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ABSTRACT  

The present work is devoted to estimate the resistance model uncertainty within plane stress non-linear finite 

element analyses (NLFEAs) of reinforced concrete structures subjected to cyclic loads. Specifically, various shear 

walls experimentally tested are considered for the investigation. The comparison between the plane stress NLFE 

structural model results and the experimental outcomes is carried out considering the possible modelling 

hypotheses available to describe the mechanical behaviour of reinforced concrete members subjected to cyclic 

loads. Several NLFE structural models are defined for each experimental test in order to investigate the resistance 

model uncertainty.  

 

1 INTRODUCTION 

In the last decades, non-linear finite element 
analyses (NLFEAs) have increasingly become the 
most common and practical instruments able to 
model the actual mechanical behaviour of 
structural systems, such as reinforced concrete 
elements, in any loading condition (i.e., service 
limit state (SLS) and ultimate limit state (ULS)). 
In this context, although several guidelines for 
NLFEAs have been recommended by (fib 
Bulletin N°45 2008), (Most 2011) in order to 
assure an accurate calibration and definition of 
the structural FE model, the results from such 
complex modelling need to be properly processed 
in order to satisfy safety and reliability 
requirements for engineering purposes (Piluso et 
al. 2019), (Basone et al. 2019). To this aim, 
Bayesian finite elements have been proposed by 
(Haukaas and Gardoni 2011) to take into account 
the model uncertainties for structural analysis. 
Contextually, different safety formats for 
NLFEAs have been proposed and commented in 
literature by several authors (Allaix et al. 2013), 
(König et al. 1997) and international codes 
(Eurocode 2 2005), (fib Model Code for Concrete 
Structures 2010) as well as their applications 
have been discussed by (Blomfors et al. 2016), 
(Cervenka 2013). In these safety formats,  

 
 
 

uncertainties regarding the material (i.e., aleatory 
uncertainties) and the definition of the structural 
model (i.e., epistemic uncertainties) should be 
properly addressed in order to derive reliability-
consistent design values of the global structural 
resistances. With regard to the material 
uncertainty, the corresponding randomness is 
usually well known and assessed, whereas the 
model uncertainty (i.e., uncertainty mainly related 
to the definition of the resistance model) 
associated with NLFEAs is not typically simple 
to be evaluated due to the different modelling 
hypotheses for the definition of a non-linear FE 
structural model. In fact, the prediction of the 
actual structural response through NLFEAs is 
characterized by a certain level of uncertainty 
because any numerical model aims to describe the 
essential characteristics of the overall behaviour 
neglecting other aspects.  
All the research studies evidence the need to 
assess the model uncertainties by means of a 
comparison between simulations and 
experimental outcomes with the consequence that 
an in-depth characterization of the model 
uncertainties for NLFEAs of reinforced concrete 
structures is necessary to incorporate their effects 
on the global structural resistance assessment 



 

within the safety formats for cyclic loads. 
However, the assessment of the model 
uncertainties for calibration of a partial safety 
factor should also considers the different 
modelling hypotheses to run NLFEAs due to the 
different assumptions regarding the parameters 
that govern the equilibrium, kinematic 
compatibility and constitutive equations in 
dynamic conditions. In fact, different choices 
related to the described above parameters may 
lead to discordant results (i.e., epistemic 
uncertainty (Kiureghian and Ditlevsen 2009)). 
With this aim, this work compares different 
experimental tests known from the literature 
(Pilakoutas and Einashai 1995), (Zhang and 
Wang 2000), concerning different walls having 
different behaviours and failure modes in terms of 
global structural resistance with the numerical 
outcomes achieved by means of appropriate two-
dimensional non-linear FE structural models (i.e., 
plane stress configuration). Several non-linear FE 
structural models are defined for each 
experimental test in order to investigate the 
influence of the model uncertainties on 2D 
NLFEAs of reinforced concrete members. 
Precisely, the assessment of the resistance 
modelling uncertainties in 2D NLFEAs, that 
belong to the group of the epistemic uncertainties, 
is herein based on the definition of eighteen (18) 
plausible structural models using different types 
of software and different mechanical behaviours 
for the reinforced concrete elements (i.e., 
modelling hypotheses (Kiureghian and Ditlevsen 
2009)) in dynamic conditions.  

2 RESISTANCE MODEL UNCERTAINTIES 

FOR NLFEAS 

In general, the uncertainties in structural 
engineering can be classified in two families: 
aleatory and epistemic (Kiureghian and Ditlevsen 
2009). The aleatory uncertainties concern the 
intrinsic randomness of the variables that governs 
a specific structural problem, whereas the 
epistemic uncertainties are mainly related to the 
lack of knowledge in the definition of the 
structural model (Kiureghian and Ditlevsen 
2009), (Patè-Cornell 1996), (Bulleit 2008) and 
sometimes represented also by auxiliary non-
physical variables/choices (Kiureghian and 
Ditlevsen 2009). The safety assessment of a 
structural system by means of NLFEAs should 
account for explicitly both these sources of 
uncertainty.  

Within the semi-probabilistic limit state 
method (Eurocode 2013), (Allen et al. 2005) , the 

safety assessment of a structural system requires a 
reliable definition and characterization of the 
structural resistances, which increasingly often 
derive from NLFEAs. For this purpose, different 
safety formats have been proposed in the 
literature (Allaix et al. 2013), (fib Model Code for 
Concrete Structures 2010). In particular, EN 1992 
(Eurocode 2 2005) defines a safety format based 
on the definition of the partial safety factors 
descending from representative values and design 
values of the material strengths (i.e., concrete 
compressive strength and reinforcement steel 
yielding strength). While, fib Model Code 2010 
(fib Model Code for Concrete Structures 2010) 
provides three different methodologies for the 
assessment of the structural reliability: the 
probabilistic method, the global resistance 
method and the partial factor method. These 
different safety formats (with the exception for 
the partial factor method) allow the estimation of 
the design structural resistance Rd, that represents 
the global structural resistance of a structure with 
its behaviour and failure mode, as expressed by 
Eq.(1):  

rep

d
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R
R
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where Rrep denotes the value representative of the 
global structural resistance estimated by means of 
NLFEAs and in compliance with the selected 
safety format, γR is the partial safety factor 
accounting for the randomness of material 
properties (i.e., aleatory uncertainties) and γRd 

represents the partial safety factor related to the 
modelling uncertainties (i.e., epistemic 
uncertainties). Therefore, the aleatory 
uncertainties are separated from the epistemic 
uncertainties within fib Model Code 2010 safety 
formats for NLFEAs (Allaix et al. 2013), (fib 
Model Code for Concrete Structures 2010). The 
procedure for the estimation of the partial factor 
γR is suggested by the corresponding safety 
format. Conversely, the value of the partial safety 
factor for the resistance model uncertainties γRd 
remains an object of investigation. More recently, 
fib Model Code 2010, (fib Model Code for 
Concrete Structures 2010) has suggested to 
assume different values of γRd depending on the 
level of validation of the structural model. The γRd 
factor equal to 1 may be adopted for models with 
no epistemic uncertainties (i.e., presence of 
evidences of model validation in the actual design 
conditions (fib Model Code for Concrete 
Structures 2010)).  
However, when NLFEAs have to be performed 
for dynamic simulations on structures having 
more complex geometry (that may differ from the 



 

simple case of the beam in the failure mode), the 
epistemic uncertainties related to the definition of 
the resistance model may be larger than expected. 
Therefore, an in-depth characterization of the 
partial safety factor γRd needs to be addressed. 

3 EVALUATION OF THE RESISTANCE 

MODEL UNCERTAINTIES 

This section describes the methodology 
adopted in the present work for the assessment of 
the partial safety factor related to the resistance 
model uncertainties in the definition of 2D 
NLFEAs under cyclic loads. As discussed by 
(Castaldo et al. 2018), (Holický et al. 2016), 
(Sikora et al. 2014), the following aspects have to 
be considered in order to identify the resistance 
model uncertainties for NLFEAs: 
the database of the experimental data should 
contain, if possible, all the parameters necessary 
for the reproduction of the tests and for the 
definition of non-linear FE structural models; 
note that some information, related to the material 
properties, is so often missing and, in the 
practice, usually is derived from the available 
data under appropriate assumptions according to 
the scientific literature with an increase of the 
model uncertainty; 
the experimental results should be related to 
different typologies of structures with different 
failure modes; 
a probabilistic analysis of the observed model 
uncertainties needs to be carried out in order to 
define the most likely probabilistic distribution 
with the corresponding parameters. 

In compliance with (Allaix et al. 2013), (fib 

Model Code for Concrete Structures 2010), the 

resistance model uncertainty, separated from the 

aleatory one (Eq. (1)) and denoted as 
i , can be 

expressed by a multiplicative law. This latter 

relates the i-th actual global resistance (response) 

estimated from an experimental test Ri(X,Y) to the 

i-th global resistance (or response) estimated by a 

NLFEA RNLFEA,i(X) and, may be expressed as 

follow
                              

( ) ( )NLFEA,,i i iR X Y R X
  

(2)
                                            

where X is a vector of basic variables included 
into the resistance model, Y is a vector of 
variables that may affect the resisting mechanism 
but are neglected in the model. Note that the 
unknown effects of Y variables, if present, are 
indirectly incorporated and covered by 

i . As 
widely explained in the next section, different 
modelling hypotheses are possible to model a 
specific reinforced concrete structure by means of 

NLFEAs. A comprehensive calibration of the 
resistance model uncertainties for 2D NLFEAs 
requires to account for the different modelling 
hypotheses which may be selected by engineers 
for seismic analyses. 

4 NON LINEAR SIMULATIONS: 

PARAMETRIC ANALYSIS RESULTS 

In this section, different experimental tests 
corresponding to different structural systems are 
considered and reproduced by means of NLFEAs. 
These simulations are performed considering a 
set of modelling hypotheses in order to estimate 
the resistance model uncertainties with the aim to 
calibrate the corresponding values of the partial 
safety factor within the safety formats proposed 
by (fib Model Code for Concrete Structures 
2010). Note that all the numerical simulations 
have been performed by the authors after a 
sensitivity/calibration analysis and this is an 
important requirement for the proposal of this 
study because leads to a reduction of the 
epistemic uncertainties, in other words, the 
designers, involved in NLFEAs for the structural 
verification process, should be confident with this 
approach. As known, the structural analysis is 
based on the fundamental principles of mechanics 
such as equilibrium, of displacement 
compatibility and of constitutive laws (Engen et 
al. 2015). In the field of NLFEAs, these 
principles are attended by iterative calculation 
procedures which inevitably lead to a certain 
degree of error in the final solution. Moreover, 
the definition of a specific structural model 
(Engen et al. 2015) requires different assumptions 
about the parameters describing the equilibrium, 
kinematic compatibility, constitutive equations 
leading to different numerical outcomes, which 
may be more or less realistic. Therefore, the 
multiplicity of choices (i.e., epistemic 
uncertainties) which can be assumed during the 
definition of a non-linear FE model leads to have 
a certain degree of uncertainty in the final 
solution. It follows that, consistently with the 
framework of the safety formats for NLFEAs, 
(Eurocode 2 2005), (fib Model Code for Concrete 
Structures 2010), the estimation of the partial 
safety factor γRd for the resistance modelling 
uncertainties is necessary. Considering different 
experimental tests known from the literature 
(Pilakoutas and Einashai 1995), (Zhang and 
Wang 2000), Subsection 4.1 describes the 
different modelling hypotheses that any engineer 
may assume during the computational phase. The 
numerical results in terms of global structural 



 

resistance from the NLFEAs are described in 
Subsection 4.2 and also compared to the 
experimental outcomes.  

4.1 Design of the elastic and inelastic 

properties of the structural systems 

A multitude of modelling hypotheses is 
available to carry out 2D (plane stress) NLFEAs 
of reinforced concrete structures. In this work, 
two software (ATENA 2D v.5 Cervenka 
Consulting s.r.o. 2014), (DIANA FEA BV. 
2017), identified anonymously by Software A, 
and Software B in order to avoid advertising for 
the different codes, are adopted in order to 
reproduce the outcomes of a set of experimental 
tests. For each software, several choices about the 
hypotheses and mechanical parameters related to 
equilibrium, compatibility and constitutive laws 
can be performed. Specifically, in each software 
four-node quadrilateral iso-parametric plane 
stress finite elements, based on linear polynomial 
interpolation and 2x2 Gauss point’s integration 
scheme, are used for the numerical simulations as 
well as the FE meshes are properly defined after a 
calibration procedure. The non-linear system of 
equations is solved by means of the standard 
Newton-Raphson iterative procedure based on the 
hypothesis of linear approximation (fib Bulletin 
N°45 2008). Moreover, for each software the 
following main characteristics for the FE models 
are also assumed: 
non-linear behaviour of concrete in compression 
including softening with a reduction of the 
compression strength and shear stiffness (shear 
retention factor variable from a minimum value 
of 0.1 to a maximum value of 0.3) after cracking 
(Bertagnoli et al. 2015). In detail, the mono-axial 
constitutive model for concrete defined by 
Saatcioglu and Ratzi 1992 has been adopted 
accounting for also the confinement effect where 
closed stirrups are located.; smeared cracking 
with fixed crack direction model (De Borst and 
Nauta 1985), (Massicotte et al. 1990 ); tri-linear 
− curve for the reinforcement steel (Bertagnoli 
et al. 2015); discrete and smeared models of the 
reinforcement, assuming a perfect bond between 
the reinforcement and the surrounding concrete 
(Bertagnoli et al. 2015); Young’s modulus and 
tensile concrete strength, as also explained 
previously, are the material properties derived as 
a function of the experimental compressive 
strength, according to (Eurocode 2  2005). 

The summary of the main hypotheses assumed in 

the definition of the simulations for 2D NLFEAs, 

adopting Software A and B (ATENA 2D v.5 

Cervenka Consulting s.r.o. 2014), (DIANA FEA 

BV. 2017), is listed in Table 1.  

 
Figure 1. Different constitutive laws for concrete tensile 
behaviour. 

In addition to the described above differences 
inherent to the use of two software, another 
important differentiation in the definition of non-
linear FE models has been considered with 
respect to the concrete tensile mechanical 
behavior and the shear stiffness in cracked 
concrete. As known, concrete is considered as 
quasi-brittle material in compression and purely 
brittle in tension. However, the local interaction 
between reinforcing bars and concrete between 
cracks gives rise to the “tension stiffening effect” 
(Massicotte et al. 1990 ). In numerical 
simulations, this effect may be taken into account 
through a modification of the constitutive tensile 
behavior of the concrete matrix. In general, this 
modification refers to the definition of a tension 
softening law in the post peak concrete tensile 
behavior. In the present paper, three different 
constitutive laws for concrete in tension are 
considered in order to cover different hypotheses 
accounting for the tension stiffening effect 
(Bertagnoli et al. 2015): elastic-brittle, elastic-
plastic and a linear tension softening as shown in 
Figure 1. The first two constitutive laws are 
conceived as upper and lower limit (non-
physical) approaches. While, the constitutive law 
having a linear tension softening for the concrete 
tensile behavior represents the physical modelling 
hypothesis and has been calibrated by means of 
an iterative specific process in each software with 
the aim to best fit each experimental result. In this 
iterative process, the ultimate deformation in 
tensile of concrete (i.e.,

,ct LTS  in Figure 1) is 
assumed as a function of the corresponding 
elastic one (i.e., ct  in Figure 1) varying in a range 
from 2 ct to 10 ct without highlighting any 
dependence on the software and on the 
compressive strength. 
 



 

Table 1. Summary of the basic hypotheses assumed in the 

definition of non-linear FE numerical models. 

 

  Software A Software B 

Equilibrium 

 

- Standard Newton-Raphson based on 

the hypothesis of linear approximation 

(fib Bulletin N°45 2008) 

- Convergence criteria based on strain 

energy 

- Load step sizes defined in compliance 

with the experimental procedure 
 

Compatibility 

Finite Elements 

 

- Isoparametric 

plane stress 4 

nodes (2x2 Gauss 

points integration 

scheme with linear 

interpolation) 

- Discrete 

reinforcements 

- Element size 

defined by means 

of an iterative 

process of 

numerical accuracy   

Finite Elements 

- Isoparametric 

plane stress 4 

nodes (2x2 Gauss 

points integration 

scheme with linear 

interpolation) 

- Smeared 

reinforcements/dis

crete 

reinforcements 

- Element size 

defined following 

an iterative 

process of 

numerical 

accuracy  

Constitutive 

laws  

 

CONCRETE 

- Fixed crack model, smeared cracking, 

constant shear retention factor equal to:  

  1) 0.1 

  2) Variable  

  3) 0.3 

- Mono-dimensional model extended   

tobiaxial stress state 

- Compression: Non-linear with post 

peak linear softening branch 

- Tension (differentiating between 3 

modelling hypotheses): 

1) Elastic - Brittle (BRITTLE) 

2) Elastic with post peak linear tension 

softening (LTS) 

 3) Elastic - perfectly plastic  (PLASTIC) 

REINFORCEMENTS STEEL 

- Tri-linear elastic – plastic  

 
Once the tensile behavior has been established, 
for each of the three tensile behaviours the same 
investigation procedure was used to calibrate the 
shear retention factor (β) with a value between 
0.1 and 0.3. Specifically, for each software and 
experimental test, three different models for the 
different tensile behaviour are defined and for 
each one 0.1 and 0.3 are imposed as limits for β, 
and, in addition, an iterative process is used to 
define the most appropriate value of β to best fit 
the experimental tests. 

Altogether, 18 different structural models (i.e., 
modelling hypotheses which belong to the group 
of the epistemic uncertainties because a specific 
choice can lead to a reduction of the uncertainty 
(Kiureghian and Ditlevsen 2009) can be defined 
combining the three different concrete tensile 
behaviours with the three different values of shear 
retention factor and the two software codes. A 
scheme of the modelling hypotheses adopted in 
this study is summarized in Figure 2. By this 
way, the resistance model uncertainties can be 
identified and computed for the different 
experimental tests of the 9 specimens as 
described in the following subsection, leading to 
a total number of NLFEAs equal to 162, as 
shown in Figure 2. 

 
Figure 2. Distinction between the 9 structural models 

(Mo.1-9 for each software) for the resistance model 

uncertainty investigation and summary of the benchmark 

NLFEAs.  

4.2 NLFEAs of different experimental tests: 

results and comparison 

In this section, the experimental results 
presented in the scientific literature (Pilakoutas 
and Einashai 1995), (Zhang and Wang 2000) and 
related to 9 different r.c. walls are considered and 
assumed as benchmark test set. All these 
experimental tests, have been performed through 
a cyclic loading process up to failure as discussed 
by (Pilakoutas and Einashai 1995), (Zhang and 
Wang 2000). The specimens have been realized 
in laboratory and supported by statically 
determined configurations. The experimental 
results, in terms of load vs displacement, are 
compared to the outcomes from the different 162 
2D NLFEAs carried out taking into account the 
resistance model uncertainties as previously 
discussed. It is worthy to specify that some 
experimental systematic errors (e.g., 
modifications in the geometry or in the 
constraints) can affect the experimental results 
and represent another source of uncertainties, as 
commented below for the comparison with some 
experimental results (Holický et al. 2016), 
(Sykora et al. 2018).  
In the following, the experimental and numerical 
tests are described in details and illustrated in 
Figures 3-11.  
 
 



 

The experimental tests described by Pilakoutas 
and Elnashai (Pilakoutas and Einashai 1995) , 
analyzed six reinforced concrete walls designed 
in pairs so as to have the same percentage of 
bending reinforcement and differing in the 
percentage of shear reinforcement. For this work, 
only 3 of the all walls have been taken into 
consideration denoted respectively as SW4, SW6, 
SW8, with the following geometrical properties: 
1.20 m high, 0.6 m wide, 0.06 m thick and 
stiffened by a 0.2 m thick and 0.25 m high lower 
beam, and by a 0.2 m thick and 0.15 m high 
upper beam where the load is applied. All walls 
are subjected to the same load history. The test 
was carried out in displacement control from 2 
mm up to failure, performing two complete 
cycles with a 2 mm increment. The concrete 
compressive strength ranges from 36.9 to 45.8 
MPa in the different tests, while the flexural 
reinforcement remains constant in the web and 
the shear reinforcement and the vertical 
reinforcement vary in the boundary elements. The 
numerical results in terms of global structural 
resistance of the simulations are listed in Table 2 
and 3. The results from NLFEAs, in Figures 3-5 
(a)-(f), are plotted for the same shear hypothesis, 
for the different tensile behaviors and for the two 
software codes. The lowest results in terms of 
maximum load are achieved when the brittle 
constitutive law is adopted for concrete tensile 
behavior, while the plastic constitutive law 
always leads to an overestimation of the 
maximum load and of stiffness. It can also be 
noted that the best results are obtained for a shear 
retention factor of 0.1 or in any case close to this 
value. In general, all the simulations overestimate 
the maximum load and then the structural 
resistance, but underestimate the ductility because 
a lot of simulations failure before then 
experimental tests.  
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Figure 3. Load vs displacement diagrams from 

experimental tests SW4 of Pilakoutas (Pilakoutas and 

Einashai 1995) and NLFEA results; (a-c) Software A, (d-f) 

Software B. 

Figure 3-5 (a-c) and (d-f) show the intrinsic 

dependence of the results on the software choice 

(software A and B, respectively), in which the 

simulations (a-c) fail the simulation before the 

end of the load history, while the simulations (d-

f) reach the end of the analysis but they 

overestimate the resistance, especially in the case 

of the models 12, 15, 18. The failure mode occurs 

with the progressive yielding of the tensile 

reinforcements and concrete crushing in the 

boundary element compressed on the opposite 

side. This failure is in compliance with the 

experimental results. When the ultimate 

deformation for the concrete in compression is 

reached, all the simulations have been stopped 

due to the convergence loss of the numerical 

procedure. 
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Figure 4. Load vs displacement diagrams from 

experimental tests SW6 of Pilakoutas (Pilakoutas and 

Einashai 1995) and NLFEA results; (a-c) Software A, (d-f) 

Software B. 

Table 2. Results in terms of resistance from the 

experimental tests REXP,I (Pilakoutas and Einashai 1995) and 

NLFEAs RNLFEA,i for the different structural models, 

Software A. 

 

Table 3. Results in terms of resistance from the 

experimental tests REXP,i (Pilakoutas and Einashai 1995) and 

NLFEAs RNLFEA,i for the different structural models, 

Software B. 
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Figure 5. Load vs displacement diagrams from 
experimental tests SW8 of Pilakoutas (Pilakoutas and 
Einashai 1995) and NLFEA results; (a-c) Software A, (d-f) 
Software B. 

The experimental results of Lefas and Kotsovos 
(Lefas and Kotsovos 1990) are related to four 
identical walls of dimensions 1300x650x65mm, 
that are constrained inferiorly by a beam of 
section 200x300mm which simulates a rigid 
foundation. At the top there is a rigid beam to 
uniformly transmit the imposed displacement on 
the top of the wall. The flexural reinforcement is 
made up of /100mm in the web, while the 
distance is reduced to 70mm in the boundary 
elements. Similarly, the shear reinforcement is 
composed of 6.25/260mm over the entire width 
of the wall and additional stirrups in the boundary 
elements with /130mm. The imposed 
displacement tests present a load history 
composed of four or five cycles with 
displacements of a few millimeters and then an 
increase of monotonic displacement up to failure. 
The concrete compressive strength varies in the 
range 35-53 MPa in the different tests. The 
numerical results in terms of global structural 
resistance of the simulations are listed in Tables 
4-5. Figures 6-8 (a)-(f) show that models (3, 6, 9, 
12, 15, 18) related to elastic-plastic constitutive 
law for the concrete tensile behavior, always lead 
to an overestimation of the resistance and 
stiffness, while models elastic-brittle and with a 
linear tension softening in tension have more or 
less the same behavior, with a stiffness similar to 
the real one in the cyclic phase, but, in general, an 
underestimation of the resistance. It can be also 
noted that as the shear retention factor increases, 
the dissipated energy also increases. The failure 
mode occurs with the progressive yielding of the 
tensile flexural reinforcements on the side where 
the displacement is imposed and concrete 
crushing at the bottom of the boundary element in 
the other side. Some simulations don’t reach the 
ultimate experimental displacement but fail upon 
reaching the maximum load or for a slightly 

greater displacement than that achieved in the 
cyclic phase. 

Table 4. Results in terms of resistance from the 

experimental tests REXP,i (Ioannis and Kotsovos) and 

NLFEAs RNLFEA,i for the different structural models, 

Software A. 

 

Table 5 . Results in terms of resistance from the 

experimental tests REXP,i (Ioannis and Kotsovos) and 

NLFEAs RNLFEA,i for the different structural models, 

Software B. 
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Figure 6. Load vs displacement diagrams from 

experimental tests SW31 of Lefas and Kotsovos (Lefas and 

Kotsovos 1990) and NLFEA results; (a-c) Software A, (d-f) 

Software B.  
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Figure 7. Load vs displacement diagrams from 

experimental tests SW32 of Lefas and Kotsovos (Lefas and 

Kotsovos 1990) and NLFEA results; (a-c) Software A, (d-f) 

Software B. 
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Figure 8. Load vs displacement diagrams from 

experimental tests SW33 of Lefas and Kotsovos (Lefas and 

Kotsovos 1990)and NLFEA results; (a-c) Software A, (d-f) 

Software B.  



 

The experimental results discussed by Zhang and 

Wang (Zhang and Wang 2000), focused on four 

reinforced concrete walls, denoted as SW7, SW8 

and SW9 being 1.75 m high, 0.7 m wide, 0.1 m 

thick. The structural member is fully restrained at 

the base with a 0.5 m high and 0.4 m wide beam 

and loaded by an axial force at the top, that is 

considered evenly distributed at 25 cm from the 

top surface of the wall, while the horizontal 

imposed displacement is applied at 1.5 m from 

the base of the wall. Hence, the effective height 

of the wall is 1.5 m. The walls SW7 and SW8 

have the same reinforcement that consist of 

ɸ8/150mm as flexural reinforcement in the web, 

while for shear ɸ8/100mm over the total width of 

the wall and hoops ɸ6/50mm in the boundary 

elements. The difference is in flexural 

reinforcement in the boundary elements of the 

wall which consists respectively of 4ɸ14 and 

4ɸ12 on each side of the wall. The SW9 is more 

reinforced, and presents 4ɸ20 on each boundary 

element, and a greater amount of shear 

reinforcement than the previous ones with 

ɸ8/75mm+ ɸ6/150mm over the total width of the 

wall and hoops ɸ6/75mm in the boundary 

elements. The walls also differ in the axial load: 

SW7 and SW9 have an axial-load ratio of 0.24 

while SW8 has a greater axial-load ratio equal to 

0.35. The loading histories are quite similar and 

follow the same procedure: at the first time the 

axial load is applied in small incremental steps, 

after that the wall is subjected to the cyclic phase 

with horizontal load divided in two parts. The 

first consists in 10 cycles until the yielding of 

flexural reinforcement; in the second phase at 

each cycle it is proceeded with a displacement 

increase equal to half that recorded for yielding. 

The numerical results in terms of global structural 

resistance of the simulations are listed in Table 6-

7. The NLFEA results, plotted in Figure 9-11 (a)-

(f), show that models related to elastic-plastic 

constitutive law for the concrete tensile behavior, 

always lead to an overestimation of the stiffness. 

Models elastic-brittle in tension do not always 

represent the lower bound. Figure 9-11 (a-c) and 

(d-f) show the dependence of the results on the 

software choice (software A and B, respectively), 

in which (a-c) reflect the real behavior for small 

displacement and reach the experimental 

maximum load, while for bigger displacement 

there is a progressive reduction of stiffness and 

resistance and in many cases the simulation fails 

(especially for models with elastic-plastic tensile 

behavior). For Software B instead, in general, all 

the models overestimate the structural resistance, 

but reach the end of the loading history by 

following the real behavior quite well.  

Table 6. Results in terms of resistance from the 

experimental tests REXP,I (Zhang and Wang 2000) and 

NLFEAs RNLFEA,i for the different structural models, 

Software A. 

 

Table 7. Results in terms of resistance from the 

experimental tests REXP,I (Zhang and Wang 2000) and 

NLFEAs RNLFEA,i for the different structural models, 

Software B. 
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Figure 9. Load vs displacement diagrams from 

experimental tests SW7 of Zhang and Wang (Zhang and 

Wang 2000) and NLFEA results; (a-c) Software A, (d-f) 

Software B. 
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Figure 10. Load vs displacement diagrams from 

experimental tests SW8 of Zhang and Wang (Zhang and 

Wang 2000) and NLFEA results; (a-c) Software A, (d-f) 

Software B.  
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Figure 11. Load vs displacement diagrams from 

experimental tests SW9 of Zhang and Wang (Zhang and 

Wang 2000) and NLFEA results; (a-c) Software A, (d-f) 

Software B.  

The results deriving from the abovementioned 
162 non-linear FE simulations are useful to assess 
the resistance model uncertainties in 2D NLFEAs 
of reinforced concrete structures characterised by 
different failure modes under cyclic loads. These 
results have also demonstrated the several 
difficulties, which commonly occur considering 
different types of software and constitutive laws, 
in reproducing the actual failure behaviour of 
structural members. 

5 CONCLUSIONS 

This work evaluates the values of the model 
uncertainties (i.e., epistemic uncertainties) 
regarding the global structural resistance for 2D 
non-linear finite element method analyses of 
reinforced concrete systems under cyclic loads. 
Various experimental tests concerning different 
walls subject of cyclic shear action, have been 
numerically simulated by means of appropriate 
162 NLFEAs considering two different software 
codes, three different constitutive laws for the 
behaviour of concrete in tension and three 
different shear behaviour after cracking. From the 
comparison with the experimental outcomes, the 
FE results have demonstrated the several 
difficulties, which commonly occur employing 
different types of software and constitutive laws, 
in reproducing the actual failure behaviour and 
the actual failure load of the all structural 
members considered. In general, it can be 
observed that a tensile behavior of the concrete 
perfectly plastic always gives a greater 
overestimation of the structural resistance, and 
that the variation of the shear retention factor 
varies the amplitude of the cycle, and therefore 
the dissipated energy. However, in terms of 

resistance, a shear retention factor close to 0.1 is 
the one that best fits the experimental test. 
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