. 
 
Experimental setup and preliminary results 
The experimental setup was developed using the facilities of the CIRI-EC structural 
testing laboratory (Figure 43). The RC-framed system was anchored to the strong floor by 
means of rigid steel brackets and post-tensioned dywidag bars in order to avoid any 
possible horizontal sliding of the base beam. The horizontal force was imposed on the top 
beam by means of 500 kN MTS servo-hydraulic jack properly anchored to the concrete 
reaction wall.  
The mechanical system to impose the horizontal force was composed by a steel tie made 
up of stiffened transverse steel plates placed at the ends of the upper beam and connected 
through post-tensioned dywidag bars. The MTS servo-hydraulic actuator generating the 
cyclic force was connected to one end of the tie and constrained on the other end to the 
reaction wall.  
The entire test system was transversally stabilized by means of a steel system allowing 
horizontal and vertical displacements only of the top beam through ball rollers (Figure 
44). The drift cyclic protocol is reported in Table 34 and was specifically designed by 
means of advanced numerical simulations detailed in (Pozza et al., 2022). 
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Figure 43. Experimental set-up of the 250x250 module of RC-framed skin 

 

 
Figure 44. 250x250 module of RC-framed skin sample 

 
Table 34. Cyclic Loading protocol (Pozza et al., 2022). 

Top Displacement drift n. of cycles 
± 0.5 mm ± 0.017% 1 
± 1.0 mm ± 0.034% 3 
± 1.5 mm ± 0.05% 3 
± 4.5 mm ± 0.15% 3 
± 7.5 mm ± 0.25% 3 
± 15 mm ± 0.5% 3 
± 30 mm ± 1% 3 
± 45 mm ± 1.5% 3 
± 60 mm ± 2% 3 
± 90 mm ± 3% 3 
± 120 mm ± 4% 3 
± 150 mm ± 5% 3 

 
Figure 45a and 5b show the main experimental results in terms of cyclic force-
displacement curve and deformed/damaged configuration of the central column, 
respectively. The cycle envelope curve of Figure 45a shows an elastic-plastic behavior of 
the tested prototype with yielding displacement of about 50mm. The hysteretic response 
highlights a limited strength degradation of the system especially for small amplitude 
cycles, also characterized by limited reloading stiffness degradation.  
Figure 45b demonstrates the ability of the system to achieve large cyclic displacements 
without significant end-column or nodal damages. Additional details on the failure modes 
for higher drift levels are reported in Pozza et al., 2022. 

500 kN MTS actuator

FORCE
DRIFT
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a) b) 

Figure 45. Preliminary test results of 250x250 RC-framed module: a) Experimental 
force – top displacement cyclic envelope curve and b) Damaged and deformed 

configuration of a column at the maximum drift level. 
 

GRAVITY-LOAD-DESIGNED RC FRAME BUILDING: UNREINFORCED AND 
RETROFITTED CONDITIONS 

In this section, the Gravity-Load-Designed (GLD) RC building studied in (Talledo et al. 
2021) is briefly presented, and the main results of non linear static analyses carried out on 
both unreinforced building and building retrofitted by means of the RC-framed skin 
technology (250x250 module) are summarized. Then, a set of parametric analyses have 
been performed by varying the beam and column cross-section of the RC-framed skin, in 
order to evaluate the response of the retrofitted buildings in terms of capacity curves. 
The GLD RC building has been designed with four lateral-load resisting frames along the 
transversal X direction, while in the longitudinal Y direction, two external frames only are 
present, with columns connected through flat beams. 
The geometrical and reinforcement characteristics of the element main cross-sections of 
the existing building are summarized in Table 35; for more details, the reader can refer to 
(Talledo et al., 2021). 
 

Table 35. Geometrical and reinforcement characteristics of existing building cross 
section. 

Element type External 
geometry (mm) 

Longitudinal 
bars Stirrups 

Column 300x300 2+2 ∅12 ∅8/200 
Flat beam (Y dir.) – support 300x240 3+3 ∅14 ∅8/200 

Flat beam (Y dir.) – mid-span 300x240 2+4 ∅14 ∅8/200 
Beam (X dir.) – Internal frame support 300x400 7+3 ∅16 ∅8/100	

Beam (X dir.) – Internal frame mid-span 300x400 2+4 ∅16 ∅8/250	
Beam (X dir.) – External frame support 300x400 4+3 ∅16 ∅8/100	

Beam (X dir.) – External frame mid-span 300x400 2+3 ∅16 ∅8/250	
The column interspace of RC-framed skin in Y-direction is equal to 1200 mm, while in 
X-direction it ranges from 850 mm to 1650 mm in order to fit the façade opening 
geometry. Figure 46 show a 3D view of the solid geometrical models of both the existing 
RC frame building (with the layout of principal openings in the main facade) and of the 
external RC-framed skin. 
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 (a) (b) 

Figure 46. (a) GLD RC existing building model; and (b) RC-Framed skin model 
 
Modeling of existing GLD RC frame building and of the retrofitted building 
The numerical models for both GLD building and RC-framed skin are developed in 
OpenSees (McKenna et al., 2010) using the pre- and post-processor STKO (Petracca et 
al., 2017). Modal analyses are performed in order to compare the fundamental periods and 
the eigenvectors, assumed as the modal patterns of horizontal forces for the non-linear 
static analyses, according to (MIT, 2018; Circolare n.7, 2019). Non-linear static analyses 
are then performed to assess the structural behavior of existing GLD building and of the 
building retrofitting with the different RC-framed skin modules (Figure 42).  
GLD building and RC-framed skin elements are modelled adopting force-based elements 
with the integration method proposed by (Scott and Fenves, 2006) that guarantees 
localized deformation to be integrated over the specified plastic hinge length. Plastic hinge 
lengths are evaluated referring to the relation A.9 of (EN1998-3, 2005) consistent with the 
assumed constitutive law. Actually, concerning the constitutive models the law proposed 
by (Mander et al., 1988) is adopted for concrete, accounting for the confinement effect 
offered by the stirrups in the columns (that is particularly significant for the columns of 
the retrofitting RC-framed skin); the Menegotto-Pinto model as enhanced by (Filippou et 
al., 1983) is adopted for steel.  
After the pushover analysis, both ductile and brittle (i.e. shear) mechanisms are evaluated 
for all elements according to (MIT, 2018; Circolare n.7, 2019; EN1998-3, 2005), in order 
to define the displacement capacity of the structure. Then, the curves are bi-linearized 
according to the procedure proposed in the (Circolare n.7, 2019). Finally, the PGA 
corresponding to the spectrum for which the target point is equal to the structural capacity 
(PGAC) is evaluated and compared to the seismic demand of a high seismic zone in Italy 
(i.e., Aielli in province of L’Aquila), so obtaining the safety level in term of the safety 
index IS-V, defined as the ratio between (PGAC) and (PGAD). Note that the PGA demand 
(PGAD) for the considered site, considering a building with a reference period of 50 years 
and a soil of class C (VS between 180 and 360 m/s), is 0.346g. 
 
Results for the existing GLD RC building 
The results obtained for the existing GLD RC building are depicted in Figure 47 in terms 
of load-displacement curves (thin lines) and corresponding bilinear curves (thick lines) 
for both directions (i.e., X and Y directions) and two force distribution patterns (i.e. 
uniform and modal distributions). The attainment of maximum chord capacity is indicated 
with yellow circles (highlighting also if it is reached on beams, ‘B’, or columns ‘C’), while 
the attainment of maximum shear capacity is indicated with green triangles (see Figure 
47b). In the bi-linear curves, a square indicator shows the performance point (PP) relative 
to the capacity spectrum, representing the seismic action corresponding to the capacity of 
the structure. The capacity spectrum is obtained with an iterative procedure interpolating 
in the logarithmic space the parameters for defining the spectrum for the site considered. 
In the same Figure, the return period, TR,C, of the seismic action corresponding to the 
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capacity of the structure, i.e. corresponding to the attainment of the limit state, is also 
reported. 

 

 
 (a) (b) 

Figure 47. Base shear vs top displacement curves for GLD building: (a) X direction; 
and (b) Y direction. PP – Performance Point; TR,C – earthquake return period 

corresponding to the capacity of the structure (in years) 
 
It can be observed that the maximum resisting force in X direction is of more than 600 kN 
for both uniform and modal force distributions, while in Y direction is of about 280 kN 
for uniform distribution and 220 kN for modal distribution. The failure in X direction is 
achieved for excessive deformation (i.e., the limit chord rotation is attained) of a column 
of the first floor, while in Y direction the structures experience a brittle shear failure on 
flat beams after yielding, right before the attainment of the peak strength. 
The results, in terms of both TR,C and PGAC corresponding to the capacity of the structure, 
and safety index IS-V are reported in Table 36. It can be observed that the minimum safety 
index (obtained for Y direction with modal distribution of forces) is equal to 0.57 and is 
reached due to the brittle shear failure of flat beams. 
 

Table 36. Earthquake return period, PGAC and safety index. 
Analysis TR,C (yrs) PGAC IS-V 

X uniform 135 0.237g 0.69	
X modal 160 0.252g 0.73	

Y uniform 103 0.213g 0.62	
Y modal 86 0.197g 0.57	
minimum 86 0.197g 0.57	

 
Parametric analysis for retrofitted building 
A parametric study is carried out by considering, for the retrofitting, the three different 
geometrical characteristics of the RC-framed skin depicted in Figure 42.  
The results in terms of base shear vs. top displacement are depicted in Figure 48-Figure 
50 for the three modules analyzed. It is possible to observe that the peak strength is higher 
than 2500 kN for the 250x250 module, around 1500 kN for the 200x200 module and 
around 600 – 900 kN (respectively for Y and X direction) for the 150x150 module. The 
bilinear curves are depicted in thick lines. The ultimate chord capacity for columns of the 
existing building is attained in all the analyzed retrofitting modules. The brittle shear 
failure, observed in Y direction in the existing GLD building, is not detected in any of the 
analyses performed on the retrofitted buildings. 
The performance point corresponding to the capacity spectrum is shown with a square 
symbol indicated in the bilinear curve. For the 250x250 module, it is possible to observe 
that even the 2475 return period spectrum does not lead to the failure of the system and, 
accordingly, the safety index value is greater that 1.35 (see Table 37). The 200x200 
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module presents a safety index higher than the one with the capacity corresponding to a 
return period of 821 years. Finally, for 150x150 module, the safety index is around 0.91, 
with respect to 0.57 of the unreinforced building. 

 

 
Figure 48. Base shear vs top displacement curves for 250x250 retrofitted building: (a) 

X direction; (b) Y direction. PP – Performance Point; TR,C – earthquake return period 
corresponding to the capacity of the structure (in years) 

 

 
Figure 49. Base shear vs top displacement curves for 200x200 retrofitted building: (a) 
X direction; and (b) Y direction. PP – Performance Point; TR,C – earthquake return 

period corresponding to the capacity of the structure (in years) 
 

 
Figure 50. Base shear vs top displacement curves for 150x150 retrofitted building: (a) 
X direction; and (b) Y direction. PP – Performance Point; TR,C – earthquake return 

period corresponding to the capacity of the structure (in years) 
Table 37. Earthquake return period and safety index for retrofitted building with 

different configurations - uniform force distribution. 
Retrofitting 

configuration TR,C (yrs) PGAC IS-V 

250 x 250 ≥2475 ≥0.467g ≥1.35 
200 x 200 821 0.392g 1.13 
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150 x 150 326 0.313g 0.91 
 

Furthermore, it is interesting to note that, even with the 250x250 module, that is the stiffest 
one among those considered, the damage limit state would not be fulfilled. In Figure 51, 
the performance point corresponding to the attainment of damage limitation (i.e. drift 
higher than 0.5%) is indicated. The earthquake return period of the corresponding 
spectrum is 42 years, lower than the required 50 years. In the next phase of the research, 
the authors are studying the beneficial effect of the reinforced plaster layer in achieving 
the requirements of damage limitation, which was neglected in the present study for the 
sake of simplicity. 

 

 
Figure 51. Base shear vs top displacement curves in X direction for 250x250 

retrofitted building indicating the performance points at the damage limit state. PP – 
Performance Point; TR,C – earthquake return period corresponding to the capacity of the 

structure (in years) 
 

CONCLUSIONS 
The proposed RC-framed skin technology allows to overcome the main seismic 
inadequacies of existing RC buildings located in earthquake-prone areas, providing the 
existing structure with significant increase of stiffness, strength, and also, in most cases, 
a more ductile failure mode.  
The parametric analysis performed in the present paper demonstrates that the retrofitted 
buildings do not experience any brittle shear failure, which was instead observed in Y 
direction in the existing GLD building. Moreover, only in the case of using the smallest 
150x150 module of the RC-framed skin, the retrofitted building does not attain the safety 
level of a new building, however leading to a significant seismic improvement.  
Finally, it is worth noting that the damage limit state would not be fulfilled by none of the 
analyzed retrofitted buildings. For this reason, the beneficial effect of the reinforced 
plaster layer in achieving the requirements of damage limitation, which was neglected in 
the present study, will be indagated in the further development of the research. 
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Reinforced geopolymer concrete elements: structural performances 

V. Romanazzi1, M. Leone2 and M. A. Aiello3 

 

ABSTRACT: The high mechanical performances showed by geopolymer concrete led several researchers 
to investigate about possibilities of using this material in reinforced structural elements. Since geopolymer 
binder has a different microstructure from ordinary Portland Cement (OPC) it is necessary to investigate its 
main mechanical proprieties, the stress transfer mechanisms between reinforcement and concrete and the 
behavior of structural elements. From the data available in literature, it seems that the mechanical properties 
of geopolymer concrete (GPC) doesn’t follow the model proposed in the standards for OPC concrete, but 
further experimental data are necessary to support this outcome Generally, it has been observed that 
geopolymer concrete (GPC) has higher bond strength than OPC due to the higher compression strength and 
the dense and compact microstructure of GPC. This means that the existing design equation for bond 
strength prediction of ordinary concrete can be conservatively used also for GPC. However, the information 
available regarding the behavior of structural elements realized with GPC are still limited. Based on this, 
the present work is the results of a research project that had the objective to develop structural elements with 
secondary raw materials. In this paper, the structural behavior of GPC elements has been studied by means 
of four-point flexural tests on two reinforced geopolymer concrete beams. The results are showed and deeply 
discussed in terms of mode of failure, cracks formation and propagation, load, displacements and 
deformations. 

INTRODUCTION 
Nowadays, the ordinary Portland cement (OPC) concrete is the most consumed material, 
second only to water. In this context, the high cement production is responsible for the 
production of 8% of the global carbon dioxide (CO2) emissions (Lehne & Preston 2018). 
Between the other alternatives investigated to be used in place of cement, geopolymer 
binders showed good bonding properties in addition to giving high mechanical properties 
to concrete. The use of geopolymers binders allow to reduce the CO2 emissions up to the 
80% since the activation process of geopolymer cement requires no heat. Geopolymer 
concrete (GPC) showed high mechanical properties and this observation suggest several 
authors to consider the use of this material also in structural elements in place of OPC 
concrete (Singh et al. 2015, Mo et al. 2016, Ding et al. 2016, Ma et al. 2018). Thanks to 
their good compressive strength, both direct pull-out and beam-end tests showed that GPC 
has better bond strength with deformed steel bar than OPC concrete (Sarker 2010). 
Moreover, several authors observed that the significant increase of the ultimate bond 
strength and the brittle nature of GPC led to the yielding of the steel bar followed by a 
splitting concrete failure (Fernández-Jiménez & Palomo 2006, Castel & Foster 2015), that 
in some cases resulted to be sudden and explosive (Sofi et al. 2007, Topark-Ngarm et al. 
2015, Al-Azzawi et al. 2018). Besides the reinforcing steel bar, some researchers 
investigated also on bond-slip behaviour between GPC and glass-fiber reinforced polymer 
(GFRP) bar.  
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In particular, from these tests it comes out that the bond strength of GFRP reinforced 
GPC was similar to that of OPC concrete (Tekle et al. 2015) and that the sand-coated 
GFRP bar have lower bonding capacity to that of deformed steel bars (Maranan et al. 
2014). 
In the present paper it is discussed a mechanical characterization of a GPC mix composed 
by only industrial by-products as ground granulated blast furnace slag (GGBFS) and silica 
fume. In particular, the compressive strength, elastic modulus and constitutive behavior 
were estimated (Attanasio et al., 2021). Moreover, the bond behavior of GPC with both 
steel and sand-coated GFRP reinforcing bars is analyzed by means of direct pull-out tests 
(Romanazzi et al., 2021). Finally, two GPC reinforced beam elements have been designed, 
casted and tested under four points bending test.  

MECHANICAL CHARACTERIZATION 
Mix Design  
The experimental activity described in this work is part of a project that aims to develop 
sustainable and cost-efficiency solution for materials. The GPC mix used is reported in 
Table 38 as result of a wide research activity of the project aims to define the best mix in 
terms of both fresh and hardened proprieties. Details about this activity is not part of a 
present work.  

Table 38. Geopolymer concrete mix design 
Components Quantity 
GGBFS 224 kg/m3 

Limestone and gypsum 128 kg/m3 
Silica Fume 48 kg/m3 
Ingessil (Activator solution) 170 kg/m3 
Water 140 kg/m3 
Additive (Plasticizer) 8 kg/m3 
Sand 1092 kg/m3 
Gravel 471 kg/m3 

The geopolymer binder was composed by: GGBFS (by-product of iron and steel-making); 
silica fume (by-product of the silicon and ferrosilicon alloy production) and filler powder 
with limestone and gypsum. 

Experimental programme 
As reported in (Attanasio et al., 2021), the GPC mix described has been characterized by 
means of a total of five different castings. In Table 39 it is showed the testing program 
performed on the GPC mix. Tests of compressive strength and modulus of elasticity have 
been performed according to UNI EN 12390-3 (2001) and UNI EN 12390-13 (2013), 
respectively. In particular, a total of 36 cubic samples have been tested under compression 
and 8 cylindrical samples were subjected to elastic modulus test. Moreover, 5 cylindrical 
samples were subjected to compression test under displacement control by imposing a 
constant velocity (0.03 mm/min) to the stroke in order to assess the constitutive behavior 
of GPC.  
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Table 39. Testing program 

Casting Type of test Age [days] Sample shape Number of samples 

1 
Compression Strength  

2 

Cube 

2 
7 1 
14 2 
28 4 

Elastic Modulus 28 Cylinder 3 

2 Compression Strength 
2 

Cube 
3 

14 3 
28 3 

3 Compression Strength 

7 

Cube 

1 
28 1 
60 2 
106 2 

4 Compression Strength 
7 

Cube 
3 

28 3 

5 
Compression Strength 28 Cube 6 

Elastic Moduls 28 Cylinder 5 
Costitutive behavior 28 Cylinder 5 

 
Experimental results of mechanical proprieties 
In Table 40 the average results of cubic compression test performed at different time of 
curing are summarized. It can be seen that GPC developed high compressive strength 
since the early age of 2 days and continued to increase up to 106 days. For this GPC mix 
the average cubic compressive strength at 28 days from casting resulted to be 52.6MPa. 
The graph depicted in Figure 52 shows the distribution of each compressive strength 
results divided by concrete casting.  

 
Figure 52. Compressive strength results obtained for all GPC casting at 28 days 

From this graph and from coefficient of variations values in Table 40, it is evident the high 
dispersion of compressive strength results obtained in this experimental activity. The 
reasons of this statistical dispersion of data are under analysis by the authors, with special 
attention to the curing condition and temperature. 
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Table 40. Compressive strength of GPC mix at different time of curing 
t[d] Rc [MPa] CoV 

2 29.0 5.7% 
7 52.7 5.0% 
14 53.1 5.5% 
28 52.6 17.0% 
58 68.7* - 
106 82.8* - 

*these values were obtained as the average of the results of 
compressive test on two cubic samples 

The elastic modulus of GPC was determined according “Method B” of UNI EN 12390-
13 (2013). The setup of the tests is showed in Figure 53: three compressometers have been 
positioned at an angle of 120 degrees between them in order to measure the strains of the 
cylindrical samples in three different point and then mediate them to calculate the modulus 
of elasticity.  

 
Figure 53. Modulus of elasticity test setup 

From the average of eight tests, the modulus of elasticity of GPC resulted to be 24312 
MPa with a coefficient of variation equal to 17%.  
In order to analyze the stress-strain behavior of GPC five cylindrical compressive tests 
under displacement control were performed. The test setup followed in these tests is 
showed in Figure 54: two LVDTs (Linear Variable Displacement Transducer) have been 
positioned in diametrically opposite points on a concrete cylinder with a length of measure 
equal to 150mm.  

 
Figure 54. Cylindrical compressive test under displacement control setup 

The GPC samples showed a brittle post-peak behavior since the failure resulted to be 
sudden. In  
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Table 41 there are reported both the cylindrical compressive strength and the ultimate 
strain, assumed as the strain corresponding to a 10% stress decay from the compression 
strength. The average cylindrical compressive strength resulted to be 28.5MPa, whereas 
the average ultimate strain was 1.9‰. In respect to the ultimate strain value of an ordinary 
concrete with same compressive strength given by the fib Model Code (CEB-FIP, 2010) 
and equal to 3.5‰, the experimental value obtained with GPC resulted to be 46% lower 
underlining a more brittle behavior of the GPC respect to OPC. 

Table 41. Constitutive law tests results 
Specimen fc [MPa] fc,av [MPa]  eu [-]  eu,av [-] 
GPC_CL_1 28,5 

 
28,5 
(7%) 

- 

0,0019 
GPC_CL_2 29,3 0,0018 
GPC_CL_3 27,5 0,0019 
GPC_CL_4 31,5 - 
GPC_CL_5 25,8 0,0029* 

Coefficient of Variation (CoV) is reported in brackets near average values 
*GPC_CL_5 ultimate strain value was not considered since it resulted to be largely different 
from the other experimental results 

The experimental stress-strain curves are showed in  
Figure 55. For each specimen two different curves have been reported, as recorded from 
the two LVDTs (except for GPC_CL_3 and GPC_CL_5 samples since a LVDT measure 

resulted to be not valid). 
Figure 55. Stress-strain curves recorded by the two LVDTs for each specimen 

As can be seen from curves of  

Figure 55, the ascendent branch of the four cylinder was characterized by almost the same 
slope and also the peak values recorded had low variability. The brittle nature of this 
concrete material is highlighted by the fast stress decay immediately after the compressive 
strength was reached and, in some case, (e.g. GPC_CL_4 sample) the failure was so 
sudden that the LVDT couldn’t measure the softening branch. 

DIRECT PULL-OUT TESTS 
Test setup 
The direct pull-out tests setup and specimens were designed according to the RILEM 
Recommendations (RILEM TC 1983) as showed in Figure 56.  
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Figure 56. Pull-out tests setup 

As showed in Table 42, a total of 24 pull-out samples were casted and tested: 14 with 
deformed steel bar, of which nine with f12mm rebar and five with f 16mm rebar; 10 with 
GFRP bar with 12mm diameter. Each GPC specimen was cubic with side equal to 10f 
with a centred embedded bar in order to have a concrete cover equal to 4.5f. Two different 
bond length, Lb, has been used, equal to 5f and 2.5f, realized by applying a plastic sheet 
on the other half of the embedded length of the bar according to the Figure 56.  

Table 42. Pull-out test specimens 

Bar material Bar diameter Bond length Number of 
specimens 

Steel 
f16mm 5f 5 

f12mm 
5f 4 

2.5f 5 

GFRP f12mm 
5f 5 

2.5f 5 
 

The deformed steel bars were made of a grade B450C steel, with a experimental yielding 
stress and an ultimate strength equal to 476.9MPa and 581.2MPa respectively. Whereas, 
the sand-coated GFRP bars, were made of chemically resistant glass fiber and polyester 
thermosetting resin with an experimental average tensile strength equal to 476.9MPa and 
a modulus of elasticity of 40GPa. 
 
Experimental result of bond test: steel Bar 

The bond-slip behaviour between GPC and f16mm steel bar is showed in Figure 57a. Due 
to unforeseen experimental problem, the sample S_16_5_1 has been excluded from this 
analysis since it resulted to be largely out of range. The slip reported in the graphs is the 
average value of those recorded from the LVDT positioned on the unloaded side of the 
steel bar. As can be seen from Figure 57a, all the specimens exhibited a splitting failure, 
that resulted to be sudden and explosive as also observed by (Sofi et al. 2007, Topark-
Ngarm et al. 2015, Al-Azzawi et al. 2018). The results of pull-out tests with 12mm steel 
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bar and bond length equal to 5f are showed in Figure 57b. In this case, two specimens out 
of three exhibited a splitting failure, while in the remaining one the bar was pulled out 
from the GPC cube. In particular, from S_12_5_2 curve in Figure 57b, it is evident the 
yielding and hardening stage of the steel bar before the pull-out failure.  On the other hand, 
pull-out tests results in case of bond length 2.5f are reported in Figure 57c. Differently 

from the tests of bond length equal to 5f, only specimen S_12_2.5_4 exhibited concrete 
splitting failure.  

Figure 57. Pull-out tests results with steel bars: a) f16mm and bond length 5f; b) 
f12mm and bond length 5f; c) f12mm and bond length 2.5f 

Experimental result of bond test: GFRP Bar 
In Figure 58 the bond stress versus slip curves obtained by means pull-out tests between 
GPC and GFRP bar with bond length equal to 5f and those with bond length of 2.5 f are 
reported. The shape of the curves is almost similar varying the bond length: since the 
GFRP bars used had no transversal ribs, the resistance to slip was only due to chemical 
adhesion between GPC matrix and sand-coated bar as confirmed by the first branch of the 
curve that results characterized by very small slip values. All the specimen exhibited a 
pull-out failure meaning that the reinforcing bar was pulled out from the concrete cube. 

Figure 58. Pull-out tests results with GFRP bars: a) f12mm and bond length 5f; 

b) f12mm and bond length 2.5f 

In Table 43 there are reported the bond strength results of all the pull-out tests performed 
both with steel and GFRP bars with bond length equal to 5f and 2.5f. The results of 16mm 
steel bar and those obtained with GFRP bar have been adjusted in order to avoid the 
compressive strength influence, according to (Aiello, Leone and Pecce, 2007). It can be 
seen that bond strength of GPC with f12mm steel bar is slightly higher than in case of 
f16mm bar. Moreover, it is confirmed that ribbed steel bars allow to reach higher bond 
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strength than simply sand-coated GFRP bars. Same observations resulted to be valid also 
in case of bond length equal to 2.5f. 

Table 43. Pull-out tests results 
Bond 
length 

Bar  
material Sample Failure mode tmax [MPa] tmax,av  

[MPa] 

5f 

Steel 

S_16_5_2 S 21.0 
22.0 

(CoV=3%) 
S_16_5_3 S 22.5 
S_16_5_4 S 22.0 
S_16_5_5 S 22.7 
S_12_5_1 - - 

25.5 
(CoV=3%) 

S_12_5_2 P 26.2 
S_12_5_3 S 24.9 
S_12_5_4 S 25.4 

GFRP 

G_12_5_1 P 10.6 

9.7 
(CoV=14%) 

G_12_5_2 P 7.7 
G_12_5_3 P 9.5 
G_12_5_4 P 9.4 
G_12_5_5 P 11.4 

2.5f 

Steel 

S_12_2.5_1 P 12.7 

13.1 
(CoV=11%) 

S_12_2.5_2 P 15.1 
S_12_2.5_3 P 11.7 
S_12_2.5_4 S 11.8 
S_12_2.5_5 P 14.1 

GFRP 

G_12_2.5_1 P 8.0 

8.1 
(CoV=10%) 

G_12_2.5_2 P 8.8 
G_12_2.5_3 P 8.6 
G_12_2.5_4 P 8.1 
G_12_2.5_5 P 6.7 

P = bar pull-out failure 
S = concrete splitting failure 

FOUR POINTS BENDING TESTS ON BEAM ELEMENTS 
Test setup 
In   

 
Figure 59 the test setup carried out to perform four points bending tests is drawn In 
particular, a beam with 3.0m length and a square transverse section of 0.3m side has been 
designed. The design of the GPC beam was done considering the classical hypothesis used 
for reinforced concrete beam in flexure: 

• Conservation of planar sections; 

300

90

100 100
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• Perfect bond between concrete and reinforced steel bar; 
• Concrete with no tensile strength for tensions value higher than the first cracking 

concrete strength. 
Regarding the constitutive behavior of the materials, the experimental s-e law was used 
for GPC and the elastic-plastic with unlimited deformation constitutive law was 
considered for the steel reinforcement. 
The load was applied by means of two points placed at 0.9m from each other and 1.0m 
away from the respective support. A total of three beams have been tested: one realized 
with OPC concrete and two with the GPC mix.  

 

Figure 59. Four points bending test setup (measures in cm) 
In Table 44 there are reported the mechanical properties of concrete and steel 
reinforcement bars obtained from three cubic compressive strength tests for each element 
and three tensile strength tests, respectively.  

Table 44. Concrete and steel bars mechanical properties 
 
 
 

 
 
 

300

90

100 100

Beam 
Concrete Steel bars 
fc [MPa] fy [MPa] fu [MPa] E [GPa] 

OPC 47.0 
(CoV 4%) 

467.9 
(CoV 3%) 

581.2 
(CoV 2%) 

177.5 
(CoV 3%) GPC_B1 63.1 

(CoV 8%) 

GPC_B2 61.7 
(CoV 5%) 
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Experimental result of flexural test 
The results obtained are showed in Table 45 in terms of type of failure, maximum load 
and respective moment and moment of bars yelding. As can be observed from Table 45 

and a)   b) 
Figure 60a the OPC beam exhibited a shear failure with a lower value of load in respect 
to that one obtained with both the GPC beams. On the other hand the failure of both the 
GPC was characterized by the compressive failure of the concrete in compression in the 
zone at constant moment. 
 
 
 

Table 45. Four points bending tests results 

a)   b) 
Figure 60. (a) OPC beam shear failure; and (b) GPC beam bending failure. 

From the results shown in Table 45 it comes out that the OPC beam reached the lowest 
value of maximum load Fmax among the three beams. This is due not only to the lower 

Beam Failure mode Fmax [kN] Mmax [kNm] Fy [kN] 

OPC Shear 257.9 128.9 240.3 

GPC_B1 Concrete 
Crushing 300.8 150.4 - 

GPC_B2 Concrete 
Crushing 288.0 144.0 252.0 
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concrete compressive strength but mainly to the premature shear failure that occurred in 

this case (a)   b) 
Figure 60b). The ultimate moment reached by this beam is, in fact, lower than that one 
expected by design, this is probably due to the presence of defects on the beam. On the 
other hand, the GPC beams results are homogeneous and in line with the design. 

CONCLUSIONS 
In the present work a wide analysis of the mechanical and structural properties of a GPC 
concrete mixture have been shown. In particular, the GPC binder was cement-free and 
composed by GGBFS and silica fume. Mechanical properties and bond strength with both 
steel and GFRP bars have been studied. Finally, the four points bending test results on 
beams elements have been carried out. According to the results illustrated in the previous 
section, the following consideration can be taken: 
• The analysis of the constitutive behaviour of GPC allow to observe the brittle nature of 

this material. In fact, the average ultimate strain recorded was 1.9‰, that is 46% lower 
than that of OPC; 

• The analyzed steel bar diameter didn’t affect the bond-slip behavior of GPC with 
deformed steel bar. Meanwhile, the ultimate bond strength results of GPC with sand-
coated GFRP bar resulted to be 2-3 times lower than in case of deformed steel bar. The 
surface treatments of the reinforcing bars influenced the stress transfer mechanisms at 
the interface similarly to what happen for OPC matrix; 

• The experimental flexural behaviour of GPC beams confirms that the design prevision 
are effective and can be used from design point of view.  

The experimental campaign introduced in this work will be enlarged and involved in 
future research activities in order to validate the obtained results and evaluate new 
design indications suitable with the bond behavior of GPC with deformed steel bar. 
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Influence of columns' confinement on pre-code existing 
reinforced concrete buildings 

S. Ruggieri1, S. Spadea2 and G. Uva3 

 

ABSTRACT: The paper analyses the effect of columns' confinement on existing reinforced concrete 
moment-frame structures originally designed for gravity loads only. The design of strong-beam/weak-
column buildings is simulated in compliance with pre-seismic Italian provisions. The geometrical and 
mechanical properties of the materials are parametrically varied according to typical ranges through an 
automatic procedure to obtain a representative sample of the built environment. Different levels of 
confinement interventions are subsequently designed, according to modern retrofitting methods based on 
fibre-reinforced materials, to improve the performance of columns under the combined action of axial and 
bending forces. Finally, the performance of such archetypical structures is analysed before and after the 
retrofitting intervention considering the gravity and seismic loads. The linear and non-linear analysis results 
are evaluated in terms of local and global engineering parameters, evaluating the degree of improvement 
that selected confinement actions can effectively confer on pre-code buildings. The overall objective of the 
work is to explore a range of appropriate retrofitting techniques that could be efficiently adopted to reduce 
the seismic vulnerability of many structures composing the post-war national built environment. 

KEYWORDS: Pre-code Buildings, Confinement, RC Columns, Retrofitting, Fibers. 

INTRODUCTION 
In recent years, the high frequency of seismic events in the Mediterranean area has 
highlighted the increased vulnerability of the existing built environment. This is mainly 
shown by relevant damages visible in different types of existing structures, such as 
masonry and reinforced concrete (RC) ones. The risk of structural collapse is due to the 
fatal combination of existing buildings originally designed for gravity only, the 
deterioration of structural materials, and the increasing evolution of seismic activity in the 
area. Taking Italy as a reference, several extensive damages to the architectural heritage 
were caused by destructive events over the last 50 years (Dolce et al., 2019). Recently, 
some systematic reconnaissances of such damages were made after L'Aquila Earthquake, 
2009 (Kaplan et al., 2010) and Central Italy Earthquake, 2016 (Sextos et al., 2018).  

Concerning RC existing buildings, a large casuistry of severe damages is available, 
mainly when structural interaction between masonry infills and surrounding frames 
occurs. In particular, under seismic actions, masonry infills increase the force acting on 
the end part of structural elements (around the beam-column joint zone), which suffer 
from additional stresses that in most older structures cannot be adequately faced. This 
well-known effect can produce brittle failures that provoke a strong reduction of both local 
and global capacity of existing RC buildings subjected to earthquake events, with possibly 
catastrophic consequences. Several retrofit techniques can be employed to prevent the 
damages observed during recent earthquakes, allowing to strengthen structural elements 
locally and consequently improve both local and global seismic capacity. Among the 
different options, the use of fibre-reinforced polymers (FRP) as external reinforcement on 
existing RC buildings has gained consensus in the last years. This is mainly due to the 
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practicality, low invasiveness, reversibility, and low costs of the intervention, as well as 
the high efficiency of the materials. FRPs have attracted the interest of the scientifici 
community, which has promoted the issue of technical documents, guidelines and national 
codes aimed at advising practioners to an effective use, design,a nd maintainance. Among 
the most recent releases, it is worth referring to the documents issued by the American 
Concrete Institute (ACI PRC-440.2, 2017), the Canadian Standard Association 
(CAN/CSA S806-12, 2021), the Federacion International du Beton (FIB Bulletin 90, 
2019) and the Italian Research Council (CNR-DT 200 R1, 2012). As widely described in 
these pubblications, FRPs allow for the improvement of the local capacity of different 
structural elements accounting for different failure mechanisms. More in detail, they can 
improve beams' bending and shear capacity, beam-column joint capacity, and columns' 
capacity in shear and combined effect of bending and axial force.    

With this goal in mind, this paper presents a study on the effect of columns' 
confinement in older RC buildings, where the strong-beam/weak-column design is in 
force. A sample of RC buildings is firstly simulated by varying geometrical and 
mechanical parameters within a parametric analysis implemented into an automated 
procedure. The effect of FRP on columns is taken into consideration by modifying the 
structural elements' constitutive behaviour. Finally, the seismic performance of the 
considered structures is investigated in the two configurations (with and without FRP), 
comparing the different behaviour obtained through non-linear static analysis. The 
obtained results aim to show what can be the degree of improvement that the selected 
retrofit method can confer on pre-code buildings, highlighting advantages and 
disadvantages in practical applications 

USE OF FRP IN EXISTING RC BUILDINGS 
The use of FRP as a retrofitting and strengthening technique presents many advantages 
compared to traditional construction materials, which is why the scientific community has 
largely investigated the topic over the last 30 years. FRPs are non-corrosive materials 
characterised by high tensile strength and strength-to-weight ratio, good durability and 
fatigue resistance. Moreover, interventions aimed at improving existing buildings' local 
and global capacity cause minimal disruption due to the ease of handling the materials 
(Siddika et al., 2019). On the other hand, the main issues concern the debonding of the 
material, generally due to the low quality of the concrete substrate, which can cause 
sudden a loss of effectiveness of the strengthening intervention. Regarding RC buildings, 
the following applications are usual: (i) application on beams to improve bending and 
shear capacity; (ii) application on beam-column joint to prevent brittle failures; (iii) 
application on columns to improve shear and confinement capacity. 

FRPs can be applied to flexural members as externally bonded laminates to improve 
bending or combined with transversal laminates to improve shear. Dong et al. (2013) 
proposed an experimental campaign to assess the effects of flexural vs combined flexural 
and shear FRP strengthening in beams. This study has highlighted the relevant 
improvements in stiffness, ultimate strength and post-yield hardening behaviour that can 
be obtained in case of combined strengthening. It is generally recognised that the 
application of FRP laminates is efficient in weakly reinforced flexural members (Chen et 
al., 2018). However, experimental investigations have shown that the intervention's 
effectiveness depends on the wrapping's geometric configuration and that particular care 
should be devoted to the quality of the application procedure. In this view, Siddika et al. 
(2019) have reviewed the importance of surface preparation, adhesive requirements and 
the anchorage provision. 

 Another relevant application involves strengthening beam-to-column joints whose 
crisis may occur before structural elements' actual failure without forming plastic hinges 
(Frascadore et al., 2015). In this context, FRP strengthening methods can significantly 
improve the global capacity of buildings, as shown in the experimental works of Di 
Ludovico et al. (2008) and Bianchi et al. (2018). Nevertheless, local strengthening of 
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beam-column joints can be designed by looking at the structural elements converging in 
the panel zone, aiming to improve the strength of the node under seismic actions. A 
comprehensive state of the art of research developed in the last 20 years is proposed in 
Pohoryles et al. (2019). Antonopoulos and Triantafillou (2003) provided insights on the 
applications of FRP to beam-column joints by observing tests on about twenty 2/3 scale 
exterior RC joints. Results showed the improvements in strength, stiffness and energy 
dissipation capacity, including the role of several parameters characterising FRP (e.g., 
distribution of FRP among structural elements, use of sheets and strips, type of fibre). Ilki 
et al. (2011) performed two series of tests on eight full-scale exterior beam-column joints 
provided with smooth rebars and low-strength concrete. The results suggest that 
improvements can be obtained in terms of both shear strength and ductility. Del Vecchio 
et al. (2021) investigated the cost and the effectiveness of FRP on beam-column joints in 
view of large-scale mitigation of seismic risk for RC buildings. 

Regarding the strengthening of columns, FRP can be used for confinement, as well as 
to increase the flexural and shear capacity. Many studies available in the scientific 
literature are aimed at quantifying the passive confinement pressure on vertical elements 
with different cross-sections. Generally, this pressure can be estimated following a 
principle of force equilibrium. Eid and Paultre (2017) defined a unified stress-strain model 
for representing the axial behaviour of circular, square and rectangular RC columns with 
internal steel ties and externally strengthened with FRP. Fanardelli et al. (2019) assessed 
the performance of existing stress-strain models developed for predicting the behaviour 
of FRP square and rectangular columns using a database of more than 800 tests.  

According to Italian National Research Council guidelines (CNR-DT 200 R1, 2013), 
the effect of confinement corresponds to an increment in the ultimate strain of the 
concrete, εccu, computed as:  

	 	 (1) 

0.0035 is the ultimate strain of unconfined concrete, fl,eff is the effective deformation of 
the FRP, and fcd is the design strength of concrete. The method proposed in Equations (1) 
and (2) and developed according to the Italian standards is adopted in the procedure 
presented in this paper in order to evaluate the effects of FRP on RC columns.  

Similarly, the increment of shear capacity in columns can be estimated as per CNR-DT 
200 R1 (2013) provision:  

	 	 (2)	

γRd is the coefficient of partial safety for FRP application, d is the height of the section less 
the corner rounding value (indicated as rc) in the columns, ffed is the efficient strength of 
the strengthening accounting for a complete wrapping, tf is the thickness of the FRP sheet, 
β and θ are the angles indicating the slope of the fibres and of the concrete struts, 
respectively, wf/pf is a unitary value in the case of continuous wrapping.  

 

PROPOSED PROCEDURE 
In order to investigate the effects of FRP columns' confinement in existing RC buildings, 
an automated procedure is proposed in this paper. The framework of the procedure is 
shown in Figure 1 and described in the following 

The first two steps of the procedure aim to generate a sample of pre-80s buildings 
designed for gravity loads under the concept of strong beam/weak column and lack of 
seismic detailing.  
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Step 1 allows setting the mechanical and geometrical parameters of the archetypical 
buildings. The compression strength of the concrete (σc) and the tensile strength of the 
steel reinforcement (σs) are defined in a range of properties for typical materials used at 
the time of construction. Geometrical variables, such as number of storeys, base area, 
aspect ratio, number of bays in both main directions, and maximum length of the bays, are 
also defined. For the sake of this study, a rational selection of the parameters, assuming 
the most recurrent features of the structural stock to simulate and the construction practice 
typical of the reference period is adopted (Leggieri et al., 2022). 

In step 2, the design of the structural elements is simulated according to pre-80s code 
provisions. 

 
Figure 1. Framework of the proposed procedure. 

 
According to the national practice of the time, columns are designed for axial loads 

only, whereas beams are designed through a bending moment stress approach. The 
reference equations for columns (3) and beams (4) are given in the following. 

	 	 (3) 

	 		 (4) 

In Eqs. (3) and (4): Ac is the cross-section of the column, N is the axial force in the 
columns; Mmax is the maximum bending moment at the ends of the beams (assuming a 
simplified scheme of a beam with fixed ends), G and Q are the dead and the live loads per 
unit area, Lx and Ly are the length of the bays in the X and the Y directions (both assumed 
equal to 5 m), and p is the position factor of the structural elements (1 for elements 
belonging to internal frames and 0.5 for elements belonging to external frames).  

Once the design simulation is carried out, all the structural properties of the structural 
elements are known; consequently, their constitutive behaviour can be evaluated. 

In step 3, plastic hinges are introduced at the end sections of beams and columns 
according to a lumped plasticity approach. The moment-curvature relation and, 
accordingly, the moment-rotation relations accounting for a certain plastic hinge length 
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are evaluated both for the original sections, and the FRP strengthened sections. 
Furthermore, the interaction between shear and bending capacity is taken into account by 
limiting the backbone moment-curvature curve at the intersection with the shear curve. 
Finally, mechanical nonlinearities are evaluated through the CUMBIA algorithm 
(Montejo and Kowalsky, 2007), which provides the real and idealised moment-curvature 
(and force-displacement response) for specific sections accounting for axial load-bending 
moment interaction in columns. 

The last phase of the procedure (step 4) deals with modelling and analysis of the 
structure. A Matlab script automatically generates an Opensees (McKenna, 2011) model 
of the RC buildings, assuming beams and columns as one-dimensional frame elements 
fixed at the base. A rigid diaphragm behaviour is assumed on each floor, whereas plastic 
hinges are modelled through the beamWithHinges element included in the Opensees 
library. Finally, the effect of masonry infills is simulated through equivalent cross braces. 
These include nonlinearities defined according to the classical formulations proposed in 
Panagiotakos and Fardis (1996), which neglect out-plane mechanisms.  

Pushover analyses are performed to compare the structural performance of the buildings 
before and after the FRP strengthening intervention. For the scope of this investigation, 
FRP confinement's effect on the structures' global behaviour is evaluated by considering 
the modified constitutive behaviour of the columns. On the other hand, the procedure can 
be extended to other strengthening systems that provide a modification of the mechanical 
properties of structural elements in existing RC buildings.  

CASE STUDIES AND DISCUSSION OF RESULTS 
The case study presented is composed of a representative sample of existing RC buildings. 
Table 1 shows the variables adopted in the sample generation. In detail, three parameters 
- the compressive strength of concrete, σc, the number of storeys and the base area - are 
varied in a range of three different values. All other parameters -  the aspect ratio of the 
base area, the tensile strength of concrete, σs, the masonry infill, σm, and the unit area loads 
G and Q, are fixed. In particular, σm, is assumed as 2.5 MPa, referring to Uva et al. (2012). 
With the combination of the different values considered, 27 archetypical structures are 
generated. Table 2 shows the characteristics of the FRP strengthening material used for 
the confinement intervention. This consists of a carbon fibre fabric embedded into an 
epoxy matrix. The values of the elastic modulus of the fibres (Ef), their ultimate tensile 
strain (εfk), the thickness of the strengthening tf, the radius of the corners, rc, and type of 
application are specified. 
 

Table 1. Geom\etrical and mechanical parameters assumed in the sample generation.  
Parameter (unit measure) Values 

Number of storeys [3 5 7] 
Base Area (m2) [100 200 300] 

Aspect ratio 1:1 
σc (MPa) [4 4.5 5] 
σs (MPa) 230 
σm (MPa) 2.5 
G (kN/m2) 5 
Q (kN/m2) 2 

 
Table 2. Mechanical properties of FRP employed for column confinement. 

Parameter (unit measure) Value 
Ef (GPa) 230 
εfk (%) 1.4 
tf (mm) 0.166 
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rc (mm) 20 
Type of application A 

 
At the completion of step 3 of the proposed procedure, the design of the buildings has 

been simulated, and the mechanical nonlinearities have been evaluated. It is of interest to 
observe the variation of the moment-curvature relation after the FRP confinement 
intervention on columns. Figure 2 shows the moment-curvature constitutive relations (in 
the X direction) for central and lateral base columns, considering the case of a 3-storey 
building with a base area of 100 m2 and concrete strength equal to 4 MPa. In general, 
lateral columns present higher ductility (with or without confinement) due to a lower axial 
load. On the contrary, central columns exhibit a higher moment capacity, mainly due to a 
larger section and limited ductility. The presence of the FRP confinement does not visibly 
affect the elastic branch. Instead, it results in an increase of both ductility and hardening 
slope in the post-elastic branch.  

  

  
(a) (b) 

Figure 2. Moment-curvature relations for central (a) and lateral base columns (b) – 
reference model: number of storey = 3, base area = 100 m2, σc = 4 MPa. 

 
In order to investigate the global performance of the different structural archetypes and 

the influence of the parameters considered, a pushover analysis was performed for each 
model, considering the two main horizontal directions and a uniform load profile.  

  

  
(a) (b) 
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Figure 3. Pushover curves in the main 
resisting direction for 3 -storey buildings. 

Blue curves: unconfined columns;  red 
curves: confined columns. Continuous 

lines: σc = 3 MPa, dotted lines: σc = 4.5 
MPa; dashed lines: σc = 5 MPa. 

(a) Area = 100 m2; 
(b) Area = 200 m2; 
(c) Area = 300 m2. (c) 

  
(a) (b) 

 

Figure 4. Pushover curves in the main 
resisting direction for 5 -storey buildings. 

Blue curves: unconfined columns;  red 
curves: confined columns. Continuous 

lines: σc = 3 MPa, dotted lines: σc = 4.5 
MPa; dashed lines: σc = 5 MPa 

(a) Area = 100 m2; 
(b) Area = 200 m2; 
(c) Area = 300 m2. (c) 

 
Figures 3-5 show the pushover curves obtained under seismic actions in the main 

resisting direction. Each figure reports results for models at the variation of the number of 
storeys. The three diagrams composing each figure are representative of a different base 
area. The blue curves refer to the original structure, whereas the red curves show the 
different global behaviour achieved after the column confinement is applied. The line type 
indicates the effect of different concrete strengths: continuous lines are used for σc equal 
to 4 MPa, dotted lines for σc equal to  4.5 MPa, and dashed lines for σc equal to  5 MPa. 
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A discussion of the influence of different parameters considered on the results of 
pushover analyses is given in the following.  

As expected, the base shear resistance increases with the number of storeys and the 
magnitude of the base area. Before the strengthening intervention is applied (blue curves), 
most of the considered study cases show a clear softening branch which follows the 
yielding point. This is due to the collapse of columns before plastic hinges forms at the 
ends of the beams. 

The FRP confinement does not affect the global behaviour of the structure in the elastic 
phase, as the pre-cracking stiffness and mass of the system remain unchanged. On the 
other hand, structures with FRP confined columns (red curves) show higher values of the 
shear base with respect to their unconfined counterparts (blue curves) and a systematic 
hardening post-yielding branch. The main effect obtained by the FRP confinement of 
columns is the prevention of column collapse, resulting in a global increase in ductility. 
Concrete strength does not seem to strongly influence the elastic behaviour and the shear 
at the base. However, it affects the post-elastic branches in some cases, which suggests 
there is an influence on the global collapse of the buildings. 

  
(a) (b) 

 

Figure 5. Pushover curves in the main 
resisting direction for 7-storey buildings. 

Blue curves: unconfined columns;  red 
curves: confined columns. Continuous 

lines: σc = 3 MPa, dotted lines: σc = 4.5 
MPa; dashed lines: σc = 5 MPa. 

(a) Area = 100 m2; 
(b) Area = 200 m2; 
(c) Area = 300 m2. (c) 

   

CONCLUSIONS AND FURTHER DEVELOPMENTS 
The paper presents an automated procedure for estimating the effect of FRP 

confinement on columns in existing RC buildings presenting a strong beam/weak column 
pattern. The procedure consists of 4 steps: (1) setting of the geometrical and mechanical 
parameters; (2) design simulation of a sample of existing buildings according to pre-80s 
codes; (3) evaluation of the non-linear constitutive behaviour of structural elements and 
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connections for both confined and unconfined cases; (4) modelling and non-linear static 
analysis of buildings. 

For the case at hand, a sample of 54 archetypical existing buildings (27 pre-intervention 
and 27 post-intervention), accounting for the variation in the number of storeys, the base 
area and the compression strength of concrete, was generated and investigated. Results of 
the analyses were analysed on a local and global scale. Furthermore, to model the effect 
of FRP confinement, the simplified moment-curvature relation was modified, introducing 
an increment in the hardening slope of the post-elastic branch and an increment in 
ductility.  

Results show that using FRP on columns for confinement can effectively improve the 
seismic performance and prevent the brittle collapses of the existing building by 
modifying their local and global behaviour. In particular, the premature collapse of 
columns can be prevented, resulting in a relevant increase in global ductility and a reduced 
risk of brittle collapses. Given its effectiveness, this strengthening technique can be 
preferred to more traditional interventions, which are pretty invasive and labour intense 
and usually lead to an increase in the dimension of vertical elements, resulting in a change 
in the mass and the stiffness of the structural system.   

Further studies will aim to increase the sample of buildings to investigate by varying a 
larger number of mechanical and geometric properties as well as considering different 
FRP materials and interventions. This will help to generalise the methodology in order to 
define the main influencing parameters that maximise the improvements that can be 
obtained in terms of seismic performance.  
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A new technology for the reconstruction of seismically 
resistant fair-face masonry walls 

M. Sangirardi1,8, S. De Santis2, I. Roselli3, F. Mosele4, A. Zampa5, A. Dudine6, G. de 
Felice7 

 

ABSTRACT: After destructive earthquakes, strengthening or repair might be unfeasible, so reconstruction 
is the sole option. To this purpose, sustainable technologies that ensure high seismic resistance while 
minimizing working time and material consumption are needed. The fair-face appearance of masonry 
façades may also be a primary concern in historic centres due to its invaluable architectural asset. This work 
proposes a novel technology for the reconstruction of masonry walls, consisting of a two-leaf structure. The 
internal leaf is made of reinforced brickwork, compliant, per se, with building code requirements for highly 
seismic prone areas. At the same time, it ensures high thermal performances, thanks to low transmittance of 
hollow clay bricks. The external leaf is built with fair-face stone masonry, restoring the architectural 
consistency with pre-existing structures; it could be built with the same stone units recovered from ruined 
debris, thus avoiding their disposal and the supply of new materials. A glass fibre reinforced polymer 
(GFRP) mesh ensures leaf connection and prevents the disintegration of rubble masonry. An experimental 
characterization of constituent materials and of the leaf connection system was carried out in the laboratory 
to engineer the reconstruction technology. Tensile tests on GFRP bundles and mortar-to-GFRP mesh pull-
out tests were performed, considering both the cement mortar used to lay the clay bricks and the lime mortar 
adopted for the stonework. A wall prototype was designed, including the details of the brick arrangement 
aimed at improving leaf-to-leaf interface interlocking, the connection with the foundation and the top 
crowning beam. This paper describes the development stages of this design process, from the collection of 
stones in an Italian hamlet damaged by 2016-2017 earthquake to a shake table test investigation carried out 
on the real-scale prototype. The proposed technology proved to be a sustainable alternative for the 
reconstruction of historic masonry buildings. 

INTRODUCTION 
Fair faced rubblestone masonry is a widely spread building technology in Italian and 
Mediterranean regions. However, past destructive earthquakes have highlighted how these 
constructions, made of multi-leaf rubble masonry with poor mechanical properties, are 
prone to leaf separation and disintegration (Figure 1). These phenomena have driven the 
collapse of many buildings in the municipalities of Amatrice and Accumoli, hit by the 
2016-2017 Central Italy seismic sequence (de Felice et al., 2022, Borri et al. 2019) but the 
same collapse mechanisms have been envisaged after many other destructive earthquakes 
as reported in (Göçer, 2014, Sherafati and Sohrabi, 2016, Brando et al., 2017, Marotta et 
al. 2017, Penna, 2015). In some cases, distributed strengthening, either acting on 
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both sides of the wall or, more efficiently, designed to be applied from the external side 
only, can ensure a satisfactory strength recovery to damaged structures (De Santis et al., 
2021, Cascardi et al., 2020). However, extremely high damage makes the application of 
strengthening solutions sometimes unfeasible, suggesting reconstruction as the unique 
possible solution. To cope with architectural compatibility issues while ensuring 
appropriate seismic resistance, a new reconstruction technology is proposed. It combines 
the external appearance of traditional rubblestone low-rise buildings with the high 
structural performance of reinforced masonry. The two parts of the wall are joined by a 
newly designed connection device, realized by means of a glass fibre reinforced (GFRP) 
composite mesh embedded in the joints of both the back and the front leaf.  
In the following, the proposed technology is briefly described. Then, some details on the 
mechanical properties of the adopted materials are provided and the preliminary results of 
the experimental campaign conducted to study the seismic behaviour of a full-scale 
masonry wall subjected to natural earthquake signals on a shake table are presented. The 
experimental outcomes have confirmed that the proposed technology is a viable 
reconstruction technique whose merit is to preserve the aesthetic appearance of old 
constructions via a sustainable re-use of existing materials while ensuring high seismic 
capacity. Nonetheless, it needs to be pointed out that this is achieved provided experienced 
workmanship is adopted and this condition might easily lead to quite costly construction 
works with respect to more standard masonry constructions. 
 

(a)  (b)  

Figure 1. Damage scenarios after the Central Italy earthquake sequence (2016-2017) 
in the municipality of Accumoli (a,b) 

RECONSTRUCTION TECHNIQUE 
The aim of this research is to develop reconstruction techniques that can guarantee 
adequate seismic safety, while preserving the fair-face appearance of the walls. To this 
end, the proposed solution combines a reinforced masonry panel with an external one 
made of rubblestone. A full-scale masonry wall was built in the ENEA Casaccia facility, 
having geometric properties similar to the ones of unreinforced and reinforced specimens 
previously tested, whose seismic behaviour is discussed in (de Felice et al., 2022, De 
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Santis et al., 2021), to ensure a consistent comparison. In line with previous prototypes 
that have already been tested, this wall has a total thickness equal to 60 cm and is 4.5 m 
high. It is anchored to a 35 cm high footing beam and has a 30 cm high top beam. The 
width of the wall is 1.7 m.  In detail: 
- for the external facing, the stones collected after collapse or demolition of pre-existing 
buildings heavily damaged during the 2016-2017 Central Italy seismic sequence were 
used. This is a sustainable choice, with minimal impact in terms of costs, rubble disposal 
and procurement of new materials. The 20 cm thick front face wall was built bonding the 
stones with a class M10 natural hydraulic lime-based mortar (Figure 2b,c); 
- for back face of the wall 40 cm POROTON® blocks for reinforced masonry and M10 
cementitious mortar were used. This technology, which also includes the use of steel 
reinforcement in alternated horizontal joints and vertical bars, provides good mechanical 
and seismic resistance, thermal-acoustic insulation, and guarantees simple and rapid work 
on site; 
- the wall leaves were connected by means of the same lime-based mortar used for the 
front façade and placing, in alternated mortar joints, a specifically designed fibreglass 
mesh (specifically produced by FibreNet S.p.A.) with a large mesh size (135×135 mm) 
(Figure 2a) aiming at inducing a monolithic behaviour of the masonry and preventing the 
stone facing from disintegrating due to seismic actions. 
 

 
Figure 2. Horizontal joint with embedded mesh (a), side view (b) and front view of the 

wall during construction (c). 
 
Material testing 
A set of mechanical characterization tests on the adopted materials was conducted to 
determine their strength properties and to investigate one of the key aspects influencing 
the performance of the proposed technology that is the yarn-to-matrix interaction, 
performing pull-out experimental tests on single yarns of textile embedded in a mortar 
cylinder. All the tests involving the GFRP mesh were performed loading the specimens in 
the direction of the twisted fibres.  
Standard tensile tests on single bundles (CNR – DT 203/2006) cut to 350 mm long samples 
were performed. The specimens, clamped with 50 mm steel plates (Figure 3a), were 
loaded up to failure and the properties reported in Table 1 could be retrieved, assuming a 
nominal diameter of the bundle equal to 6 mm. Stress-strain curves for the six tested 
specimens are reported in Figure 3b, showing a relatively fragile behaviour characterized 
by sudden repeated drops of the resistance corresponding to the tensile failure of the fibres 
constituting the yarn.  

Joint with GFRP mesh

Joint with horizontal 
reinforcement

Thermal plaster M10 cementitious mortar

GFRP 132x132 

M10 lime mortar

Stonework

Joint with GFRP mesh

3 cm
40 cm

20 cm

132 mm

132 mm

a) b) c)

Longitudinal ϕ18 bars
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Figure 3. (a) tensile test specimen; (b) tensile response of the strand. 

 
Table 46. Tensile test results for the single twisted fibers bundle. 
Ffu [N] σfu [MPa] Ef [GPa] εfu [%] 
5600 607 15.5 3.3 

Indirect tensile (Figure 3a) and compressive (Figure 3b) tests on mortar samples were 
performed according to EN1015-11 code on both lime and cement-based mortar prisms, 
prepared in the laboratory and cured in humid environment for 90 days.  
 

 
Figure 3. Setup of the indirect tensile (a), compression (b) and pull-out test (c). 

 
The test results are reported in Table 2. Indirect tensile strength (fft,m), compressive 
strength (fc,m) and Young’s modulus (Em) of both mortar types are compatible with 
expected values for the adopted materials. 

a)

b)

a) b) c)
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Table 47. Results of tensile and compression tests on lime and cement based mortar 
samples. 

Type fft,m [MPa] fc,m [MPa] Em [MPa] 
Lime 5.64 26.9 1770 

Cement 5.77 25.7 1900 
 
Twenty pull-out tests (ten on specimens prepared with lime based and ten with cement 
based mortar) were also performed with a suitably designed push-pull setup configuration 
(Dalalbashi et al. 2018, Ghiassi et al. 2016). The specimens were cast in cylindrical PVC 
moulds having 63 mm diameter and being 170 mm high. The fibre bundle was immersed 
in the mortar and had a total length of 390 mm. The embedded length was designed so to 
induce tensile failure of the fibres preventing or minimizing the slip between the fibres 
and the matrix. The results, here omitted for brevity, have shown that this value was 
greater than the effective length for both cement and lime mortar specimens, though the 
attained failure load was, on average, 10% lower than the maximum strength detected 
during the tensile tests on the bare fibres.  
It is noted that two failure modes could, in general, be recognized: tensile failure of the 
fibres at the mortar top interface or at the clamping zone, sometimes inside the clamped 
area. These results confirm that the selected bond length is sufficiently large to induce, 
prior to slippage, a more virtuous failure mechanism which allows to benefit from the high 
tensile strength characterizing the connection between the two masonry leaves.  
 

SHAKE TABLE TEST 
The seismic behaviour of the wall was investigated by means of full-scale tests on a shake 
table, in order to analyse and validate the performance of this technology in view of its 
forthcoming use in post-earthquake reconstruction works.  
The wall foundation was firmly connected to the table and, at the top, the panel was 
constrained by a steel frame, which is also bolted to the shake table. Steel rollers were 
installed at the contact between the wall and the frame, allowing vertical displacement and 
rotation, in order to reproduce the actual boundary conditions of a wall whose collapse 
mechanism may be that of vertical bending, as is the case, for example, of top walls of 
residential buildings. The weight of the roof structure was simulated by additional metal 
plates, connected to the wall by three steel bars and securely linked to a crane to prevent 
their ruinous fall in case of collapse.  
The seismic inputs assigned to the table (Table 3) were selected to be representative of 
Central Italy (2016-2017) seismic sequence. The accelerometric signals were retrieved 
from the Italian database and belong to Norcia, Amatrice and Castelsantangelo sul Nera 
stations of the national accelerometric network. The choice of using four different 
recordings related to three different events (24 August, 26 October, 30 October 2016) in 
three different locations was aimed at giving maximum generality to the experimental 
results.  
 

Table 48. Summary of the selected earthquake ground motion records. 

Earthquake information Horizontal Component Vertical component 

Event MW Record 
Station 

PGA 
[cm/s2] 

PGV 
[cm/s] 

PGD 
[cm] 

PGA 
[cm/s2] 

PGV 
[cm/s] 

PGD 
[cm] 

24/08/2016 01:36 6.0 Norcia 352.87 29.75 -5.32 211.28 -11.58 -3.04 
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26/10/2016 19:18 5.9 Castel 
Sant'Angelo  -527.01 23.08 2.73 -389.22 -19.58 -3.01 

30/10/2016 06:40 6.5 Amatrice 521.62 -37.91 -6.02 317.82 -31.40 4.42 
 
The signals were applied in the horizontal direction, orthogonal to the plane of the wall 
and in the vertical direction, with progressively increasing scaling factors with incremental 
steps of 0.2. At the end of each test session with the same scale factor, a test was performed 
using a white noise with a maximum acceleration of 0.05 g as seismic input, in order to 
acquire useful data for the dynamic identification of the sample. 
As the intensity of the seismic signals applied increased, a substantial absence of damage 
was observed on the entire wall, which maintained its monolithic behaviour up to the end 
of the tests, when a scale factor of 2.2 was reached for the Norcia 24/08/2016 recording, 
without showing any detachment or disintegration of the stone front face. 
Only following the Test 25 - Amatrice 30/10/2016 signal with scale factor equal to 1.6 
(PGAh = 0.85 g) - a slight cracking was detected on the internal plaster located between 
the third and fourth course of blocks, as reported in Figure 7.  
More outputs are currently being processed to investigate more in detail possible damage 
evolution which might be detected through monitoring system that were installed in the 
laboratory (i.e. a set of infrared cameras tracking the motion of retroflective markers 
attached on the front and back face of the wall and video recordings to be processed 
through motion magnification algorithms).  
 

 
Figure 7.  Damage pattern at the end of the seismic sequence with scale factor 2.2. 
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CONCLUSIONS 
As part of a large research project coordinated by the University of Roma Tre, in 
collaboration with La Sapienza University of Rome and ENEA, with the contribution of 
the Lazio Region and the participation of Fibre Net and Consorzio POROTON® Italia, a 
POROTON® reinforced masonry technology was developed with an exposed stone face 
whose seismic behaviour was studied through full-scale simulation on a shaking table 
under natural seismic actions recorded during the 2016-2017 Central Italy sequence. 
Preliminary results of the dynamic tests show the effectiveness of the developed 
technology, which is able to withstand, without visible damage, seismic events having 
almost twice the intensity of the recorded events, while maintaining its monolithicity and 
preventing disintegration phenomena on the front rubblestone face. 
The developed technological solution can therefore be defined as seismically safe and 
suitable for post-earthquake reconstruction interventions, in a sustainability and 
architectural compatibility perspective. 
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Evaluation of the effect of a hydrophobic surface coating on 
chloride-induced corrosion in reinforced concrete structures  

B.M. Schallock1 and M. Gastaldi2 

 

ABSTRACT: Chloride-induced corrosion is one of the main, and most harmful causes of deterioration of 
the reinforced concrete structures. The penetration of chlorides in the concrete leads, when a specific amount 
of chloride reaches the steel surface, to a local breakdown of the protective passive film present on carbon 
steel rebars in concrete and thus to the formation of localized corrosion attacks. The consequences are fast, 
and unpredictable, loss of the steel cross section as well as the formation of expansive corrosion products 
on the steel surface leading to the possible cracking and spalling of the concrete cover. Besides the necessity 
of expensive and complicated repairs this phenomenon also leads to problems regarding the safety of the 
structures. The application of hydrophobic pore lining treatments on existing concrete structures hinders the 
ingress of water into the concrete and thus the penetration of chlorides. This may extend the service life of 
the concrete structures. 
In this paper results of laboratory tests on concrete specimens coated with a new hydrophobic pore lining 
treatment, in gel form, subjected to penetration of chlorides were presented. Reinforced concrete samples, 
coated and uncoated, were subjected to wet and dry cycles (5 days wet and 9 days dry) with a 3.5% NaCl 
solution. The corrosion rate and corrosion potential of the steel reinforcements and concrete electrolytical 
resistivity were monitored over time. The chloride penetration in concrete was determined when corrosion 
initiation occurs and after fixed periods of time. Data obtained provide useful information on the effect of 
the coating on chloride diffusion in concrete and on the possible advantage in terms of increase of the 
residual service life of the reinforced concrete structures. 

STATE OF ART 
In alkaline concrete, a passive film is formed on the surface of the steel reinforcement. As 
long as this film is present corrosion is rather negligible. This passive film may break 
down due to two phenomena, either carbonation (which leads to a neutralization of the 
concrete pH) or chlorides, present at the steel surface with a concentration higher than a 
critical amount (chloride threshold, Clth), that lead to a local breakdown of the film and 
thus to pitting corrosion. Without the protection of the passive film and in the presence of 
water and oxygen, steel may then corrode. Rebar corrosion in reinforced concrete leads to 
internal tensions in the concrete, due to the formation of the expansive corrosion products, 
thus cracking and spalling of the concrete cover as well as reductions of the cross section, 
and of the ductility, and loss of adhesion between steel and concrete occur (Bertolini L. et 
al., 2004).  
To guarantee the target service life of a new structure, or the residual service life of an 
existing structure, a correct design of concretes and placement must be realised. When 
long service life is required, a limit in the concrete cover thickness or problems in the 
maintenance due to complexity of the structure are present, additional protection could be 
necessary. One of these is the application of a surface treatment on the concrete  
The general aim of surface treatments is either the decrease of permeability of the concrete 
cover to aggressive substances or the reduction of the internal moisture content in the 
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concrete or both. Surface treatments are applied to the surface of the concrete. There are 
4 different classes of surface treatments; Organic coatings which are of polymeric nature 
and form a continuous film of around 0.1-1mm at the surface. Cementitious coatings are 
cement based materials which are applied as a few mm thick layer to the concrete surface 
(Coffetti D. et al. 2021). Pore blocking treatments which are generally consisting of 
silicates or silico-fluorides are penetrating in the pores of concrete reacting chemically 
with the solution present in the concrete pores and thus forming reaction products closing 
the pores (Bertolini L. et al., 2004). At last, hydrophobic pore liners, generally silanes or 
siloxanes, that decrease the molecular attraction between water and concrete by modifying 
the contact angle to be >90°. In this way the capillary suction of water is decreased (Polder 
R. et al. 2001). This is a very promising treatment due to the fact that it is not alternating 
the appearance of the structure (Sohawon H. and Beushausen H. 2018), is easy to use and 
is also an interesting solution from an economical point of view (Polder R. et al. 2001). 
In this paper, the possible advantages related to the use of a new hydrophobic treatment, 
in gel form, for prevention of chlorides induced corrosion were analysed. This work is 
part of a research which also evaluated the effect of this coating on the propagation in 
reinforced concrete structure affected by carbonation-induced corrosion (Gastaldi M. et 
al. 2021). 

EXPERIMENTAL PROCEDURE 
Preparation of samples 
A total amount of 10 samples was prepared with a concrete with 400 kg/m3 of cement 
(type CEM II/ A-L 42,5R), 180 l/m3 of tap water (water to cement ratio of 0.45), 1825 
kg/m3 of aggregates (Æmax = 9.5 mm). A superplasticizer was added in the mixing water 
to increase the workability. The concrete mix design is reported in Table 1. Two different 
casts were performed, in different time period, to realize the samples. The first series 
produced is series C1 (samples: C1-1, C2-2, C1-A, C1-B, C1-C, C1-D) and the second 
series is PON (samples: PON-1, PON-2, PON-3, PON-4).  
 

Table 49. Mix design of specimens. 
Cement 
(kg/m3) 

Water 
(l/m3) 

Aggregates 
(kg/m3) w/c ratio 

400 180 1825 0.45 
The two series of samples have different geometries; with the series C1 4 cubic samples 
(C1-A, C1-B, C1-C and C1-D), with side 100 mm, and 2 prismatic samples (C1-1 and C1-
2; Figure 1a) with dimension 150×120×50 mm, and 4 prismatic samples with the series 
PON (PON-1/-2/-3/-4; Figure 1b) of dimension 300×200×50 mm were carried out. 

   
 (a) (b) 
Figure 1. One of the prismatic samples of the series C1 (a) and of the series PON (b). 
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The samples C1-1 and C2-2 contain respectively 2 rebars which are both having a concrete 
cover of 10 mm. The samples of the PON series contain 3 rebars at 3 different concrete 
cover depth (10 mm, 20 mm and 30 mm). The rebars used are all of the type B450C and 
have a diameter of 10 mm). Before casting, the bars were sandblasted and cleaned with 
acetone. One end of the bars has been drilled, for the external electrical connections, and 
the two ends were masked (to avoid edge effects), leaving an exposed surface of 80 mm 
in samples of series C1 and of 160 mm for PON series. Next to each rebar an activated 
titanium electrode (Ti*) was embedded as reference electrode. Additionally, counter 
electrodes for the determination of corrosion rate and concrete electrical resistivity were 
installed.  
After casting the samples were cured for 7 days in a curing chamber, afterwards they were 
stored in laboratory conditions for more than two weeks. In a next step a hydrophobic pore 
lining treatment, in gel form, was applied on the previously scraped top face of the samples 
C1-2, C1-A, C1-C, PON-2 and PON-4. The other samples were left uncoated (control 
group specimens). The lateral surfaces of the samples were covered by epoxy resin. On 
the top of the samples (face in contact with the formwork during casting), ponds were 
placed/realized (Figure 1) so as to contain the solution for the wet/dry cycles.    
All the samples were submitted to wet/dry cycles, 9 days dry and 5 days wet, with 
saltwater containing 3.5% of NaCl (ponding cycles) in order to simulate the exposure of 
a reinforced concrete element to a splash zone. Before the first ponding cycles with the 
salt solution, the exposed surfaces of the specimens were saturated with water. 
Measurements of concrete electrical resistivity, corrosion velocity rate (evaluated with the 
linear polarization resistance technique - LPR) and potential of reinforcement (vs 
embedded Ti* and external SCE reference electrode) were carried out, mostly twice a 
week. Regarding the PON series also an automatic monitoring of the corrosion potential 
versus embedded Ti* electrode was used.   
The penetration of chlorides within the sample of the C1 series was determined at different 
times. To do so powder was taken, by means of drilling, at different depth of the sample 
as well as the withdrawal of a core, which was cut in disks at different depth and 
subsequently grinded in order to obtain powder. The powder was than dried in an oven at 
105°C for 24 hours. Afterwards the powder was dissolved in acid solution and the chloride 
content was determined by means of potentiometric titration, with silver nitrate solution.  
Furthermore, after 33 ponding cycles, the rebars of the sample C1-1 were extracted and 
the surface cleaned, by means of pickling, in order to analyze the pits with a 
stereomicroscope and to measure the penetration depth with a dial gauge.  
 

RESULTS AND DISCUSSION 
Corrosion initiation and propagation 
The Figures 2 and 3 show the measurements carried out on the samples C1-1 and C1-2 
over a time span of around 3 years. In Figure 4, the monitoring, automatically recorded, 
of the corrosion potentials in the samples PON-1 and PON-4 are reported. Here only one 
coated and one uncoated sample is shown.  
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Figure 2. Corrosion potential and corrosion rate measured on the uncoated sample 

C1-1 (ponding cycles: light blue area = wet period; white area = dry period). 
 

 
Figure 3. Corrosion potential and corrosion rate measured on the coated sample C1-

2 (ponding cycles: light blue area = wet period; white area = dry period). 
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Figure 4. Corrosion potential monitoring, with an automatic system, of rebar A 

(concrete cover 10 mm) in the samples PON-1 and PON-4 uncoated and coated 
respectively. 

 
The coated and uncoated samples of both series show all the same trend. For the uncoated 
samples, the potentials measured vs SCE, as well as Ti*, fell already after the first few 
ponding cycles to values lower than -200 mV (Figures 2 and 4). In sample C1-1 (Figure 
2), with the ongoing of the ponding cycles, the potentials decreased even more to around 
-500 mV on both the reinforcements. Corresponding to this, the corrosion rate increased 
continuously within the first year until it reached values of up to 30 µm/year. After around 
10 wet dry cycles, corrosion products and cracks have been observed on the concrete 
surface of sample C1-1 as well as on the surface of PON-1, after the 3rd ponding cycle 
respectively. In contrast to this, the coated sample shows potentials between 0 and -30 mV 
vs. Ti* for both rebars and between 50 and 100 mV vs. SCE (Figures 3 and 4), thus it can 
be assumed that they are in passive conditions; also, the corrosion rate remained constantly 
lower than 1 µm/year (Figure 3). The surface of the samples remained unchanged. 
The same behaviour was also observed in the samples of the PON series connected to an 
automatic monitoring system (Figure 4); in the rebar with a concrete cover of 10 mm in 
sample PON-1 the potential decreased few hours after the initiation of the first ponding 
cycle to around -260 mV vs. Ti* (despite the initial saturation condition of the concrete 
surface) and decreased even more with every further wet period until values of around -
330 mV vs. Ti* in the 4th and 5th cycle. In contrast to this, for the coated sample PON-4, 
the potential remained constantly between -10 and -40 mV vs. Ti* and even increased 
over time.  
The measured electrical resistivity proved that water ingress in the sample is restricted by 
the presence of the coating. As to be seen in Figure 5 the resistivity in the coated specimen 
moved from values below 1000 Ω·m to more than 5000 Ω·m which indicates that, despite 
the wet/dry cycles, the sample dried. The electrical resistivity of the uncoated specimens, 
instead, resulted around one order of magnitude lower (reaching values below 100 Ω·m), 
proving that the sample remained in wet conditions.  
Figure 6 shows the mean value of the corrosion rates of reinforcement measured during 
each cycle on the samples of the C1 series (up to the 20th cycle) as well as the rebars with 
concrete cover of 10 mm of PON series (up to the 8th cycle).  
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Figure 5. Electrical resistivity of concrete measured on samples C1-1/-2. 

 
As to be seen the corrosion rates of all the rebars (4 rebars in 3 different samples) in the 
case of the uncoated samples (orange), after the first few cycles, increases constantly with 
each ponding cycle, reaching value higher than 20 µm/year after about 15 cycles. In the 
coated samples (blue) values remain constantly lower than 1 µm/year.  
The drop in the potentials as well as the increase in the corrosion rates measured identifies 
pitting corrosion initiation induced by chlorides after the first few ponding cycles on all 
the rebars, with 10 mm of concrete cover, in all the uncoated samples. 
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Figure 6. Mean value of the corrosion rates of reinforcement with 10 mm of concrete 
cover measured during each cycle in all the samples (PON-1/-2/-3/-4 and C1-1/-2); 

values below the red line (1 µm/year) indicate negligible corrosion rate. 
 

 
(a) (b) 

Figure 7. (a) Sample C1-1 after 33 ponding cycles; and (b)condition of the rebars 
after extraction (left: C1-1a, right: C1-1b; observation with the stereomicroscope are 

also reported).  
 

Considering the high values of the corrosion rates reached, a very fast consumption of the 
rebars is to be expected (measurement obtained with LPR provide a mean value of the 
rebar corrosion; pitting corrosion produces localised attacks, thus LPR underestimate the 
corrosion rate in the pit). All the rebars embedded in the coated samples, up to now, 
showed only negligible corrosion rates of <1 µm/year as well as high potentials, leading 
to the conclusion that all the rebars are still in passive conditions (also after more than 3 
years of tests and 41 ponding cycles for the sample of the C1 series).  
After around 900 days of wet dry cycles (after the 33st cycle) it was decided to extract the 
two rebars (C1-1a and C1-1b) from the uncoated C1-1 so as to evaluate the corrosion 
condition. The Figure 7 shows the sample at the end of the test (a) as well as the condition 
of the rebars extracted (b).  
As to be seen, both rebars show several localised attacks along their surfaces with severe 
consumption of their cross-sections (Figure 7b). The maximum depth of the pits 
determined in the two rebars were 1.93 mm and 1.42 mm and the maximum width 7.4 mm 
and 6 mm respectively on the bar C1-1a and C1-1b. Thus, a maximum corrosion rate of 
about 1mm/year was estimated. 
 
Chlorides penetration  
The penetration of the chlorides in concrete, coated and uncoated, was determined at 
different time intervals. Figure 8 shows the determined percentages of chlorides with 
respect of the mass of cement at different depth in the samples of the C1 series after 33 
ponding cycles (about 2.5 years of wet/dry cycles); the two grey dotted lines show the 
rebars position. The zone highlighted in red indicates the range of the critical chloride 
threshold considered for atmospheric exposure (0.4-1% of chlorides) (Bertolini et al., 
2004). The colored dotted lines represent the interpolation of the measured content at each 
depth with the second Fick’s law.  
The amount of chlorides in all the uncoated samples, reinforced (C1-1) and unreinforced 
(C1-B and C1-D), at all the measured depth is higher than 0.4% vs cement mass. At the 
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depth of the rebars values ranging between 1.1 and 2% were determined, these are higher 
than the critical chlorides threshold of carbon steel rebars in concrete. In the reinforced 
sample C1-1, cracked by reinforcement corrosion, a very high chloride content of about 
3% was determined at the steel surface.  
 

 
 (a) (b) 

Figure 8. Content of chlorides at different depth after 33 ponding cycles in the 
samples C1-1 (uncoated) (a) and in samples C1-1 (coated) (b).  

 
In the coated samples, only the unreinforced sample C1-C, in which a crack was observed 
(probably caused by the previous coring of the sample) showed a content of chlorides 
between 0.4% and 1% at a depth of 10-20 mm. In the other unreinforced samples, C1-A 
(never previously cored), and in the reinforced sample (C1-2) a chloride content lower 
than 0.2% at 10 mm was determined. 
The evaluated amount of chlorides at different depth, in each sample, were interpolated 
with the Fick’s second law and the apparent diffusion coefficient (Dapp), and the superficial 
concentration of chloride (Cs), were estimated. Figure 9 shows the apparent diffusion 
coefficients found for the coated and uncoated samples (the samples C1-1 and C1-C are 
not reported, due to the negative effect of the cracks on the determination of the Dapp).  

 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 10 20 30

C
hl

or
id

es
 (%

 v
s m

as
s 

of
 c

em
en

t)

Depth (mm)

C1-B - disk
C1-D - disk
C1-1 - powder
C1-B - powder
C1-D - powder

UncoatedRebars

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 10 20 30
C

hl
or

id
es

 (%
 v

s m
as

s 
of

 c
em

en
t)

Depth (mm)

C1-C - disk
C1-A - disk
C1-2 - powder
C1-A - powder
C1-C - powder

Coated     Rebars

0

1

2

3

4

5

6

7

8

9

D a
pp

(1
0-1

2 
m

2 
/s)

C1
-B

 -
di

sk

C1
-A

 -
di

sk

C1
-D

 -
di

sk

C1
-2

 -
po

wd
er

C1
-D

-p
ow

de
r

Uncoated Coated

C1
-A

 -
po

wd
er

C1
-B

 -
po

wd
er



The New Boundaries of Structural Concrete  

 
 

 
 

370 

Figure 9. Apparent diffusion coefficients determined in the uncoated and coated 
samples.  

The apparent diffusion coefficient determined for the uncoated samples (between 5 and 
8.5 10-12m2/s) resulted around one order of magnitude higher than that one obtained for 
the coated ones (between 0.4 and 0,8 10-12m2/s). This shows that, as long as the 
hydrophobic coating is effective, the penetration of chlorides is strongly reduced. 
Superficial concentrations of chlorides of about 2.5% and 0.7% vs cement mass were 
estimated for uncoated and coated samples respectively. 
 
Effect on the service life 
Data obtained on the coated and uncoated concrete samples are used as input data to 
evaluate the effect of the hydrophobic coating on the service life of reinforced concrete 
structures exposed in marine environment (with mild temperature), in the splash zone. A 
probabilistic approach (Model Code for Service Life Design – N°34 2006) was used 
considering a target service life of 50 years. As input data the average superficial chlorides 
concentration determined for the uncoated specimens (2.5%) was considered as the mean 
value of the superficial concentration (lognormal distribution), a Beta distribution of the 
critical chloride concentration was taken into account (with mean value of 0.6% and upper 
and lower limit of 0.2% and 2% respectively), the initial chlorides concentration was 
considered to be 0 and a mean value of the temperature of 20°C (normal distribution with 
standard deviation of 10%). For the apparent diffusion coefficient, the average values of 
the coated and uncoated samples, respectively 0.48·10-12 m2/s and 6.41·10-12 m2/s, were 
used as mean values of the distribution (normal distribution) and a standard deviation of 
10% was applied. Figure 10 shows the results of the application of the probabilistic 
approach to evaluate the probability of failure considering different concrete covers to 
reach the target service life of 50 years.  
It’s possible to observe that if a probability of failure of 10% is considered as limit 
condition (value generally used for safety reason), a concrete cover thickness of around 
85 mm must be considered to guarantee the required service life in the case of a coated 
concrete structure. In the uncoated concrete, even a concrete cover of 160 mm would lead 
to a probability of failure equal to around 60%. 
 

  
Figure 10. Probability of failure to reach 50 years of service life considering different 

concrete cover depths; blue: uncoated concrete, green: coated concrete.  
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Thus, the concrete considered, despite the water to cement ratio of 0.45 (value specified 
in the standard EN 206 for concrete structures exposed in the splash zone) (EN 206:2013), 
cannot guarantee the 50 years of service life, neither if a concrete cover higher that 160 
mm is used.  
This highlights the effectiveness of the hydrophobic pore liner tested, in reducing the 
penetration of chlorides into the concrete and thus prevent rebar corrosion. Nevertheless, 
the effect of this coating is related to its durability. Further tests will be necessary to assess 
the long-term behaviour of the treatment.  

CONCLUSION 

Measurements and tests were carried out in order to analyze the effect of a new 
hydrophobic treatment to prevent chlorides induced corrosion in reinforced concrete 
structures. In reinforced concrete samples subjected to wet/dry cycles, with a salt solution 
(3.5% of NaCl), a fast corrosion initiation occurred in the uncoated samples but no 
initiation in coated samples even after about 3 years of tests. The hydrophobic coating 
reduced water absorption and penetration of chlorides. The apparent diffusion coefficient 
determined for the coated samples (0.4-0,8 10-12m2/s) resulted around one order of 
magnitude lower than for the uncoated ones (5-8.5 10-12m2/s). Data obtained showed that 
the use of the coating can help to reach the target service life of 50 years for a reinforced 
concrete structure (in which a water to cement ratio of 0.45 and a Portland-limestone 
cement were used) in marine environment (with mild temperature), in the splash zone. 
Nevertheless, further studies will be necessary to assess the long-term behaviour of the 
treatment and, thus, its effectiveness over time. 
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Mechanical response of infills made of AAC blocks subjected 
to seismic action 

D. Sirtoli1,P. Riva2, A. Riva3 and G. Borretti4 

 

ABSTRACT: Infill panels represent non-structural elements used to divide the internal and external spaces 
of a building. In recent years, a new material is establishing as a valid substitute for the more classic brick: 
autoclaved aerated concrete (AAC). Thanks to its lightness and good performance in terms of thermal 
insulation, fire resistance and eco-sustainability, it has become a good alternative in the construction of 
masonry elements. Although they are not designed as structural elements, it is known their influence to the 
building response at the earthquake. In addition to their own weight, even their mechanical performance 
plays a key role in the response. The aim of the present paper is to define some of the most important 
performance of infill walls made of AAC against horizontal actions. An experimental campaign focused on 
single block elements was organized. Afterwards, the study was extended to samples composed of multiple 
blocks. The data collected in this phase will be used to set a study on full scale samples.  

INTRODUCTION 
In construction, infill panels represent non-structural elements usually made of solid 
bricks or hollowed blocks made of masonry or concrete, representing an economical and 
durable solution. A valid alternative to these traditional materials is represented by 
autoclaved aerated concrete (AAC), thanks to its lightness and good performance in terms 
of thermal insulation, fire resistance and eco-sustainability (Jerman et al., 2013) (Artino 
et al., 2019). 
Although infill walls structurally sustain just their own weight, they contribute to the 
global response of the building to the earthquake (Butenweg et al., 2018) increasing the 
participated mass and changing the distribution of the forces due to their rigidity. To 
precisely define their mechanical behavior, various aspect must be considered. 
A first aspect concerns the distinction between mechanical performance of single element 
making up the wall (block, mortar, joint, reinforcement), the behavior of small portions 
composed of a combination of those single materials and, eventually, the full-scale infill. 
That distinction underlines the difference in terms of performance of the base material of 
which the bricks are made and the entire wall, where different resistant mechanisms are 
involved, depending on the technique used to realize it. For instance, the infill wall can be 
reinforced with elements placed inside the blocks (Penna et al., 2008) or on their external 
surface (Binici et al., 2018) (Kubica and Galman, 2017) (Kaluza, 2017), helping single 
elements work together with the other that compose the same wall. 
Another important aspect to be considered for the mechanical performance definition of 
the infill wall are the boundary conditions, represented by its interaction with the 
surrounding frame (Morandi et al., 2018) (Penna et al., 2015), typically made of 
reinforced concrete. During a seismic event, the frame motion is influenced by the infill 
walls. Depending on their characteristics, this influence can change dramatically. If the 
wall is designed as a rigid element, a force concentration on the pillars is expected, 
creating detrimental condition for the structure. On the contrary, detaching completely the 
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wall from the frame motion can be helpful, though it can be reached just with a strong 
effort on details definition during design process (Butenweg and Marinković, 2018) 
(Canbay et al., 2020) (Asadzadeh et al., 2020). 
In addition to all these phenomena, the correlation factor between all the various aspects 
must also be considered. For instance, the infill in-plane behavior changes substantially in 
the presence or absence of out-of-plane stresses, which is one of the typical load conditions 
during a seismic event. 

 
Experimental campaign organization 
In the present paper, mechanical performance of an infill wall made of AAC blocks are 
investigated. Firstly, the aspects of compressive and flexural strength performed on single 
blocks are analyzed, evidencing some of the basic material characteristics. Afterwards, 
small wall samples made of a multitude of blocks are considered, in order to evaluate the 
correlation between different aspects, like blocks mixture, reinforcements and type of 
load. The test done are out-of-plane and in-plane flexion. 
This campaign represents a first step of a bigger work focused on the infill wall mechanical 
performance investigation. Indeed, full scale samples were realized following the 
consideration done in the present research. 
 

MATERIALS AND METHODS 
Samples 
For the specimens realization, two different AAC mixtures were considered. The first one 
is characterized by a highly porous microstructure. Its commercial name is “Active”, from 
the company Ekoru srl. Still from the same company, the second material selected, which 
represents a stronger solution, thanks to its higher density. Its commercial name is 
“Evolution”. 
Considering their mechanical performance, the main aspect to take into account is 
volumetric mass. While “Active” is characterized of a declared density of 300 kg/m3, 
“Evolution” reaches 480 kg/m3. 
In the realization of the samples made of a multitude of blocks, two kinds of 
reinforcements were considered, each one of them placed in the horizontal mortar joint, 
all along the blocks course, at a ratio of one each two courses. The first one is represented 
by a steel element made of seven rods each one composed of three wires, connected 
together by polypropylene and glass fiber. The total steel area for each element is 4.83 
mm2. Its commercial name is “Murfor Compact A-40”. Two of them are placed to 
reinforce a course, at 2 cm from each side. The other considered reinforcement solution is 
a glass fiber net of 350 gr/m2 weight and dimension of 9x13 mm.  
The mortar used to fulfill joints, both horizontal and vertical, is a commercial Incollarasa, 
which is an M5 strength class. In order to incorporate the reinforcements, 3 mm thick layer 
is used instead of the usual one. 
 
Test set-up 
For compressive and flexural strength test, an hydraulic machine of 1000 kN capacity was 
used. For the first type of test, the machine was set in force control, working at a speed of 
2 kN/sec. On the contrary, for flexural strength evaluation, the machine was set in 
displacement control and the test was done at a speed of 10 µm/sec. In this case, two more 
instruments were placed on the sample, one at each side, recording mid deflection, 
avoiding local deformation of the material in the area of the two supports. 
The sample used for flexural strength test was an Active simple block of 240×250×600 
mm. For the compressive strength, instead, the standard EN 679 was followed, for 
preparation of the samples, density evaluation and execution of the test. 
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For the other two planned test, because of the sample dimension, a special set-up was 
designed. In the out-of-plane test, the sample is a wall of 240, 1010, 1503 mm dimensions, 
for thickness, height and length respectively, placed vertically in the set-up. A scheme of 
it is proposed in Figure 61, where distance between supports is equal to l1=1250 mm and 
l2=560 mm. Cylindrical metallic elements were used in order to create supports and 
application force points. The first are fixed elements of the set-up, infinitely rigid 
compared to the sample, while the latter are free to move in the direction of the applied 
force thanks to a roller placed on their base. Between cylinders and samples, before the 
beginning of the test, a neoprene layer is placed in order to uniformly distribute the load. 
Moreover, in these areas, the sample is preliminarily rectified, correcting blocks gap 
created during their realization. In order to limit friction, two Teflon layer are placed 
between sample base and the set-up floor. The actuator used for the test execution is an 
electromechanical jack placed horizontally and connected to the roller with a spherical 
joint. The test is done in displacement control. For not reported details, refer to the EN 
1052-2 standard. 
 

 
 (a) (b) 

Figure 61 – Load set-up as reported in UNI EN 1052-2 (a) and as realized (b) 
 
Three main aspects were recorded during the test. The load, the displacement of the mid 
part of the sample and the set-up deformation in the same point. This last instrument 
confirms the rigidity of the set-up. The load was recorded by a 1000 kN cell placed in 
series with the jack and the joint to the roller. The mid deflection, eventually, was recorder 
in the mid part of the two central blocks of the central courses, in order to mediate the 
effect of possible cracks in the mortar joints. 
The last test considered in this paper is the in-plane flexion of samples made of blocks. 
As in the previous out-of-plane flexion test glass fiber does not show interesting results, 
in this case data are presented for plain sample and reinforced with steel. Samples are 
beams made of two courses of blocks, as reported in Figure 62, with total section of 
240×500 mm, with reinforcement placed in the only available horizontal course. For the 
sample length, was considered 4.2 m (3.6 m between supports) for the reinforced solution 
and 1.8 m (1.5 m between supports) for the plain sample. This solution was considered, 
on one side, to avoid sample collapse during movement for the un-reinforced version and, 
to the other side, for evidencing the effect of steel reinforcement to the element. Because 
of the difference in length, plain sample were tested with a three-point-bending solution, 
while the reinforced samples with the original four-point-bending. 
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 (a) (b) 

Figure 62 – Geometrical details for the four-point (a) and three-point bending test (b) 
For both cases, the supports are realized with cylindrical metallic elements on which the 
sample is placed. Between sample surface and metallic elements, a neoprene layer is 
always considered. Afterwards, a metallic element is positioned on the top of the sample 
in order to create a cylindrical joint with the actuator, which, in this case, is placed 
vertically on the upper part of the sample, in mid-section. For the three-point-bending 
configuration, the joint is the only element used at the top of the sample. On the contrary, 
for the four-point-bending test, before the cylindrical joint there are two supports on which 
a metallic beam is placed in order to apply the load equally to both points. 
The load history is composed of different steps. Firstly, the sample is placed on the 
supports. In this phase, the load is equal to the self-weight. For short samples, because of 
their higher rigidity, the force-displacement curve is considered elastic so far, zeroing 
instrument at this time, recording thereafter. For the four-point bending samples, this 
procedure does not correctly record their real behavior. Thus, a force from the mid-bottom 
part of the sample, directed upwards, is applied after the positioning of the sample in the 
test initial configuration. This load is evaluated theoretically in order to create an upper 
displacement equal to the theoretical deflection due to the self-weight. This procedure 
allows the zeroing of the instruments before the release of the sample, recording, in this 
way, even the curve due to the self-weight. The second phase is represented by the 
positioning of the elements that compose the joint on the upper part of the sample, with 
instruments still recording. Afterwards, a monotonic test is performed with the actuator 
pushing the beam. 
The main aspects which are recorded in this test are: the applied load, with a cell placed 
in series between actuator and joint, the deflection in the beam mid-section, on both sides 
of the block, and the deformation in the area below supports. 
 

 
Figure 63 – Particular of the mid-section configuration of the four-point-bending test 

 

RESULTS 
Blocks density, compressive and flexural strength 
In Table 50 and Table 51 are reported the results on the compressive strength evaluation 
procedure, which combines the density analysis of the material and the compressive 
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strength of dried samples. As reported by the first one, density results collected on the 
samples used for the test are higher than that reported on the technical sheet (368 vs 300 
for Active and 589 vs 480 for Evolution). This is due to the different standard followed 
for its evaluation: EN 679 for compressive strength and EN 772-13 for material density. 
As the amount of water still present in the microstructure change this aspect, the procedure 
followed to dry the sample has a key role in density evaluation. It is important to take into 
account that material on-site is in wet condition, while tests on mechanical aspects are 
done with conditioned samples. 
From the compressive strength test results, it is possible to see the higher performance of 
Evolution blocks (3.53 MPa) compared to Active (1.45 MPa), relating this trend with 
density results, obtaining higher strengths with higher microstructure density. 
Considering the graph reported in Figure 64, what is clear is the brittle behavior of AAC 
material (Active version). It shows a perfectly elastic behavior until 0.43 MPa, moment in 
which a fracture appears in the mid-section of the sample, causing its collapse. 
 

Table 50. Density results of the four blocks used for compressive strength evaluation 
 Mass b t h V M/V mean mean  kg mm mm mm mm3 kg/m3 

A1.1 0.402 100 103 100 1030000 390.29 
391.26 

368.12 

A1.2 0.405 100 103 101 1040300 389.31 
A1.3 0.406 100 103 100 1030000 394.17 
A2.1 0.351 100 104 101 1050400 334.16 

344.98 A2.2 0.381 100 106 100 1060000 359.43 
A2.3 0.355 100 104 100 1040000 341.35 
E1.1 0.632 102 104 101 1071408 589.88 

588.11 

588.82 

E1.2 0.633 102 104 100 1060800 596.72 
E1.3 0.619 101 104 102 1071408 577.74 
E2.1 0.615 101 104 102 1071408 574.01 

589.52 E2.2 0.655 101 105 100 1060500 617.63 
E2.3 0.606 101 104 100 1050400 576.92 
 

Table 51. Compressive results of the cubic samples for compressive strength evaluation 
 Mass b t h Area Force Rc Mean St. Dev.  g mm mm mm mm2 kN Mpa 

A1.1 320 100 103 100 10300 12.6 1.22 
1.42 0.21 A1.2 319 100 103 101 10300 14.5 1.41 

A1.3 333 100 103 100 10300 16.9 1.64 
A2.1 323 100 104 101 10400 17.2 1.65 

1.48 0.15 A2.2 338 100 106 100 10600 14.8 1.40 
A2.3 317 100 104 100 10400 14.4 1.38 
E1.1 515 102 104 101 10608 38.2 3.60 

3.50 0.10 E1.2 509 102 104 100 10608 37.1 3.50 
E1.3 508 101 104 102 10504 35.7 3.40 
E2.1 508 101 104 102 10504 38.9 3.70 

3.57 0.14 E2.2 527 101 105 100 10605 38.1 3.59 
E2.3 500 101 104 100 10504 35.9 3.42 
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Figure 64 – Flexural behavior of a simple Active block 

Wall out-of-plane flexural strength 
In Figure 65 are reported the curves of the four-point bending test done in terms of both 
force (for complete test) and flexural strength (for the elastic branch). The samples are 
identified with a code where the first part represents the material (“A” for Active and “E” 
for Evolution), the second the reinforcement used (“RA” for steel, “RV” for glass and 
“NR” for non-reinforced samples) and the third the number of the sample testes. 
Considering the behavior of the plain samples, their brittleness is underlined by the 
absence of a plastic curve (the reason why they are not reported in the complete test graph). 
As shown in Figure 65a, this phenomenon does not appear in the reinforced samples. 
When the AAC microstructure collapse, the reinforcement gets involved in the structural 
behavior of the sample, changing its trend. The use of "Murfor" steel mesh ensured a good 
increase in performance with the increase of possible deflection, reaching the highest 
resistance at high levels of deformation. The skill in redistributing stresses on a bigger 
part of the entire samples provides new mechanical resources. In this reinforcement 
category, the collapse is reached by tensile failure of the single most stressed steel fiber 
(the outer in the direction of the applied load). Since the test is governed in displacement 
control, was not registered an immediate collapse, but a weakening of the sample for each 
broken fiber. 
Considering the glass fiber reinforced samples, results did not show good efficacy of the 
type of mesh used. This was unable to redistribute the effort over the entire section. After 
the first crack appearance, the fibers adsorb the stress, concentrating it on the outer one 
(in the direction of the load), where deformation is higher. Due to the weak plastic 
behavior of the glass fiber used, at increasing deflection the external fiber broke off, 
decreasing the resistance of the entire sample and increasing the stress on the next fiber 
and so on. The data collected show a very limited capacity of post-crack resistance 
compared to the other analyzed samples, reaching the collapse at much lower levels of 
displacement. 
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 (a) (b) 

Figure 65 – Out-of-plane flexural test results (a) with a focus on the elastic phase (b) 
 

Beam in-plane flexural strength 
Results collected in this test are summarized in Figure 66, where reinforced and plain 
samples are separated graphs as they refer to different configurations: three-point bending 
for plain (a) and four-point bending for reinforced samples (b). 
Results for plain samples show a certain variability, which is much higher in Evolution. 
Data in terms of flexural strength report 0.78 and 0.63 MPa for Active, which, in relation 
to the 0.45 MPa recorded in the single block test, are a bit higher. A deeper analysis of the 
collapsed samples showed a mortar structure of the joints not equally distributed, leading 
to the variability in terms of strength. This phenomenon is related with practical aspects 
during sample realization, difficult to manage, leading to an important variability of the 
joints quality, thus, to the sample performance. 
In the reinforced samples, is evident the participation of the steel in resisting at the 
collapse. As seen in the plain sample, after reaching the first crack, the AAC structure 
does not have other resources. In this moment the reinforcement placed in the horizontal 
course get activated, redistributing tension all along the beam. The vertical force applied 
at the center of the beam is beard from the steel mash and redistributed to the sample by 
the adherence forces generate between steel, mortar and blocks. When this force 
overcomes the beam resources, one of the two lateral supports collapse. A horizontal crack 
appears, cutting the beam at the central course. In that moment, the beam does not have 
mechanical resources to redistribute the force to the sample, collapsing thereafter. The 
higher accuracy in realizing the horizontal reinforced course in correspondence of the 
supports, the higher the redistribution resources available for the beam to resist. 
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 (a) (b) 

Figure 66 – In-plane flexural test results for plain (a) and reinforced samples (b) 
 

FINAL CONSIDERATION AND FUTURE DEVELOPMENT 
The present paper shows an experimental campaign focused on the mechanical 
performance investigation of AAC blocks, in both version of single element and a series 
of them jointed together, forming complex elements of different geometry. Two mixtures 
were analyzed, characterized by different microstructure density. In terms of bigger 
samples, two reinforcements were considered, made by steel and glass fiber. 
From the test done on single elements it is confirmed the correlation between mechanical 
performance and density of AAC material and the need of solution in order to improve 
their behavior in tension. 
The use of reinforcements placed in the horizontal courses shows a good synergy with 
samples, improving their performance in terms of mechanical aspects and behavior. The 
most important aspect recorded during the campaign is the beneficial effect of the 
reinforcement in redistributing the stress to other blocks, avoiding local detrimental 
damage, gathering strength from a higher area of the sample. Steel reinforcement using 
“Murfor” shows the better collaboration with the samples in the out-of-plane test, avoiding 
brittle behavior, reaching high level of deformation, redistributing the damage to a big 
area of the sample. This solution was used even in in-plane flexural test and the 
conclusions are the same, with a good stress redistributing ability, increasing the level of 
involvement of the sample to the mechanical performance. 
This campaign represents an initial step useful to optimize the combination of elements 
for the campaign on real scale infill samples. The entire project investigates the relation 
between infill walls and the structure in which they are built, considering different solution 
in connecting the non-structural element to the surrounding structure, for instance, 
detaching completely their behavior. 
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Digital design and fabrication of flexibly formed concrete beams 
Saverio Spadea1, Anna Perepechay2, Eduardo Costa3, Paul Shepherd4 

 

ABSTRACT: Concrete is the world's most widely used man-made material, which accounts for more than 
5% of global CO2 emissions. Currently, up to half of the concrete used in buildings is unnecessary, as it is 
there because it is shaped using prismatic formworks, which are structurally inefficient. Recent research has 
demonstrated that flexible formwork can be used to form concrete members of any shape and that 
reinforcement can be woven into geometrically appropriate cages. This process is well suited for robotic 
automation, enabling off-site casting of non-prismatic beams with minimal human involvement. In a 
previous contribution, an iterative optimisation process was implemented in a parametric modelling 
framework to generate and analyse non-prismatic beams in bending, taking into account the constraints 
imposed by the use of fabric formwork. The current effort focuses on the winding process, which triggers 
further design constraints while considerably contributing, together with the concrete shape sections, to the 
shear strength of the beams. The analytical tool is linked to the generative geometry process and an 
optimisation tool, which is able to inform the parametric design of flexibly beams with minimal embodied 
carbon. 

INTRODUCTION 
The worldwide race to reduce energy consumption is on, with most industries developing 
their smart ways to minimise the embodied and operational carbon. The British 
construction sector also participates in this ambitious goal of achieving a nearly zero-
carbon economy by 2050 (Yang et al, 2020). Concrete is heavily utilised, making it 
responsible for producing around 7% of the global carbon emissions. However, the early 
actions of the UK industry resulted in achieving a five times lower CO2 value than the 
world average (MPA UK Concrete, 2020). Nevertheless, scientists, designers, and 
contractors recognise that collective action is more important than ever. Therefore, they 
are joined in a collaboration to research and implement the techniques that will reduce the 
negative impact of this artificial material. Although the traditional way of construction is 
still leading on the building sites, novel methods have become more popular and are 
desirable alternatives. 
Concrete is exploited in large quantities; therefore, it is undeniable that reducing the 
volume used will contribute to a decrease in CO2 emissions. In a traditional reinforced 
concrete beam, utilisation varies along length resulting in up to 40% of the material being 
redundant (Costa et al, 2020). Shape optimisation of the structural elements leads to more 
efficient material use due to regular stress distribution (Garbet et al, 2010). Non-prismatic 
structures are formed using flexible formwork that allows complex casting geometries 
easily (Yang et al, 2018) and therefore is subjected to a growing interest from architects 
and contractors. Moreover, the improvement in the durability has been observed while 
casting concrete in a permeable membrane as excess pore water bleeds from the concrete 
during curing, attaining a reduction of water to cement ratio in the surface zone (Spadea 
et al, 2015). However, concrete is not the only great contributor to total embodied carbon 
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in RC elements. Steel is a highly energy-consuming product mainly due to its production 
process. IEA data shows that iron and steel manufacturing accounts for 22% of total 
industrial energy use (https://www.iea.org). This resulted in several experiments 
attempting to partially or entirely replace steel reinforcement with different materials like 
FRPs (e.g., carbon, glass, basalt), bamboo or natural fibres.  
Although non-prismatic structural elements have been researched widely in the past, 
limited studies have been given to digital design with optimisation. The study presented 
in this paper summarises some of the work performed under the 'Automating Concrete 
Construction (ACORN, https://automated.construction) research project. This aims to 
improve whole-life construction sustainability and productivity by defining a holistic 
approach to the manufacture, assembly, reuse, and deconstruction of concrete buildings, 
leading to a healthier and safer built environment. The paper outlines the process of 
optimising the beam by minimising embodied carbon by varying the width and depth of 
'T’-shaped beams together with the cross-sectional area and spacing of the shear stirrups. 

 

DESIGN METHOD AND MATERIALS 
Digital Design  
The design code was developed within a parametric modelling framework supported by 
CAD modelling software Rhinoceros (Rhino) and the visual programming interface 
Grasshopper (GH). Additionally, new components were implemented into Python. 
The algorithm consists of the three main modules: Geometry, Analysis and Optimisation, 
which com-promise the following tasks: geometry input, angles calculations, ULS and 
SLS checks, embodied carbon, utilisation check and optimisation . 
Firstly, a primary geometry is pre-defined with the variables' initial values: a width 
constant through the beam, effective depth, shear reinforcement area and spacing. 
Parameters for an element length, support type and concrete cover thickness are also set. 
Additionally, the material properties are determined. Together with a geometry and 
material input, design loading is specified. The beam loading is considered to be uniformly 
distributed through the length with the partial safety factors applied automatically. 
Afterwards, the input parameters are processed by the script in order to calculate a shear 
reinforcement angle (α) and a concrete strut angle (q), followed by shear and bending 
moment capacity calculations. Subsequently, beam deflection is derived using the double 
integration method. Before optimisation, there is a carbon calculation component that 
sums up the embodied carbon from the concrete mass, steel longitudinal bars and CFRP 
stirrups. Then, the code runs a utilisation check to ensure that the utilisation at any section 
does not exceed 1. Finally, the optimising engine Wallacei X searches for the optimal 
element shape (depth and width), shear reinforcement area, and spacing with a minimum 
embodied carbon value as an objective. A synopsis of the digital design algorithm is 
shown in Figure 1.  
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Figure 1. Digital design algorithm. 

Design Data 
The study performed for the purpose of this paper involved a comparison between a non-
prismatic beam created and optimised using the developed code and a typical RC beam.  
 
The initial parameters set for the designs are summarised in Table 1. Both of the beams 
were considered to be 6m long, made of concrete grade C30/37. 
 

Table 1. Beam parameters used in the design. 
 Parametric Beam Conventional RC Beam 

Shape Non-prismatic “T-beam” Prismatic “T-beam” 

Transverse 
Reinforcement 

CFRP, winded cage, 
vertical & inclined 

stirrups 
Traditional steel cage, vertical 

stirrups only 

Longitudinal 
Reinforcement Steel bars Steel bars 

 
Loading  
The beams were subjected to a uniformly distributed load: the dead load of 20.4 kN/m, 
imposed load of 10.5 kN/m and a self-weight. The values were derived on the basis of the 
office building with a 7.2m by 6m structural grid and two-way spanning slabs. 
 
Materials 
The design code utilises two material types for the reinforcement: wound CFRP cages 
with the alternate stirrups inclined at 90º and a calculated α angle for the transverse 
reinforcement and steel for the longitudinal bars. The central concept behind using CFRP 
to form the rectangular spirals is that the material demonstrates a linear elastic stress-strain 
relationship up to failure, is characterised by excellent tensile properties, is invulnerable 
to corrosion. The produced cages are relatively light so that they can be easily 
manufactured off-site and transported prior to casting in a flexible formwork (Spadea et 
al, 2017a). The modulus of elasticity of the CFRP is lower than steel; therefore, the design 
will usually be governed by the deflection criteria (Spadea et al, 2018). The adopted 
properties of CFRO are shown in Table 2.  
The current version of the code relies on a user-specified concrete grade – i.e. given the 
compressive and tensile strength. 
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Table 2. Properties of CFRP adopted - values sourced from (Spadea et al, 2017b). 

Tensile Strength  496 MPa 
Young Modulus 124 GPa  

 

GEOMETRY MODULE 
The Geometry Module comprises components that generate the ‘T’-shaped beam 
geometry and visualise the reinforcement. The beam is divided into several equally spaced 
planar sections along its length. Each section is described by a set of parameters that vary 
along the beam length. These include total depth, effective depth, shear reinforcement 
area, stirrups inclination and concrete struct angle. Some of the parameters remain 
constant and are as follows: beam web width, flange width, flange thickness, area of 
longitudinal reinforcement, stirrups spacing and concrete cover. 
The width and thickness of the beam flange are related to the width of the beam and are 
determined based on the minimum effective width of the isolated T-beam as described in 
Section 8.10.4 of ACI 318 (ACI, 2019). 
The elevation, perspective view, and a generic cross-section of the ‘T’-shaped beams are 
shown in Figures 2, 3, and 4, respectively. 
 

 
Figure 2. Elevation of ‘T’-shaped beam with sectional divisions. 

 

 
Figure 3. Perspective view of ‘T’-shaped beam. 

 

�  

Figure 4. Isolated T-beam cross-section. 
 

ANALYSIS MODULE 
The beam performance is assessed at each section in terms of shear and flexural strengths, 
where the stresses are compared to the capacities. Serviceability check and embodied 
carbon calculations are performed considering a beam as a one-element (without the 
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sectional division). 
 
Shear  
The shear capacity of the FRP stirrups, Vf, is derived from the equation (1) originating 
from the Canadian Code CSA S806 (CSA, 2012) and is based on the truss analogy (Spadea 
et al, 2017b): 

𝑉5 =	
𝐴5[ 	× 	𝑓5[ 	× 	𝑑[ 	× 	 (𝑐𝑜𝑡q	 + 	𝑐𝑜𝑡b) 	× 	𝑠𝑖𝑛b

𝑠  (1) 

where: Afw = area of the shear reinforcement; ffw = stress level in the FRP shear 
reinforcement at ultimate load; dw = effective shear depth; q = angle of the inclined cracks; 
b = angle of shear reinforcement with the beam axis; and s = spacing of the reinforcement 
legs.  
The total shear capacity of the section, Vf,total, is calculated as a sum of the contributions 
from the vertical and inclined stirrups (2). 

𝑉5 =	𝑉5,U\UZ> 	= 	𝑉5,]@IUO-Z> +	𝑉5,OP->OP@^    (2) 
 
Bending Moment 
The ultimate moment of resistance, MRd, is based on the Eurocode equation (3) (EN, 
2004): 

𝑀_^ 	= 0.167	 ×	𝑓-. 	× 	𝑏		 ×	𝑑C   (3) 
where: fck = characteristic compressive cylinder strength of concrete at 28 days; b = width 
of section; and d = effective depth of the tension reinforcement. 
 
Deflection 
A moment-curvature approach is used to derive deflection. The calculations are performed 
on the basis of the moment-curvature relationship (m-f) that is used to establish the 
constitutive behaviour of a flexural member (Chen et al. 2015). The moment function 
depends on the loading arrangement and is obtained from the internal forces. The 
deformation value is acquired by the double integration method described by equation (4). 

d	 = 	∬ K
N`
𝑑C𝑥 + 𝐶R𝑥 +	𝐶C   (4) 

where M = bending moment; E = modulus of elasticity;  I = moment of inertia; and x = 
distance from the beginning of x-axis. 
 
Embodied Carbon 
The embodied carbon component multiplies the mass of the materials by the appropriate 
embodied carbon coefficients that are listed in Table 3. 
Although CFRP has a higher carbon factor than steel, it is significantly less dense, 
resulting in a smaller value of the total embodied carbon. 
 

Table 3. Embodied carbon factors (ECFs) -                                                                                  
values sourced from (Gibbons and Orr, 2018). 

Material Embodied Carbon Factor [kgCO2/kg] Density [kg/m3] 

Concrete 0.138 2400 
Steel 0.76 7850 
CFRP 1.80 1600 
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OPTIMISATION MODULE 
The objective of the optimisation module is to find the minimum concrete volume and the 
optimal reinforcement arrangement required to achieve the structural capacity. The form-
finding algorithm is powered by Wallacei X engine that searches for the minimum value 
of embodied carbon given the following variables: the number sliders are the gene-pools: 
effective depth, beam width, shear reinforcement area and stirrups spacings.  
Wallacei X is a freely available analytic and evolutionary engine for Grasshopper 3D that 
employs the NSGA-2 algorithm as the primary evolutionary algorithm and utilises the K-
means method as the clustering algorithm (https://www.wallacei.com). 
The tool runs simulations with the inputs to achieve the smallest value of the single 
objective, which is a desired solution for the specified problem. However, some iteration 
outputs are not structurally valid; therefore, a utilisation check component has been 
introduced within the code that allows to control of the ratio between stress and capacity 
and disregards the solution that does not meet the strength requirement. If the utilisation 
exceeds 1, the script sends the information to the optimiser that the iteration has an 
enormously high total embodied carbon value, and therefore it is automatically 
disqualified from a set of possible solutions.  
Figures 5 and 6 show optimised T-shaped beams obtained considering either a variable or 
a constant depth, respectively. 
Figure 7 presents a standard deviation graph that is produced by the optimising engine to 
highlight the variations within a single simulation. Each of the curves represents a 
generation performed that allows us to better understand the evolutionary runs. The 
narrower the curve, the less variation is within one generation. 
 

 
Figure 5. Optimised ‘T’-shaped concrete beam with a variable depth. 

 

�  
Figure 6. ‘T’-shaped concrete beam with a constant depth. 
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Figure 7. Standard deviation of the optimisation run. 

 

RESULTS AND DISCUSSION 
Deflection limiting criteria and required bending strength were governing the design of 
the considered beam. 
The depth of the optimised beam follows the bending moment diagram, as illustrated in 
Figure 8, which permits to utilise of the material more effectively than in a conventional 
beam where the depth is specified based on the maximum bending moment. The design 
exhibited that optimisation allowed to save 8.3% of concrete volume compared to a typical 
RC beam, which is over 40kgCO2 per beam purely based on the concrete usage. Moreover, 
limiting the volume of material used resulted in a lighter element, which in turn decreased 
the loading on the beam, and therefore allowed to reduce reinforcement further and had a 
positive impact on the deflection. 
Figures 9 and 10 present the stirrups arrangements that were output from the designs. 
In a traditional RC beam, vertical links are required to be 2 x 8mm dia. provided at a 
spacing of 250mm c/c in zones adjacent to the supports and at 275mm c/c in the middle 
part of the beam, whereas in the parametric beam the vertical and inclined stirrups were 
needed to be spaced at 250mm c/c. Table 4 and Table 5 present the embodied carbon based 
on the shear reinforcement area provided and the material type used. The comparison 
shows a significant difference in embodied carbon. It can be concluded that CFRP cages 
in a beam with the optimised geometry can decrease the CO2 value of shear reinforcement 
thrice.  
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Figure 8. Bending moment values comparison. 

 
Figure 9. Design output: stirrups arrangement in an optimised beam. 

 

 
Figure 10. Design output: stirrups arrangement in a conventional beam. 
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Table 4. Shear stirrups CO2 in an optimised beam. 

Zone 
Asw 

[mm2/m] 
Material 

Density [kg/m3] 
ECF  

[kgCO2/kg) 
Embodied 

Carbon  
[1/m * kg/m] 

1 250 1600 1.80 0.72 
2a 225 1600 1.80 0.65 
2c 225 1600 1.80 0.65 
3 250 1600 1.80 0.72 
    2.74 

 
Table 5. Shear stirrups CO2 in a conventional beam. 

Zone Asw 
[mm2/m] 

Material 
Density [kg/m3] 

ECF  
[kgCO2/kg) 

Embodied 
Carbon  

[1/m * kg/m] 
1 402 7850 0.76 2.40 
2a 366 7850 0.76 2.18 
2c 366 7850 0.76 2.18 
3 402 7850 0.76 2.40 
    9.16 

 

CONCLUSION 
This paper presents the outcomes of beam optimisation with the goal of achieving the 
lowest embodied carbon value whilst sustaining structural integrity. 
Based on the results obtained herein, the following conclusions are drawn: 

• The developed design code allows to produce of optimised geometries that reduce 
the total volume of concrete used and utilises the reinforcement more efficiently, 
and therefore minimise the environmental impact; 

• Wound CFRP cages are suitable for automation and mass production off-site. 
Together with flexible formwork, they are an appealing alternative to the 
traditional RC beam not only in terms of sustainability but also in cost and 
durability. 

 

FUTURE WORK 
It is known that the main driver of embodied carbon within the concrete mix is Portland 
Cement; therefore, future work will focus on the mix composition. The optimisation 
engine will additionally consider the strength and CO2 for different mixes and will result 
in the most appropriate concrete composition for a given design problem.  
Although currently, the spacing of the stirrups is one of the variables, once determined, 
the intervals are the same through the beam length. It is envisaged that the next script 
release should allow not only inclination and depth to vary from section to section but also 
the shear links spacing. This will allow utilising shear reinforcement more efficiently and 
therefore reduce embodied carbon even greater. 
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The optimisation study described in this paper will be validated by the experimental work 
that will involve casting and testing 6m long flexibly formed beams with CFRP cages. It 
is planned to utilise low carbon concrete mix composition to maximise the effects of a 
sustainable design. 
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Sustainable Concrete with Recycled Aggregates:  
experiences and perspective 

F. Stochino1, L. Pani2, M. Sassu3 P. Croce4, P. Formichi5, F. Landi6 

 

ABSTRACT: The recycling of concrete construction and demolition wastes to obtain coarse recycled 
aggregates for structural concrete production represents an interesting strategy fostering circular economy 
in the construction sector. In this work, the effects of parent concretes on coarse recycled aggregates and on 
new structural concretes produced with different replacement percentages of recycled aggregates have been 
investigated. The quality of parent concrete seems not directly related to the mechanical properties of the 
concrete prepared with recycled aggregates, while the mix design plays a key role. In addition, tests on 
concrete specimens (i.e. plinths) have been carried out to demonstrate the feasibility of structural elements 
with recycled aggregates concrete. In the manuscript we present an overview of these results, highlighting 
pros and cons of using concrete with recycled aggregates for future developments of the concrete 
construction market, also stressing the influence of climate change. 

INTRODUCTION 
Current concrete technology contributes to the exploitation of non-renewable natural 
resources. Recycling concrete demolition waste promotes a circular economy strategy and 
reduces the environmental impact. The use of recycled aggregates represents a valid 
alternative to natural ones for concrete production helping natural resources preservation 
and reducing landfill disposal (Kovler and Roussel, 2011; Pepe et al. 2014). 
Indeed, the recycling of concrete construction and demolition wastes to obtain coarse 
recycled aggregates contribute to reduce raw material exploitation and, at the same time 
allows to create opportunities from the decommissioning of existing structures at the end 
of their service life. In life cycle cost analysis approach, deterioration induced by 
environmental conditions strongly influences the decision about the most suitable 
intervention: refurbishment or demolition and reconstruction. An interesting example of 
refurbishment of an existing Reinforced Concrete R.C. building can be found in (Sassu et 
al. 2017). In this case the full structural and thermal refurbishment was cheaper with 
respect to demolition and reconstruction intervention and was considered strategic by 
public administration. As climate change significantly affects the deterioration rate, its 
effects need to be duly considered in the analysis. 
From the other side, when recycled concrete is used, great attention has been devoted the 
optimization of the new mix design and production process, to obtain homogeneous and 
consistent product chain. Several study as: Puppio et al. 2017, Puppio el al 2019, Cardinali, 
Tanganelli t al 2022 highlight that existing concrete structure also shows consistent 
problems due to material irregularities particularly for seismic actions. 
In the last years, at University of Cagliari (Italy) a set of experimental studies have been 
developed on mechanical and durability properties of concretes casted with recycled 

 
 
1 University of Cagliari, Italy – fstochino@unica.it 
2 University of Cagliari, Italy – lpani@unica.it 
3 University of Cagliari, Italy – msassu@unica.it 
4 University of Pisa, Italy -pietro.croce@unipi.it  
5 University of Pisa, Italy - paolo.formichi@unipi.it 
6 University of Pisa, Italy - filippo.landi@ing.unipi.it 



The New Boundaries of Structural Concrete  

 
 

 
 

393 

aggregates obtained from different construction and demolition wastes, while at 
University of Pisa effects of climate change on constructions have been extensively 
studied, stressing their influence on the most relevant deterioration processes, like 
carbonation of concrete and steel reinforcement corrosion.  
Recent studies demonstrate that there is no technical or scientific limit to the use of 
recycled concrete aggregate for structural and non-structural concretes (González-
Fonteboa & Martínez-Abella 2008; Pani et al. 2020, Pepe et al. 2014, Sassu et al. 2016). 
Moreover, experimental data concerning concrete made with Recycled Concrete 
Aggregate (RCA) show that recycled concrete with medium compressive strength can be 
produced, regardless of the parent concrete quality (Pacheco 2019, Francesconi 2016, 
Longarini et al. 2016, Stochino et al.; 2017; Tabsh and Abdelfatah, 2009, Pani et al. 2020). 
Recently, RCA have been used for full scale reinforced concrete elements (see Stochino 
et al. 2017, Xu et al. 2017, Xu et al. 2018, Xu et al. 2019). 
In addition to the clear environmental benefits the use of RCA can bring economic 
advantages also to the precast concrete industry where scraps of processing waste can be 
transformed in RCA, reducing land-filling and raw materials costs. 
In this work, starting from the results of an experimental campaign, the effects of parent 
concretes on coarse recycled aggregates and on new structural concretes produced with 
different replacement percentages of recycled aggregates are discussed. Concrete plinths 
have been realized with recycled aggregates to demonstrate the actual feasibility of such 
kind of structural elements, inferring that the mechanical properties of the concrete 
realized with recycled aggregates seem scarcely affected by the quality of parent concrete, 
while, on the contrary, the mix design plays a key role. In the manuscript we present an 
overview of these results, highlighting pros and cons of using concrete with recycled 
aggregates for future developments of the concrete construction market, also stressing the 
influence of climate change. 
  

EFFECTS OF PARENT CONCRETE 
Parent concrete 
In the present investigations the parent concrete comes from concrete structures of the old 
Cagliari football stadium (built between 1965 and 1970). Recycled Concrete Aggregates 
are obtained from beams and foundation blocks.  
A set of core samples were extracted from both the beams and the foundations, 
respectively labelled C. Beam and C. Found. Table 1 presents the average values of parent 
concrete mechanical characteristics and carbonation depth. The C. Found parent concrete 
shows higher mechanical characteristics than C. Beam. 
 

Table 52. Properties of parent concrete. 

Identification Carbonation 
depth (mm) 

Density 
(kg/m3) 

Compressive 
Strength (MPa) 

Elasticity 
Modulus 
(MPa) 

Tensile 
Strength 
(MPa) 

C. Found. 
Average 10 2314 27.90 25335 2.05 

C. Beam. 
Average 32 2270 21.00 18042 1.49 

 
The experimental data show that the beams and foundations belong to two different 

concrete classes, characterized by differing mechanical properties and composition. 
Moreover, significant compositional differences between the two materials are confirmed 
by petrographic analyses on thin sections. Under the polarizing microscope, the conditions 
of the concrete in both structural elements appear overall good. The samples are 
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characterized by the presence of several types of aggregates, embedded in a fine cement 
matrix, which may be distinguished both by mineralogical composition and by size 
distribution. Polarized light microscopy analyses performed on sample C. Found revealed, 
in the fine cement matrix, the presence of a coarse fraction entirely made of centimetric 
angular fragments of micritic (cryptocrystalline) limestone. This component contrasts 
with a very varied siliciclastic fine-grained (millimetric to sub-millimetric) fraction, made 
of granite and metamorphic sharp-edged rock fragments, with quartz and feldspar free 
crystals. Analyses on sample C. Beam indicate a more homogeneous siliciclastic 
composition, with a millimetric-centimetric fraction prevalently made of angular 
fragments of granite rocks with various types of metamorphic rocks (quartzites to 
metavolcanics), and a fine-grained, sub-millimetric fraction consisting of the same 
materials associated to free crystals of quartz, feldspars and biotite. 
The two types of RAs were subjected to all the tests complying with UNI EN 12620: 2008 
and UNI 8520-1: 2015. The obtained results are summarized in Table 2. 
The analysis carried out demonstrates that RAs, even if obtained by crushing two different 
concretes, have very similar characteristics. In fact, it can be observed from Table 2 that 
only four parameters (Shape Index, Percentage of fines, Content of acid-soluble sulfate, 
Content of water-soluble sulfates) are slightly different. 

 
Table 53. Recycled aggregate characteristics. 

Identification RA_Foundation RA_Beam 
Size designation 4/16 4/16 
Cat. grading GC 90/15, GT 17.5 GC 90/15, GT 17.5 
Flakiness Index 4 4 
Shape Index 59  34 
Saturated surface-dried particle density 2.39 Mg/m3 2.38 Mg/m3 
Loose bulk density and voids 𝜌s=1.23Mg/m3 

v%=45 
𝜌s=1.14Mg/m3 

v%=49 
Percentage of fines 0.15% 0.59% 
Percentage of shells absent absent 
Resistance to fragmentation 39 39 

Constituents of Coarse  RCA 

X = 0; 
Rc = 74%; 
Ru = 27%; 

Rb=0; 
Ra=0;  
Rg=0 

X = 0; 
Rc = 78%; 
Ru = 22%; 

Rb=0; 
Ra=0; 
Rg=0 

Content of water-soluble  chloride 
salts 0.005% 0.005% 
Content of acid-soluble chloride salts 0.325%  0.325% 
Content of acid-soluble sulphate 0.43% 0.26% 
Content of total sulfur S < 0.1% S < 0.1% 
Content of water-soluble   SS = 0.148% SS = 0.068% 
Water absorption WA24 = 7.0 WA24 = 6.7 
 

Since the adhered cement mortar to the original natural aggregate particles in RA 
significantly influences physical properties, workability and mechanical performances of 
recycled concrete, the determination of the Residual Mortar Content (RMC) in RA is a 
key point in understanding and evaluating the properties of recycled concrete. 
Unfortunately, there is currently no standard method for RMC determination. In the study, 
it has been adopted the method proposed by Abbas et al. in 2007, consisting in submitting 
representative samples of RA to daily freezing and thawing cycles in a solution of sodium 
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sulphate. As shown in Table 3, the RMC in RA_F and RA_B samples, divided into two 
fraction sizes (retained by 4 mm and 10 mm sieve), are significantly similar. 

 
 
 

Table 54. Residual mortar content (%) 
Identification RA_Found. RA_Beams 

4 mm sieve retained 55.81% 49.67% 
10 mm sieve retained 45.82%  45.65% 

 
Recycled concrete 
Cement CEM II/A-LL 42,5 R, natural aggregates (NAs) and coarse RAs were used in 
concrete mixes adopted to prepare recycled concrete samples. Beside the above-
mentioned types of recycled aggregates (RA_F and RA_B), crushed natural granite was 
adopted as NA, while natural sand was used as the fine aggregate in all concrete mixes. A 
superplasticizer based on polycarboxylate was utilized in all the concrete mixtures, see 
Table 4 for details. Figure 1 presents the average slump test value for each mix. 
 

Table 55. Mix proportions of concretes per m3. 
Label w/c 

ratio 
Cement 
(kg/m3) 

Water 
(l/m3) 

Fine 
NA 

(kg/m3) 

Coarse 
NA 

(kg/m3) 

Coarse 
RA_F 

(kg/m3) 

Coarse 
RA_B 

(kg/m3) 

Additiv
e 
(kg/m3) 

Dens.  
(kg/
m3) 

NC 0.463 400 185 847.49 880.06 - - 2.91 2322 
RC_B 30% 0.463 400 185 821.8 616.04 - 263.69 3.31 2293 
RC_F 30% 0.463 400 185 821.8 616.04 263.69 - 3.31 2287 
RC_B 50% 0.463 400 185 802.97 440.03 - 440.27 3.31 2298 
RC_F 50% 0.463 400 185 802.97 440.03 440.27 - 4.00 2283 
RC_B 80% 0.463 400 185 778.15 176.01 - 703.96 4.00 2268 
RC_F 80% 0.463 400 185 778.15 176.01 703.96 - 4.00 2229 

Figure 1. Slump test immediately (left) and 30 minutes (right) after casting. 
Figure 2. Average concrete compressive strength at 14 (left) and 28 days (right). 

Compressive and splitting tensile strength and secant modulus of elasticity in compression 
tests were performed according to UNI EN 12390-3: 2019, UNI EN 12390-6: 2010 and 
UNI EN 12390-13: 2013, respectively. The compressive strength test for each mix was 
carried out at 14 and 28 days, while splitting tensile strength and modulus of elasticity 
were carried out at 28 days: results are summarized in Table 5. The values of compressive 
strength at 14 and 28 days (Figure 2) demonstrate that performances are satisfactory even 
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when the percentage of coarse RA reaches 80%, the compressive strength of recycled 
concrete being scarcely influenced by the parent concrete quality. 

Moreover, it can be remarked that, while in some cases recycled concretes exhibit 
higher compressive strengths than NC, as shown in Figure 3 (left), recycled concretes 
almost systematically display splitting tensile strengths not smaller than the corresponding 
NCs. This increase in concrete’s tensile strength is not surprising and it can be explained 
by the greater roughness of RA.  
The secant modulus of elasticity in compression (Figure 3 (right)) appears slightly lower, 
within a 10% difference, for recycled concrete compared to NC. This result was again 
largely expected, being mainly due to the adherent mortar (Salem & Burdette 1998). 

 

 
Figure 3. Concrete splitting tensile strength (left) and Elastic Modulus (right). 

RECYCLED CONCRETE PLYNTHS 
Materials and specimens 

To study the application of recycled concrete in a real scale structural element the 
attention was focused on prefabricated recycled concrete plinths. Two recycled concrete 
mixes, characterized by 30% and 50% by weight of coarse recycled aggregates, 
respectively, were investigated. Results are compared to those obtained for a reference 
plinth cast with natural aggregates. The precast elements were manufactured by 
“Vibrocemento Srl”, a precast concrete company, the geometrical details of the specimens 
and the reinforcement arrangements are illustrated in Figure 4; the specimen is shown in 
Figure 5. 
The tests, aiming to evaluate the capacity and the collapse mechanism of the plinths, were 
carried out reproducing usual operational conditions. The load on the structure is applied 
on the top section of a precast reinforced concrete column connected to the plinth, 
according to the test setup. 
The three different concrete mixes used for casting the plinths were labelled, depending 
on the percentage by weight of coarse natural aggregates, RC0%, RC30%, and RC50%, 
respectively: RC0% with 100% fine and coarse natural aggregates was the reference mix; 
RC30% with 100% fine natural aggregates, 70% natural and 30% recycled coarse 
aggregates; RC50% with 100% fine natural aggregates, 50% natural and 50% recycled 
coarse aggregates.  Precast columns were made with a mix labelled RC0%. Table 5 
presents the characteristics of the aggregates, as well as the compressive strength (Rc,28d), 
the tensile strength (fct,), and the elastic modulus Ec of the concretes. 
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B450C steel reinforcing bars (fyk=450 MPa; ftk=540 MPa) were adopted for all the tested 
elements. 

Figure 4. Plinth details and reinforcements distributions. Measures in cm. 
 

 
Figure 5. Example of complete test specimen. 

Table 56. Plinths’ concrete mechanical characteristics 

In Figura 4 sono riportati i disegni esecutivi del plinto. Il pilastro in calcestruzzo armato ordinario ha 
dimensione 400 x 400 x 2000 mm, è armato con 8 Ø 12 mm e staffe Ø 8 passo 200 mm.  

 

 

Fig. 4. Disegni esecutivi del plinto 
 

Materiali 
Per la realizzazione dei tre plinti sono state prodotte tre miscele di calcestruzzo:  

• RC0% contenente solo aggregati naturali,  
• RC30% con aggregati fini naturali e aggregati grossi naturali e riciclati: 70% in peso di 

aggregati naturali e 30% in peso di aggregati riciclati,  
• RC50% con aggregati fini naturali e aggregati grossi naturali e riciclati: 50% in peso di 

aggregati naturali e 50% in peso di aggregati riciclati.  
 
I tre pilastri sono realizzati con RC0%. Le miscele di calcestruzzo sono riportate nella Tabella 1.  
 

 
 



The New Boundaries of Structural Concrete  

 
 

 
 

398 

Concrete mix design Rc,28d 
(MPa) 

Rc,28d average 
(MPa) 

fct 

(MPa) 
fct,average 
(MPa) 

Ec 
(MPa) 

RC0% 
37.5 

37.87 
3.55 

3.44 28640 38.2 3.41 
37.9 3.35 

RC30% 
37.1 

38.10 
3.53 

3.48 28814 39.1 3.49 
38.1 3.43 

RC50% 
37.8 

34.97 
3.30 

3.13 24678 33.7 2.96 
33.4 3.13 

 
Testing method 

 
Figure 6. Test set up. 

 
The experimental test arrangement is illustrated in Figure 6. A horizontal force, applied at 
the top of the RC column connected to the plinth, was suitably controlled, in order to 
achieve a constant displacement rate of 0.10 mm/sec, until the precast plinth-column 
system reached the collapse mechanism. 
The loading system was able to apply a horizontal force up to 500 kN, with a maximum 
displacement at the top of the column equal to 200 mm. 
To prevent the uplift of the plinth, a suitable constraint system was realized, consisting of 
two steel beams, indicated by the red squares in Figure 6. Displacements were measured 
by means of displacement transducers applied to the column and to the plinth, located in 
the positions pointed by the blue arrows in Figure 6.  

 
Results 
Referring to the horizontal displacement of the top column’s section (displacement 
transducer LDT1 in Figure 6), the load – displacement diagrams for the three tested 
specimens have been obtained, as illustrated in Figure 7. 
The highlighted dots in the load-displacement diagrams denote the first crack opening in 
the plinths. All tested specimens showed a similar behavior till the collapse, which is 
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characterized by the opening of a single crack at the base of the plinth (see Figure 8), so 
confirming that, as expected, this is the weak point of the tested elements. The collapse 
forces are summarized in Table 6. 

 

 
Figure 7. Load – Displacement curves. 

 
 

Figure 8. Collapse mechanism for different mixes: left RC0%, center RC30%, right 
RC50% 
 

Table 57. Capacity of each specimen 
Specimen Collapse Force (kN) 

Plinth RC0%-Column RC0% 98 
Plinth RC30%-Column RC0% 102 
Plinth RC50%-Column RC0% 100 

DISCUSSION AND CONCLUSIONS 
In this paper, the mechanical properties of recycled concretes prepared with different 
parent concretes and the structural performances of precast recycled concrete plinths have 
been discussed, based on the results of ad-hoc experimental campaigns.  
The experimental results show that the mechanical properties of recycled concrete are not 
affected by the mechanical characteristics of the parent concrete. In addition, it is possible 

In tutti i campioni testati, la 1° fessura si è formata nel pilastro ad una quota pari a circa 1600 mm 
rispetto alla sommità del pilastro. Si è trattato di una fessura capillare che non ha manifestato 
particolari incrementi all’aumentare della forza orizzontale. 
Il collasso nel sistema plinto pilastro è avvenuto per la formazione di una unica lesione che si è 
formata, in tutti i plinti sottoposti a prova, alla base del plinto, come risulta dalla Figura 9. Questa 
lesione inizialmente capillare è andata crescendo con l’aumentare del carico. Si tratta di una lesione 
che ha interessato l’intero spessore della suola del plinto. La presenza dell’armatura (vedi Fig. 4) non 
ha consentito il distacco completo della porzione di suola. 

 
 

     

RC0%    RC30%    RC50% 

Fig. 9. Lesione alla base dei plinti 

In Figura 10 sono riportate le forze orizzontali di 1° fessurazione del pilastro e del plinto e la forza 
orizzontale massima raggiunta. 
 

 
Fig. 10. Forze orizzontali che hanno prodotto la prima fessura nel pilastro, nel plinto e quella 

massima raggiunta 

In Figura 11 sono riportati gli spostamenti orizzontali alla base del plinto in corrispondenza della 1° 
fessurazione del pilastro, del plinto e della forza orizzontale massima raggiunta. 
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to obtain satisfactory mechanical properties even when the percentage of replacement of 
coarse RA in recycled concrete reaches 80%. Consequently, the presence of RA does not 
necessarily lead to a reduction in the performance, in comparison with reference concretes 
made with NAs. Of course, it cannot be disregarded that the concrete mix design plays a 
crucial role even in the presence of recycled aggregates. 
Looking at the precast concrete plinths results shown in Section 3, it is clear that, despite 
the different concrete mixes (see Table 5), the structural performances of the tested 
specimens are very similar (Figure 7 and Table 6). Moreover, since the collapse load and 
the failure mechanism of different plinths are almost the same, even in case the plinth is 
cast with natural aggregates, it is possible to affirm that, in general, the use of recycled 
concrete is not detrimental for the mechanical behavior, and can even lead to higher 
performances in comparison with reference concrete cast with natural aggregates. 
Actually, the use of this kind of concrete can also produce beneficial results for all the 
society reducing the building impact on the environment and creating new opportunities 
for the construction companies. For example, the processing scraps can be successfully 
used as recycled aggregates in the precasted production companies. 
Finally, these materials can be very important also in case of the retrofitting of existing 
structures and infrastructures, see Stochino 2018a, b. In particular, when the 
environmental impact of the retrofitting intervention is taken into account (see Sassu 2017, 
Mistretta 2019) the use of recycled aggregates can reduce the equivalent CO2 cost of that 
intervention. Further developments of this research are expected, also considering the 
durability properties of these materials. 
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Repair of seismically damaged RC columns through FRCM 

Composites 
K. Toska1, L. Hofer2, F. Faleschini3 , M. A. Zanini4 and C. Pellegrino5 

 

ABSTRACT: Repair of damaged RC elements have always been a topic of key interest in civil and 
structural engineering. The results of an experimental campaign investigating the behavior of two real-scale 
reinforced concrete (RC) columns, initially seismically damaged through lateral cyclic loading then repaired 
through carbon fiber reinforced cementitious matrix (CFRCM) and subjected to the same test, are presented 
in this paper. Based on the damage observed on the control specimens, two repair techniques were adopted. 
For the less damaged specimen, the column base was confined through CFRCM jacket while for the more 
severely damaged element additional FRCM flexural reinforcement was embedded in the FRCM 
confinement jacket applied at the base. Both interventions aimed to restore the initial strength and ductility 
of the undamaged RC specimens. During the loading history, lateral fiber strains were monitored 
continuously in the confinement jacket. The test results are presented in terms of cracking pattern, load-
displacement curves, ductility, energy dissipation and curvature development and show that FRCM 
composites can be effectively used to restore strength and ductility of RC columns previously damaged by 
cyclic lateral loading.  

INTRODUCTION  
The behavior of fabric (or textile) reinforced cementitious composites and their 
effectiveness to strengthen and repair existing RC structures, is the focus of many studies 
carried out in recent years. Composite materials have been proven particularly suitable for 
seismic retrofitting since they do not significantly affect either the mass or the stiffness of 
the structural elements. Among others, confinement is one of the main seismic retrofitting 
interventions for axially loaded elements as significant improvements both in terms of 
strength and ductility can be achieved. 

In this paper the results of an experimental campaign aiming to investigate the 
effectiveness of FRCM confinement to repair seismically-damaged elements under cyclic 
horizontal loading and restore their strength and ductility are presented.  

Similar experimental investigations have been conducted for FRP confinement. It is 
worth mentioning the experimental campaign carried out by Saadatmanesh et al. [1] to 
evaluate the FRP confinement effectiveness to adequately repair RC columns damaged 
under lateral cyclic loading that simulated a seismic damage on the elements. Regarding 
FRCM confinement to repair seismically damaged elements, some of the authors 
investigated the effectiveness of FRCM confinement to repair RC columns previously 
damaged due to excessive axial loading (Toska et al., 2021). The results showed that 
carbon FRCM confinement was able to enhance significantly the residual strength of the 
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damaged elements. Circular cross-section columns performed better than the square ones. 
Toska and Faleschini (2021) investigated the behavior of FRCM confined concrete under 
axial cyclic loading. The experimental results showed that the stress-strain behavior highly 
depend on the number of layers applied, fiber material and on the cross-section shape of 
the specimens. More recently, Feng et al. (2021) investigated the seismic behavior of RC 
columns affected by corrosion and strengthened through Carbon FRCM confinement. 
According to the results corroded specimens showed a significant reduction in terms of 
secant stiffness, strength, ductility and energy dissipation capacity with respect to the 
uncorroded ones and confinement through carbon FRCM confinement was able to 
enhance all previously mentioned parameters in retrofitted corroded RC columns.  
 

EXPERIMENTAL CAMPAIGN  
The experimental campaign presented in this paper consists in four lateral cyclic loading 
tests. Initially, a significant seismic damage was induced in two real-scale RC columns by 
cyclic lateral loading. Subsequently, the damaged specimens were repaired through 
FRCM composites and subjected to the same test as the original ones.  

 
Materials and specimens 
Specimens are characterized by a square section with side b = 400 mm and height of 2900 
mm and were casted over a foundation block of 1400 x 1800 mm which was designed to 
remain elastic during the loading history. Two internal steel reinforcement configurations 
are adopted. The first specimen (P30) is reinforced with four diameter 30 mm bars placed 
at the corners of the section and four diameter 12 mm bars placed in the middle of each 
side. In the second one (P24) main reinforcement consists of four diameter 24 mm bars 
while the four bars in the middle of each section side remain the same (d = 12 mm). 
Stirrups with 100 mm of spacing and 10 mm of diameter are adopted in both specimens 
as shows in Figure 1. Columns were designed following the provisions of NTC (2018), 
EC2 (2014) and EC8 (2014) for medium ductility class elements. Reinforcement steel 
properties are shown in Table 1 in terms of yield strength (fy), ultimate strength (ft), and 
respective strains (εy and εt). The values reported in Table 1 are the mean of experimental 
tensile tests carried out on three specimens for each diameter considered.  
 

Table 58. Steel properties for each diameter adopted. 

Diameter fy [MPa] ft [MPa] εy [%] εt [%] 
30 572 673 0.27 19.8 
24 537 648 0.26 17.4 
10 526 623 0.26 12.0 

 
The columns were casted separately and the concrete properties are shown in Table 2 

for each column as mean values of three tested samples for each parameter.  
 

Table 59. Concrete properties. 

Specimens fc [MPa] fct [MPa] Ec [MPa] 
P30 45.0 4.4 36700 
P24 50.3 5.5 39800 
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Figure 1. Column reinforcement configuration and test setup.  

The original columns were tested under the same setup and loading protocol detailed in 
Hofer et al. (2021). Load was applied under a displacement control mode and for each 
lateral displacement increment, three full cycles were applied at the top of the column. 
During the lateral loading history, the vertical load was maintained constant (300 kN for 
P30 and 350 kN for P24 specimens) using an actuator placed at the top of the column and 
anchored at the column foundation using two steel bars. Steel bars were hinged at the 
foundation in order to avoid any P-Δ effects during the test.  

After the original, undamaged columns were tested, damage inspection was carried out. 
Both specimens showed significant visible damage at the column base where large crack 
opened and concrete cover was lost. The observed damage was higher in the P24 column 
where one diameter 12 mm bar failed while the main bars showed some slight buckling 
phenomena. UPV (ultrasonic pulse velocity) was used to map the damage in the tested 
specimens. The propagation velocity of the ultrasonic waves was measured using the 
direct method and then the concrete dynamic elastic moduli (Ed) was computed following 
equation 1.   

 

         (1) 

 
The results of the UPV tests are shown in Figure 2. At the column base, where damage 

was concentrated and concrete cover was lost, it was not possible to measure the wave 
propagation velocity.  
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a)   b)     

Figure 2. UPV test results for (a) P30; and (b) P24 columns. 
 

FRCM repair intervention 
After testing, damaged specimens were prepared for the repair interventions. First, 
detached concrete fragments were removed and the columns surfaces were cleaned. Base 
section of the columns, where the cover was lost, was restored to the initial geometry using 
the same mortar adopted for the FRCM system. Following the Italian guidelines for the 
design of fiber reinforced cementitious composites (CNR DT-215, 2018) 
recommendations, the corners of the square section were rounded (40 mm radius) before 
the confinement application to limit stress concentration and local fiber failure in the 
corners.  

The first meter of the columns base was confined using two carbon fabric layers applied 
by alternating mortar (about 4-5 mm thick) and fabric layers. Carbon fabric was applied 
continuously with an overlapping length of 400 mm, as recommended by CNR DT-215 
(2018). In the P24 specimens, due to the high damage observed after the first test, 
additional bending moment FRCM reinforcement was embedded in the confinement 
jacket, in order to restore the initial lateral strength of the element. The flexural 
reinforcement consists of 122 mm2 of carbon fibers applied in both sides of the column. 
Mechanical properties for mortar, determined on at least three 40 x 40 x 160 mm prismatic 
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specimens following standard EN 1015–11, are reported in Table 3 in terms of flexural 
strength (ff) and compressive strength (fc). Regarding carbon fibers, its experimental 
properties were obtained through tensile tests on at least five specimens and are shown in 
Table 4. 

Table 60: FRCM mortar mechanical properties 

Specimen 
ID 

ff 
[MPa] 

Std Dev 
[MPa] 

fc 
[MPa] 

Std Dev 
[MPa] 

P24 5.17 0.46 51.20 7.04 
P30 6.71 0.62 41.65 7.12 

Table 61: FRCM carbon fiber mechanical properties 

Type Material tf 
[mm] 

ffu 
[MPa] 

εfu 
[%] 

Ef 
[MPa] 

Experimental  Carbon 
0.61 

1315 0.887 206395 
Manufacturer Carbon 4700 1.800 240000 

 

EXPERIMENTAL RESULTS  
 
Failure modes 
The cracks are generally more concentrated, for both columns, in the faces orthogonal to 
the direction of the horizontal load being in this case horizontal. For the lateral faces crack 
are less diffused, start to appear later in the loading history and they mainly develop along 
the diagonal direction.  

Apart from the diffused cracking patter, the confined P30 column maintained its 
integrity throughout the loading history without recording significant strength 
degradation. On the other hand, on the confined P24 column significant damage was 
observed during the last loading cycles which also led to a significant reduction of the 
load-bearing capacity, even though the overall reduction was not higher than that observed 
in the undamaged specimen. After the test, damage inspection found out that one main bar 
per side (diameter 24 mm) had failed and significant damage was also observed on the 
FRCM flexural reinforcement with some localized fiber failure on both sides. Figure 3 
shows the main damage observed in the P24 column. 

 

a)  b)  c)  d)  
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Figure 3: a) and b) main bar failure, c) and d) carbon fiber flexural reinforcement 
failure. 

Load vs top displacement 
Hysteretic responses are shown in Figure 4 a) for P30 columns and b) for P24 ones. In the 
first case, very similar behavior between undamaged and repaired specimens both in terms 
of peak-load and ductility was observed. Worth mentioning that for P30 columns no 
significant damage was observed until 5% drift ratio (only 10% strength reduction) was 
reached and due to laboratory limits the columns could not be pushed beyond that limit. 
Both undamaged and repaired elements display almost a symmetric behavior during the 
push-pull cycles with the peak load being slightly higher in the pull conditions. The main 
difference between the two elements behavior is observed in the first almost linear branch 
with the damaged specimen showing an initial stiffness much lower than that of the 
undamaged one. This is because in the case of the P30 column the repair intervention 
concerned only the confinement of the column and no additional flexural reinforcement 
was added. Also, cracks opened from the first test were not sealed by means of injections 
neither in the P30 nor in the P24 columns, limiting the intervention to the restoration of 
the most damaged section at the base with normal mortar. The lower initial stiffness 
determines also a higher drift value at the yielding point with respect to the undamaged 
conditions. 

a) b)  

Figure 4: Comparison of Force (F) vs drift ratio (δ) curves between undamaged and repaired 
elements for P30 (a) and P24 (b) 

It is worth recalling that, for the P24 column, due to the high damage observed in the 
longitudinal steel reinforcement after the first test on the undamaged element, additional 
flexural reinforcement, designed to restore initial strength, was added through the same 
FRCM system. Considering the initial severely-damaged conditions, where a 30% load 
reduction was recorded in the first test, very promising results were obtained through the 
FRCM repair protocol. Peak load was almost equaled in push cycles (106 kN for 
P24_FRCM and 107 kN for P24) while for pull cycles peak load of the repaired element 
resulted even higher than the one recorded on the undamaged one (120 vs 113 kN). Similar 
ductility was observed in both elements even though a higher strength degradation was 
observed in the repair element for repeated cycles at the same drift level. Finally, unlike 
the P30 columns, for the P24 ones similar initial stiffness was observed for both 
undamaged and repaired specimens. Since FRCM confinement is ineffective to enhance 
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both axial and lateral stiffness of retrofitted elements as the experimental evidence, 
provided in the previous sections shows, this is mainly due to the additional flexural 
reinforcement applied through Carbon-FRCM. 
Energy dissipation 
When dealing with seismic actions the ability of the structures to dissipate energy is a very 
important factor in the overall seismic behavior. The dissipated energy can be computed 
for each cycle as: 

                           (2) 
while the cumulative energy dissipated during the loading history is: 

                              (3) 
The results for both cycle dissipated energy ( ) and cumulative dissipated energy (

) are shown in Figure 5 for P30 columns and Figure 6 for P24 ones. The dissipated 

energy is very similar for undamaged and for repaired elements both comparing single 
cycle values and the cumulative energy. The cumulative energy results slightly lower in 
the case of repaired specimens but the difference is small enough to be considered 
negligible. 

a)  b)  

Figure 5: Dissipated energy for each loading cycle (a), and cumulative dissipated energy (b) for 
the P30 specimens 

a)  b)  

Figure 6: Dissipated energy for each loading cycle (a), and cumulative dissipated energy (b) for 
the P24 specimens 
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CONCLUSIONS 
The effectiveness of FRCM confinement to adequately repair seismically damaged RC 
columns was investigated in this experimental activity. Full-scale elements were initially 
damaged under cyclic lateral loading then repaired through FRCM confinement and 
finally re-tested following the same loading protocol. According to the experimental 
results obtained the following conclusions can be drawn: 

• FRCM confinement can restore strength and lateral displacement capacity on 
seismically damaged RC elements; 

• Additional FRCM flexural reinforcement can be embodied in the FRCM 
confinement jacket enhancing strength and restoring the initial stiffness of the 
undamaged element; 

• The repaired RC columns dissipate almost the same energy with respect to the 
original undamaged ones.  
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