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ABSTRACT

Estimating the safety margins and evaluating beyond design basis behavior of concrete structures subjected to
large loads is a complex process that involves creation of detailed finite element models as well as a careful
consideration of nonlinear constitutive material models. This is particularly true when considering degradation
in concrete which often results in cracking. Modeling the nonlinear behavior of degraded concrete structures
such as shear walls subjected to large loads and the corresponding strains is quite challenging. In the case of
nuclear structures, the concrete damaged plasticity (CDP) model has been used quite widely over the past
decade or more. Most studies in the literature consider the CDP model parameters as constant. However,
strain values in a concrete structure increase as loading increases, and cracking occurs. Consideration of
some parameters in the CDP model as constant under such large strain conditions is inappropriate and leads
to incorrect results.

This paper aims to accurately predict the non-linear behavior of degraded and non-degraded concrete
shear wall panels at high strain ranges by updating the CDP parameters at each incremental increase in the load
step. It proposes an approach that simulates the shear stress-strain behavior of degraded and non-degraded
reinforced concrete panels and compares the results to those obtained experimentally in Ferche (2020). More
specifically, the degradation is considered due to Alkali-Silica Reaction (ASR). The ASR-induced degradation
in reinforced concrete panels is determined according to the model proposed in Aliyeva et al. (2024). The
corresponding prestress and prestrains due to degradation are simulated with an orthotropic thermal expansion
model. A CDP model is then used to capture the post-ASR shear behavior of the panels. The four CDP model
parameters found to contribute most significantly are tension damage, strain hardening, tension stiffening,
and dilation angle. It is observed that the dilation angle does not remain constant throughout the loading and
needs to be updated as the cracking increases in concrete. A new approach is presented where the dilation
angle is updated at each loading step. The stress-strain responses of the panels predicted by the proposed
approach are very close to those obtained experimentally in both the low and high-strain regions.

INTRODUCTION

For many years, considerable effort has been dedicated to forecasting the behavior of real-sized degraded
structural elements. Degradation in concrete occurs over an extended period. Therefore, obtaining in-situ
measurements of degraded elements can be challenging. Moreover, research on degraded real-sized structural
elements is limited as it requires large-scale laboratory experiments and specialized equipment. Therefore,
there is a need for creation of detailed finite element models to understand the behavior of degraded structural
elements. However, modeling the nonlinear behavior of degraded concrete structures such as shear walls
subjected to large loads is quite challenging as it requires a careful consideration of nonlinear constitutive
material models.
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Ferche (2020)’s structural-level experimental study is one of the most recent studies to investigate
the behavior of degraded vs. non-degraded reinforced concrete (RC) panel specimens subjected to pure shear
loading. This experimental study is implemented into a finite element model (Ferche and Vecchio, 2022)
to perform a validation study of the experimental data. The results of the validation study show significant
improvement compared to the results presented in prior studies. However, there is significant room for
improvement, especially in the nonlinear region and at higher strains. One possible reason for this could be
related to increased cracking in concrete, particularly after the yielding of reinforcement, and finite element
analysis’s inability to capture the associated dilation of concrete. In order to account for such a complex
constitutive model of concrete, the damage plasticity constitutive model that has been used effectively in
many other studies over the past decade can be a good candidate. Therefore, this paper uses a concrete
damage plasticity (CDP) model for developing the proposed approach.

The primary objective of this paper is to accurately predict the non-linear behavior of degraded and
non-degraded concrete shear wall panels at high strain ranges by updating the concrete plasticity model
parameters at each incremental increase in load step. It implements the ASR expansion approach presented
in Aliyeva et al. (2024) into a finite element model and simulates the expansion and residual strains caused by
ASR. In this paper, the residual ASR-induced strains and the expansion behavior are represented using an
orthotropic thermal expansion model. Such an orthotropic thermal expansion analysis allows a simulation
of ASR expansion strains and the development of corresponding prestress in the reinforcement prior to the
application of external shear load. For the applied shear loading (mechanical load), this study uses a CDP
model to capture the post-ASR shear behavior of the elements. The sensitivity of the proposed approach
to different modeling and material parameters is also investigated. The main contributions of this research
are as follows: i) it proposes a two step approach wherein the first step is to conduct an ASR-induced
expansion analysis to allow the development of prestresses in the reinforcement. The second step involves
conducting a load-displacement analysis to simulate the shear behavior accounting for the effect of ASR-
induced prestresses, ii) it identifies the parameters in CDP model that are most critical in simulation of both
ASR-induced strains and the shear stress-strain response of ASR-affected panels even at high strains, and iii)
it shows that the dilation angle in a CDP model cannot be considered constant and proposes an approach to
update the dilation angle as cracking increases.

DESCRIPTION OF EXPERIMENTAL DATA

A series of large-scale experiments described in Ferche (2020) and Ferche and Vecchio (2021) are used to
develop and validate a finite element based approach for simulating the performance of structure exhibiting
ASR-related degradation. The experimental data consist of reinforced concrete panel specimens that are
conditioned in an environmental chamber and tested to failure under pure shear loading. The experimental
study investigated reinforced concrete panel specimens, that are cast with non-reactive (non-degraded),
reactive (degraded) fine aggregate, or reactive (degraded) coarse aggregate. Table 1 shows the cast and
aggregate types of each panel used in this study, as well as the reinforcement ratios in the X, Y, and Z
directions, ρX , ρY and ρZ , respectively.

DEVELOPMENT OF FINITE ELEMENT BASED APPROACH

Modeling Details

The same loading conditions from the experimental study are replicated in the finite element models. An
eight-node thermally coupled linear brick element is used for the concrete mesh and a two-node linear
element is selected for the reinforcement mesh. An increasing load is applied in 100 steps until the maximum
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Table 1: Panel specimens used for validation

Aggregate Panels ρX ρY ρZ

CAST 1 Non-reactive
AF1 3.31 0.42 -
AF2 3.31 0.84 -

CAST 2 Reactive fine
AF3 3.31 0.42 -
AF4 3.31 0.84 -

CAST 3 Reactive coarse
AF5 3.31 0.42 -
AF6 3.31 0.84 -

load applied in the experiment is reached. Shear strains are calculated at different heights, and the average
value is used. Degraded panels are modeled using an orthotropic thermal expansion model to generate the
ASR-induced residual strains in X and Y directions. Subsequently, the thermal expansion model results are
used as the initial boundary conditions in the finite element models. The remaining of the modeling details of
degraded panels are similar to that of non-degraded panels.

Concrete Damage Plasticity Model

This study uses a CDP model as the constitutive model in finite element analysis that takes into account
the two failure mechanisms: tensile cracking and compressive crushing of concrete. The stress-strain (σ-ε)
behavior is linear elastic until reaching failure stress in tension (σt0) and yield stress in compression (σcu).
The post-failure behavior is modeled with tension stiffening which defines the strain-softening behavior
of cracked concrete. The compressive behavior after reaching yield stress in compression is characterized
by stress hardening and defined beyond the ultimate stress (σcu), into the strain-softening regime. The
degradation of elastic stiffness is characterized by two damage variables, tensile damage variable (dt) and
compressive damage variable (dc). Damage variables can take values from 0 to 1, where 0 represents
undamaged material and 1 represents a total loss of stiffness. In this study, the values of dt and dc at each
loading step are calculated using Equation 1 for tension and compression as given in Hafezolghorani et al.
(2017) where σt and σc refer to tension and compression stresses, respectively. The failure mechanisms
are controlled with tensile equivalent plastic strains (ε̃plt ) and compressive equivalent plastic strains (ε̃plc )
under tension and compression loadings, respectively. A CDP model defines the stress-strain response under
uniaxial tension and compression loading by using Equation 2 where E0, εt and εc refer to initial elasticity
modulus, tension strain and compression strain, respectively. In the finite element analysis, compressive
stress data is provided as a function of inelastic strain (ε̃inc ) and tensile stress data is provided as a function of
cracking strain (ε̃ckt ). In the analysis, inelastic strains are converted into plastic compressive strains (ε̃plc ) and
cracking strains are converted into plastic tensile strains (ε̃plt ).

dt = 1− σt
σt0

and dc = 1− σc
σcu

(1)

σt = (1− dt)E0(εt − ε̃plt ) and σc = (1− dc)E0(εc − ε̃plc ) (2)

Conducting a large strain finite element analysis using a CDP model requires defining an additional
parameter termed as the dilation angle (ψ). The dilation angle controls the amount of plastic volumetric strain
developed during plastic shearing and is assumed to be constant during plastic yielding (Smith, 2009). At
high strains, it is very important to estimate the dilation angle appropriately as concrete begins to exhibit
significant cracking. Vermeer (1998) proposed a formulation for dilation angle that is given in Equation 3.
This equation defines the dilation angle (ψ) as a function of volumetric plastic strain rate (ε̇pv) and axial plastic
strain rate (ε̇p1). A dot symbol in Equation 3 implies the rate of strain with respect to load.
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sinψ =
ε̇pv

−2ε̇p1 + ε̇pv
(3)

Modeling the Material Behavior: Non-degraded Panels

The mean values of experimental measurements are used to define the material properties of reinforcements
and concrete in finite element models. The peak tensile strength of concrete (σt0) is defined by using the
approximate peak tensile stress value observed in experiment (σtEXP ).

The tension stiffening of non-degraded panels is defined with Equation 4 using an updated version of
closed-form equations given in Syed and Gupta (2015). In Equation 4, σt is the tensile stress of concrete
whereas εt and εcr represent the tensile and cracking strains, respectively. In Syed and Gupta (2015), “a” and
“b” values in Equation 4 are taken as 0.4 and 2, respectively. In this study, “a” and “b” values are initially taken
as given in Syed and Gupta (2015)’s study to define the tensile stiffening behavior. The ft value in Equation 4
is taken as σtEXP of each panel. The default values of “a” and “b” underestimate the experimental behavior.
Hence, an update is proposed for the tension stiffening of the non-degraded panels’ concrete properties to
predict the experimental tension stiffening behavior. The update suggests taking “a” and “b” values of panels
as 0.2 and 7 for panel AF1 and 0.4 and 7 for panel AF2, respectively.

σt =


ft εcr ≤ εt ≤ bεcr

ft ×
(
bεcr
εt

)a

εt > bεcr
(4)

The damage values dt and dc are calculated at different points using Equation 1 for tension and
compression. A careful consideration is needed when using the dilation angle (ψ), particularly in simulating
the behavior of concrete structures exhibiting large strain and cracking behavior as the dilation angle alters
with the increased cracking. The dilation angle (ψ) is initially taken as 50◦. However, the dilation angle cannot
be considered constant during the complete analysis as is the case in a conventional approach. As strains
increase, the degree of cracking increases thereby increasing the rate at which strains evolve. Consequently,
the dilation would also change significantly during the analysis and needs to be updated as the load increases.
In this study, the dilation angle is updated during the analysis and an approach is proposed to do so. The
effect of variability in dilation angles and the proposed update to dilation angle are explained in the following
sections.

Determining ASR Strains of Degraded Panels

The ASR-induced degradation and volumetric strains in reinforced concrete panels are determined according
to the model proposed in Aliyeva et al. (2024). Expansion redistribution is accomplished by assigning weights
to the X and Y directions (WX and WY ). The ASR-induced strains in each direction at every time step,
(εASR

X )t and (εASR
Y )t, are then calculated by multiplying the weight in that direction with the incremental

free volumetric ASR-induced strain.

Modeling the Material Behavior: Degraded Panels

In this paper, degraded panels are modeled using the information from non-degraded panels with the same
reinforcement ratio. Orthotropic thermal expansion analysis is conducted to replicate the ASR-induced
expansion and residual strains of degraded panels. The expansion is applied by defining different thermal
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expansion coefficients in the X and Y directions to create a length change in these directions. The finite
element models of non-degraded panels are first expanded to the final ASR-induced strains of degraded
panels in the X and Y directions. Thermal expansion is slowly applied and strain measurements are taken at
every loading step. Subsequently, the expanded models are used as the initial boundary conditions of the
finite element model and shear loading is applied to the expanded models. In other words, the expanded
models with residual ASR-induced strains are used for the initial loading step of the shear loading. The
remaining of the modeling details of degraded panels are similar to that of non-degraded panels.

The material properties of non-degraded panel are updated according to the final ASR-induced
expansion to obtain the material properties of degraded panel. The ASR modeling approach presented in
Aliyeva et al. (2024) is used to characterize the degradation in elasticity modulus (E0) by using damage
factor dASR. The elasticity modulus of AF1 is degraded using dASR to find the degraded elasticity modulus
of AF3. The same procedure is applied to the remaining panels and dASR and Ec of the degraded panels are
calculated.

The concrete compressive behavior of degraded panels is taken from the concrete cylinder tests in
the experimental study, similar to those of non-degraded panels. The stress-strain curves obtained from three
cylinder tests are given in the experimental study for degraded panels. The mean values of the properties
from three cylinder tests are used to define the stress-strain curves of concrete compressive behavior in finite
element analysis. The concrete tensile strength values and tension stiffening of degraded panels used in the
finite element models are defined the same way as non-degraded panels.

OBSERVATIONS FROM PRELIMINARY ANALYSES

In real-world applications, it may not always be possible to obtain sufficiently accurate estimates of actual
material characteristics for determining the corresponding parameters. The selection of models and material
parameters can influence the response in such complex finite element analyses. There are a few different
aspects related to modeling and material characterization that are expected to influence the response more
than others. Some preliminary finite element models investigated the influence of both the compressive
damage parameter (dc) and the tensile damage parameter (dt) on results. The results were similar across
all scenarios, especially for the lower strains. In this study, it is assumed that the ASR-induced expansion
causes tensile stresses and only tensile damage parameter (dt) is included in the finite element analyses. The
compressive damage parameter (dc) at each loading step is taken as zero. However, this requires careful
consideration for other applications. If the applied loading can lead to compression damage then it would be
important to consider both the damage variables. The specific modeling and material parameters considered
in this study are: i) effect of tensile strength of concrete, ii) selection of tension stiffening model for concrete,
and iii) appropriate consideration of dilation angle. As discussed in detail below, these aspects are important
for accurately capturing the correct failure modes and simulating the post-cracking behavior.

Effect of Tensile Strength of Concrete

Experimentally measured tensile strength values (σtEXP ) are used in this study. It was observed that the model
with the experimentally determined peak tensile strength (σtEXP ) accurately predicts the cracking behavior.
Although the initial stress-strain behavior is captured well when using the model with the experimentally
determined peak tensile strength, the results diverge from the experimental measurements for higher strains.
The divergence is due to the constant dilation angle used in a CDP model, which is addressed in the
following sections. The post-cracking behavior is significantly influenced by the appropriate representation
and simulation of initial cracking. Therefore, the model with the experimental tensile strength is used for the
remainder of the study.
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Selection of Tension Stiffening in Concrete

The results from Ferche and Vecchio (2022)’s validation study show that the stress-strain response diverges
from the experimental data in the region of high strains. Simulating the correct post-cracking behavior depends
on the selection of an appropriate tension stiffening model for concrete. The experimental observations
show strain hardening behavior after cracking, followed by tension stiffening of concrete. Therefore, the
differences in results caused by different strain hardening and tension stiffening behaviors are investigated.

As previously mentioned, the tension stiffening model is updated to accurately represent the post-
cracking behavior observed in experimental data. In Equation 4, the value of “a” governs the softening of
concrete, while the value of “b” governs the strain hardening behavior of concrete. The strain hardening
and softening behavior of concrete depends on values of “a” and “b” in Equation 4. The update suggests
choosing “a” and “b” values for each panel individually to accurately predict the tensile behavior observed
in the experimental study. The following five options with different “a” and “b” values are examined to
investigate the effect of tension stiffening:

• Option 1: Defining the tension stiffening behavior using Equation 4, as suggested in Syed and Gupta
(2015)’s study (a = 0.4 and b = 2).

• Option 2: Eliminating the strain hardening of concrete (a = 0.4 and b = 1). As seen in Figure 1a, the
flat part of the stress-strain curve in Option 2 is not included by choosing the value of b as 1.

• Option 3: Considering relatively lesser degree of strain hardening (a = 0.4 and b = 1.5). As seen in
Figure 1a, the flat part of the stress-strain curve in Option 3 is reduced to half by choosing the value of
b as 1.5.

• Option 4: Updating the tension stiffening behavior (a = 0.2 and b = 2). As seen in Figure 1a, the
softening part of the stress-strain curve in Option 4 is changed by choosing the value of a as 0.2.

• Option 5: Updating both the strain hardening and the softening parts of the stress-strain curve to
represent the tension stiffening based on experimental data (a = 0.2 and b = 7).

The shear stress-strain results of the models using these options are given in Figure 1b for all the
suggested options. The results are compared with the experimentally measured stresses and strains.

Figure 1. Different tension stiffening models
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As seen in Figure 1b, the simulated stress-strain response compares better with experimental values
when both the strain hardening and the softening parts of the stress-strain curve are updated. Although the
results for options 1 and 4 are similar until a point where the model reaches very high strains, Option 1
fails to predict the response at high strains. This behavior demonstrates the significance of updating the
tension stiffening model. The results from Options 2 and 3 with less strain hardening (b = 1 or b = 1.5) do
not compare well with the experimental results. Hence, it is also important to accurately define the strain
hardening of concrete. Option 5 captures the stress-strain response well, especially at high strains. In addition
to the the strain hardening and tension stiffening, appropriate consideration of dilation angle also affects the
simulation of stress-strain curve at large strains. This aspect is discussed in greater detail in the next section.

Selection of Appropriate Dilation Angle

At high strains, concrete begins to exhibit significant cracking, and the dilation angle increases, making it
quite challenging to simulate the stress-strain response in this region. Therefore, it is crucial to estimate the
dilation angle accurately. In a finite element analysis using a CDP model, the dilation angle (ψ) is generally
considered a constant parameter. In this study, for the preliminary analysis, the dilation angle is taken as 50◦

because the panels in this study experienced large cracks. Nonetheless, the dilation angle has a substantial
impact on the results, given that it alters with the increased cracking. Therefore, AF1 model is first analyzed
for different dilation angles to see the impact on the results. Stress-strain response of panel AF1 is presented
in Figure 2 for different dilation angles. As seen in Figure 2, the dilation angle varies throughout the shear
loading.

Figure 2. Effect of dilation angle on stress-strain response

Based on the preliminary analysis results, a new procedure is proposed to update the dilation
angle. As previously mentioned, an equation is proposed by Vermeer (1998) to quantify the dilation angle
(Equation 3), which defines the dilation angle (ψ) as a function of volumetric plastic strain rate (ε̇pv) and axial
plastic strain rate (ε̇p1). In this study, a procedure is proposed to update the dilation angle at ith time step (ψi)
in a CDP model using Equation 3 starting from the first loading step after cracking. The proposed procedure
is used in simulating the results for all panels. The steps for the proposed procedure to obtain ψi are given
below:

• Step 1: Choose an initial input value for the dilation angle (ψinput
i ) at ith time step.

7



28th International Conference on Structural Mechanics in Reactor Technology
Toronto, Canada, August 10-15, 2025

Division I

• Step 2: Conduct the finite element analysis using ψinput
i . Output volumetric plastic strain rate (ε̇pv) and

axial plastic strain rate (ε̇p1) at the given time step.

• Step 3: Use volumetric plastic strain rate (ε̇pv) and axial plastic strain rate (ε̇p1) values in Equation 3 to
calculate the dilation angle at the given time step, ψcalculated

i .

• Step 4: Check if ψinput
i = ψcalculated

i . If yes, then ψi = ψinput
i . Proceed to the next loading step

(i = i+ 1). If no, then substitute ψinput
i value in Step 1 with ψcalculated

i .

SUMMARY OF THE PROPOSED APPROACH

Based on the preliminary analysis results of non-degraded panel AF1, the procedure given below is followed
for the remaining panels: i) The final validated model only uses the tension damage, dt, as ASR expansion
creates tensile stresses, ii) The experimentally obtained tensile strength is used for all panels due to its ability
to accurately capture post-cracking stress-strain behavior, iii) The updated tension stiffening equation based
on experimental data is used to define the strain hardening and tension stiffening behavior of concrete, iv)
A procedure is proposed to define the dilation angle in a CDP model (ψ), which is updated at each loading
step. Based on this process, the final results from the validated model are presented for the non-degraded and
degraded panels in the following sections.

Final Validated Results: Non-degraded Panels

The shear stress-strain results obtained from finite element models versus experimental study are presented in
Figures 3a and 3b for the non-degraded panels, AF1 and AF2, respectively. As seen in Figures 3a and 3b, the
response at concrete cracking, as well as at high strains, is predicted well for the non-degraded panels.

Figure 3. Stress-strain response of non-degraded panels

Final Validated Results: Degraded Panels

The shear stress-strain responses of degraded panels, AF3, AF4, AF5, and AF6 are presented in Figures 4a,
4b, 4c and 4d, respectively. The results from the experimental study are compared with the results from
the finite element models created using the proposed approach. As seen in Figures 4a and 4c, stress-strain
responses are captured accurately for panels AF3 and AF5. However, the results from the proposed approach
diverge somewhat from the experimental observations for panels AF4 and AF6 as seen in Figures 4b and
4d. The differences observed are likely due to the use of same tensile strength, strain hardening, and tension
stiffening values for different panels. Variations in these quantities for panels AF4 and AF6 are likely to
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cause these difference. Yet, the proposed procedure gives results which show a significant improvement over
the existing approaches available in the literature.

Figure 4. Stress-strain response of degraded panels

SUMMARY AND CONCLUSIONS

The objective of this paper is to propose an approach that captures the shear stress-strain response of degraded
and non-degraded large-scale panels as observed in experiments. This study uses data from a series of
large-scale experiments available in the literature (Ferche, 2020). In this study, the proposed approach for
modeling the ASR expansion and concrete degradation in Aliyeva et al. (2024) is implemented into finite
element analysis using a CDP model to capture the post-ASR shear behavior of reinforced concrete panels.
The residual strains and expansion behavior are represented using an orthotropic thermal expansion model in
conjunction with the proposed approach to modeling ASR-induced expansion. Subsequently, the loading
conditions in the experimental study are replicated to investigate the response of the degraded specimens
subjected to shear stresses. The sensitivity of the proposed approach to different modeling and material
parameters is investigated. The stress-strain responses are captured accurately for certain panels, while for
others, the results from the proposed approach show some divergence from experimental observations. These
discrepancies are likely due to the use of uniform values for tensile strength, strain hardening, and tension
stiffening across all panels, despite possible variations in these properties. Such differences in material
behavior may explain the observed inconsistencies. Nevertheless, the proposed method demonstrates a
marked improvement over existing approaches in the literature and the stress-strain responses of the panels
are predicted with a high degree of accuracy. The key conclusions of this paper are summarized as follows:

• For this study, using only tension damage (dt) in a CDP model is sufficient when predicting the
behavior of degraded concrete as ASR expansion creates tensile stresses. However, this requires careful
consideration for other applications where the applied loading can lead to compression damage.
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• The initial cracking depends on the tensile strength of concrete. An incorrect representation of initial
cracking affects the post-cracking behavior. In this paper, the model with the experimentally obtained
tensile strength accurately captures the post-cracking stress-strain behavior.

• Simulating the correct post-cracking behavior depends on the selection of an appropriate tension
stiffening model for concrete. The proposed model that predicts the tension stiffening based on
experimental data works well when defining the tension stiffening of concrete.

• The stress-strain response is highly sensitive when predicting the response at high strains where
concrete begins to exhibit significant cracking and increase in dilation angle. Typically, the dilation
angle (ψ) is considered as a constant parameter in a finite element analysis. However, the dilation angle
does not remain constant as the strains increase. Therefore, there is a need for a user subroutine in
finite element analysis that is based on iterative steps to estimate the dilation angle at each loading step.

The proposed method is based on one large-scale experimental dataset obtained under controlled
laboratory conditions, in which increasing shear loading is applied in steps. Further studies are needed to
extend the proposed approach to more complex cases involving different types of mechanical loading applied
at varying rates. Additional large-scale experimental data from the literature, as well as real-world data, can
be used for further verification of the proposed approach.
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