
ABSTRACT

ALIYEVA, GUNAY GINA. Modeling and Simulating Alkali-Silica Reaction in Concrete Structures.
(Under the direction of Dr. Abhinav Gupta.)

The long-term operation of nuclear power plants necessitates the assessment of struc-

tural resilience, which may be compromised by extended exposure to environmental and

operational stressors. Alkali-Silica Reaction (ASR) is one of the concrete aging modes that

affects the resiliency of concrete structures by initiating cracking in concrete which in turn

leads to deterioration. Over the years, there has been an increasing demand to understand

the ASR-induced expansion and degradation in concrete. Continued safe operation of con-

crete structures requires an assessment of ASR-induced expansion and degradation. This

research attempts to understand the evolution of ASR-induced expansion and degradation

in concrete structures and also to develop an approach to simulate post-ASR behavior. First,

this dissertation proposes a novel approach to simulate the ASR-induced expansion and

degradation in concrete. The proposed approach is based on coupling the ASR-induced

strains with the mechanical strains using a time-dependent piecewise evolution process at

each instance of time. Data from an experimental study is used to develop the proposed

approach. As the majority of coupled ASR models are calibrated using experimental data,

such a modeling technique may have significant variability in results caused by variability

in experimental data. Therefore, this study also focuses on uncertainty quantification to

evaluate the effect of uncertainties in the proposed model. Lastly, the proposed approach

is implemented into finite element analysis using the concrete damaged plasticity model

to capture the post-ASR behavior of large structural elements. A series of large-scale ex-

perimental data from the literature is used to develop and validate the approach. The

uncertainties in modeling and material properties on the behavior of ASR-affected struc-

tures are investigated. In this study, the ASR expansion and post-ASR behavior of concrete

structures are predicted with a high degree of accuracy.
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1.1 Introduction

A large number of nuclear power plants are being examined for structural resiliency as part

of license renewal to extend their operational life. The resiliency of concrete structures

can be compromised due to prolonged exposure to environmental and operational stress

factors. One of the concrete aging modes, Alkali-Silica Reaction (ASR) affects the structural

resiliency by initiating cracking in concrete which in turn leads to deterioration. Seabrook

Nuclear Power Plant is the �rst plant in the U.S. that is known to suffer from ASR-induced

concrete degradation (Saouma and Hariri-Ardebili 2021). It is important to understand

the ASR effects on concrete structures in order to predict their post-ASR performance to

improve structural resiliency and increase operational life. This requires an appropriate

modeling approach that can simulate the evolution of ASR expansion and predict the

performance of ASR-affected structures.

The aim of this dissertation is to understand and develop a methodology for time-

dependent evolution of ASR-induced expansion and degradation in concrete structures

and also to develop an approach to simulate their post-ASR behavior. This study is focused

on: i ) developing an approach to simulate time-dependent evolution of ASR expansion,

i i ) implementing it into �nite element analysis to predict the post-ASR behavior, i i i ) use

experimental data to characterize the variability in different parameters considered in the

proposed approach, identify key contributors to the overall uncertainty, and quantify the

effects of uncertainties in the identi�ed parameters.

1.2 Background

1.2.1 Concrete Expansion due to Alkali-Silica Reaction

Alkali-Silica Reaction (ASR) in concrete is a chemical reaction that generates an expansive

gel within the concrete, causing it to expand upon exposure to water (Swamy 1992). One

of the �rst studies to investigate ASR in concrete is conducted by Stanton (1942) who
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developed a test procedure to replicate ASR behavior of concrete. Later on, Swamy (1992)

presented a comprehensive study on the chemistry of the ASR and its testing methods.

Larive (1998) and Multon and Toutlemonde (2006) tested concrete specimens subjected

to ASR under different states of stress and both studies reached a common conclusion

on a signi�cant aspect: volumetric ASR-induced strain is constant, irrespective of the

state of stress. The volumetric ASR-induced strain can be characterized as a function of;

(i ) humidity effect, (i i ) ASR extent, and (i i i ) the maximum free volumetric expansion at

given temperature (Saouma and Perotti 2006). ASR extent is a sigmoid curve expressing

the volumetric expansion in time as a function of temperature. The ASR extent is de�ned

as a function of latency time and characteristic time of expansion, respectively (Larive

1998). Based on the assumption of constant volumetric strain, Saouma and Perotti (2006)

developed a constitutive model to de�ne ASR-induced expansion. Saouma and Perotti

(2006) also introduced weights for the �rst time to accomplish expansion redistribution

depending on the state of stress.

1.2.2 Concrete Degradation due to Alkali-Silica Reaction

The importance of understanding ASR behavior of concrete structures stems from the

deterioration it causes in concrete over the years. ASR gel inside the concrete expands upon

exposure to water. The gel expansion initiates cracking in concrete subsequently resulting

in a degradation of its mechanical properties such as compressive strength, tensile strength

and modulus of elasticity (Naus et al. 1996). Many studies reported degradation due to ASR

in mechanical properties of concrete (Swamy and Al-Asali 1988; Fan and Hanson 1998;

Larive 1998; Mohammadi et al. 2020). As degradation in mechanical properties affects the

structural integrity, it is crucial to understand the ASR behavior of concrete structures.
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1.2.3 Numerical and Experimental Studies

Over the years, numerous studies have been carried out to develop a coupled chemo-

mechanical model to simulate ASR behavior in concrete. (Grimal et al. 2008a,b; Dunant

and Scrivener 2010; Pignatelli et al. 2013; Charpin and Ehrlacher 2014; Giorla et al. 2015).

These studies made an important contribution to the literature to understand the behavior

of ASR-affected concrete. However, the implementation of such complex methodologies

into structural assessment can be challenging.

According to Saouma (2013)'s comprehensive study on numerical ASR modeling, the

majority of the coupled chemo-mechanical ASR models in the literature are calibrated using

the experimental data from Larive (1998) and Multon and Toutlemonde (2006). While both

Larive (1998) and Multon and Toutlemonde (2006)'s data consist of small specimens, there

is also a need to comprehend the ASR behavior of large structural elements. Fairbairn et al.

(2006) and Saouma and Perotti (2006) have utilized numerical analysis and �nite element

applications to predict the ASR behavior of real large-scale structures. However, validating

the results of these models is challenging as in-situ measurements can not be collected for

these structures. Because of these challenges, numerous experimental studies have been

conducted using large-scale concrete specimens that are subjected to accelerated ASR (Fan

and Hanson 1998; Multon et al. 2005; Habibi et al. 2018; Hayes et al. 2018).

One of the most recent large-scale experimental studies with accelerated ASR is con-

ducted by Ferche (2020) which investigates the post-ASR behavior of reinforced concrete

panels. The experimental data consists of reinforced concrete panel specimens that are

conditioned in an environmental chamber and tested to failure under pure shear loading

to investigate the response of these specimens subjected to shear stresses. Ferche (2020)'s

experimental study is also implemented into a �nite element model (Ferche and Vecchio

2022) to validate the experimental observations. Ferche and Vecchio (2022)'s model consid-

ered the ASR-induced degradation in mechanical properties assuming the degradation is

direction-dependent. The degradation is introduced by using modi�cation factors. These
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factors are applied to the unaffected mechanical properties of concrete to replicate the

effect of ASR-induced expansion. Charlwood et al. (1992) and Saouma and Perotti (2006)

ASR expansion models tare used for the expansion behavior. Charlwood model calculates

the ASR expansion as a function of the compressive stresses whereas Saouma and Perotti

model assumes that the ASR expansion has a volumetric distribution. Both of these models

are used assuming both anisotropic and isotropic ASR-induced expansions. Many different

results are generated using Saouma and Perotti model and Charlwood model for both

anisotropic and isotropic ASR-induced expansions. Although the predictions by (Ferche

and Vecchio 2022) make a signi�cant contribution to the literature, there is still room for

improvements in �nite element based modeling as their study is sensitive when predicting

the response at high strains.

1.2.4 Concrete Damaged Plasticity Model

An accurate prediction of post-ASR behavior of concrete structures using �nite element

analysis depends on an accurate representation of the increased cracking and the associated

dilation of concrete. Post-cracking behavior can be taken into account by using a plasticity-

based damage model for concrete. The concrete constitutive behavior is represented with

a coupled plasticity and damage model by Lubliner et al. (1989). This model was later

modi�ed by Lee and Fenves (1998). The concrete damaged plasticity model (CDP) has been

used effectively in many studies over the past decade. The concrete damaged plasticity

model takes into account the two failure mechanisms: tensile cracking and compressive

crushing of concrete. It uses concepts of isotropic damaged elasticity and isotropic tensile

and compressive plasticity to represent the inelastic behavior of concrete (Smith 2009).

Increased cracking and the associated dilation of ASR-affected concrete can be predicted

in modeling by introducing shear dilatancy. Shear dilatancy of a material is the change in

volume that is associated with the shear distortion of an element in the material (Vermeer

and De Borst 1984). Shear dilatancy can be characterized by dilation angle (  ) that is �rst
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introduced by Hansen (1958). The concrete damaged plasticity model also uses the dilation

angle as a model parameter to control the amount of plastic volumetric strain developed

during plastic shearing. Vermeer and De Borst (1984) proposed a formulation for dilation

angle that de�nes it as a function of volumetric plastic strain rate and axial plastic strain

rate.

1.3 Research Objectives

The objectives of this research include the following:

• Propose a novel approach to simulate the time-dependent ASR-induced expansion

and degradation in concrete by coupling the ASR-induced strains with the mechanical

strains.

• Conduct uncertainty quanti�cation and evaluate the effect of uncertainties in the

proposed coupled ASR model to identify the parameters that are most critical in the

modeling process.

• Implement the proposed approach into a �nite element model to simulate the post-

ASR behavior of actual structural members using the concrete damaged plasticity

model.

• Improve the ASR simulation by considering the effect of uncertainties in modeling

and material properties on the behavior of ASR-affected structures.

1.4 Proposed Research

To achieve the objectives of this research, the following tasks are needed:
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1.4.1 Developing a Process to Simulate the Alkali-Silica Reaction Effects in Concrete

Alkali-Silica Reaction (ASR) in concrete may cause degradation in the mechanical properties

of concrete such as; compressive and tensile strengths and modulus of elasticity. Continued

safe operation of concrete structures requires an assessment of the time-dependent ASR

evolution and the degree of degradation caused by ASR. Therefore, in this part of the

research, a novel approach is developed to simulate the time-dependent ASR-induced

expansion and degradation in concrete. The proposed approach is based on coupling

the ASR-induced strains with the mechanical strains using a time-dependent piecewise

evolution process at each instance of time. The results of the proposed approach are

compared with the results from existing methods and experimental data to ascertain its

accuracy. The steps required to conduct this task are:

• Collect and summarize experimental data available in the literature to understand

the effect of ASR in concrete.

• Consider con�ned and uncon�ned tests of concrete cylinders. Concrete cylinder

specimens with and without steel liners can be used.

• Consider concrete cylinders with and without axial loading.

• Obtain shrinkage and creep strains from the non-reactive experimental data.

• Obtain ASR-induced strains for the free expansion case.

• Use expansion transfer assumption for different states of stress.

• Propose a damage model to consider the stress-strain relation.

• De�ne the damage caused by ASR using a damage factor.

• Evaluate the effect of calculated damage on strains in concrete.
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• Divide the life of a structure into smaller time steps and couple the ASR-induced

strains with the mechanical strains using a piecewise linear process at each time step.

• Determine the progression of strains considering the anisotropy of the expansion.

• Develop �nite element simulations considering the proposed approach.

• Generate the simulated total strains for the proposed framework.

• Compare the simulated results with other existing models in the literature.

• Compare the experimental and simulated results to validate the proposed methodol-

ogy.

1.4.2 Uncertainty Quanti�cation in ASR Modeling

Over the years, numerous coupled chemo-mechanical models have been introduced to

predict the behavior of ASR-induced expansion and degradation in concrete but the major-

ity of these models are calibrated using experimental data (Saouma 2013). However, such a

modeling technique may have signi�cant variability in results caused by variability in exper-

imental data. It is important to establish a basis for appropriately addressing uncertainties

in any numerical or analytical assessments when conducting ASR expansion simulation

in concrete. Therefore, this study focuses on uncertainty quanti�cation to identify, char-

acterize and quantitatively evaluate the effect of uncertainties in the previously proposed

coupled ASR model. The relative contribution of uncertainty in the various parameters of

the proposed model is investigated to identify the parameters that are most critical in the

modeling process. The steps required to conduct this task are:

• Characterize the variability in ASR modeling parameters (i.e. maximum free volumet-

ric expansion, latency and characteristic times of expansion) statistically in order to

appropriately account for them in uncertainty quanti�cation study.
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• Determine the effect of variabilities in ASR modeling parameters on ASR-induced

strain calculation.

• Identify the ASR modeling parameter that is most critical in the modeling process.

• Investigate the variabilities in material properties (i.e. initial elasticity modulus and

Poisson's ratio).

• Determine the effect of variabilities in material properties on strain calculations of

the ASR model.

• Identify the variabilities in shrinkage and creep strains.

• Determine the effect of variabilities in creep and shrinkage on strain calculations of

the ASR model.

• Analyze multiple models by considering different combinations of the parameters

that cause uncertainties.

• Determine the relative importance of the parameters to identify those that are most

critical in the modeling process.

1.4.3 Validation of the Proposed Approach Using Large-Scale Experimental Data

Predicting ASR in large concrete structural members is crucial as it has the potential to

impact structural integrity and long-term performance. There is a need for understanding

the evolution of ASR strains and the related degradation in concrete based on experimental

data followed by a need for developing a �nite element based modeling approach that

can accurately predict the post-ASR behavior of large structural members. In this part of

the research, a new approach is proposed to capture the response of ASR-affected large-

scale experimental data. First, the previously proposed ASR model is implemented into

�nite element analysis using the concrete damaged plasticity (CDP) model to capture the
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ASR-expansion and post-ASR behavior. Then, the uncertainties in modeling and material

properties on the behavior of ASR-affected structures are investigated to improve the model.

The steps required to conduct this task are:

• Collect large-scale accelerated ASR test data available in the literature.

• Model the material behavior of non-reactive concrete with ACI equation as well as

using experimental data.

• Simulate the experimental stress-strain response of non-reactive concrete specimens

using the concrete damaged plasticity model in �nite element analysis.

• Conduct an orthotopic thermal expansion analysis to replicate the ASR-induced

expansion of reactive panels.

• Model the degraded material behavior of reactive concrete.

• Conduct �nite element analyses to simulate the experimental response of concrete

specimens using the concrete damaged plasticity model.

• From the preliminary analysis results, identify the aspects related to modeling and

material characterization that are expected to in�uence the response.

• Conduct analyses to overcome the challenges in modeling (such as: preventing local-

ized edge failure) and replicate the actual test conditions.

• Identify the effect of tensile strength and tension stiffening on the stress-strain re-

sponse of the specimens and propose a method to de�ne tensile behavior accurately.

• Determine the effect of damage factors in concrete damaged plasticity model on the

stress-strain response of the specimens.

• Investigate the effect of dilation angle on the stress-strain response of the specimens.

10



• Propose a procedure to update the dilation angle at each loading step to predict the

stress-strain response at high strains where concrete begins to exhibit signi�cant

cracking and dilation.

• Finalize the framework by conducting analyses on panels using the improved model

that includes the effect of uncertainties in modeling and material properties.

• Validate the framework by comparing the results with the experimental data.

1.5 Organization

This thesis consists of a total of �ve parts. The �rst part introduces the problem studied

in this research, explains the research objectives and provides tasks that are needed to

achieve the objectives. The second part of this dissertation presents a novel approach to

simulate the alkali-silica reaction effects in concrete. The third part builds on part two and

conducts uncertainty quanti�cation in the proposed ASR modeling approach. The fourth

part implements the ASR modeling approach into a �nite element model to comprehend

the post-ASR behavior of large structural elements. Lastly, part �ve presents a summary

and conclusions of this research as well as recommendations for future work.
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PART 2

DEVELOPING A PROCESS TO SIMULATE

THE ALKALI-SILICA REACTION EFFECTS

IN CONCRETE
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2.1 Introduction

Around the world, longevity of monolithic concrete structures, such as dams and nuclear

power plants, faces challenges due to extensive deterioration over the years. Among many,

one of the reasons for concrete deterioration is the Alkali-Silica Reaction (ASR). In recent

years, ASR-induced degradation has been identi�ed in nuclear power plants across the U.S.

and Canada as well as in many concrete dams all over the world. A large number of nuclear

power plants are preparing for license renewal in order to extend their operational life.

Seabrook Nuclear Power Plant is the �rst plant in the U.S. that is known to suffer from ASR-

induced concrete degradation (Saouma and Hariri-Ardebili 2021). The long-term operation

of concrete structures requires an assessment of structural integrity that can be affected by

degradation in concrete.

ASR in concrete is a slow-evolving chemical reaction between the reactive silica in

aggregate and the alkali in concrete. This chemical reaction produces an expansive gel

inside the concrete that expands when it comes in contact with water (Swamy 1992). The

gel expansion initiates cracking in concrete which in turn leads to degradation in the

mechanical properties of concrete (i.e., compressive and tensile strengths, modulus of

elasticity) (Naus et al. 1996). Continued safe operation of concrete structures requires an

assessment of the degree of degradation and its impact on safety, if any. Thus, it is critical to

investigate the mechanical properties of ASR-affected concrete and estimate the expansion

and damage caused by ASR.

Past research explores the ASR-induced expansion mechanism with the assumption of

a volumetric expansion of the gel and shows that the total volumetric ASR-induced strain is

almost constant, irrespective of the con�nement. Larive (1998) tested concrete specimens

with uniaxial con�nement and Multon and Toutlemonde (2006) studied concrete specimens

under the triaxial state of stress to show that the volumetric ASR-induced strains are almost

constant. Saouma and Perotti (2006) developed a constitutive model to de�ne ASR-induced

expansion that considers the chemical, physical, and mechanical characteristics of the
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concrete by including the retardation, the kinetics of ASR, and the humidity effect in the

volumetric strain calculation. Moreover, there is strong evidence of a volumetric expansion

transfer and that the expansion is largest in the direction of least resistance whereas it is

reduced in the loading direction. This observation has been used by Saouma and Perotti

(2006) to introduce weights for the expansion redistribution. Expansion redistribution is

accomplished by assigning weights to each of the three principal directions. Weights are

determined based on a bilinear interpolation for the given state of stress and material

properties of the specimen. Saouma and Perotti (2006)'s model introduced the expansion

transfer in terms of weights and included the application of expansion redistribution for

the �rst time.

For many years, past studies reported degradation due to ASR in mechanical properties

of concrete such as: compressive strength, tensile strength, elasticity modulus (Swamy and

Al-Asali 1988; Fan and Hanson 1998; Larive 1998; Mohammadi et al. 2020). The degradation

due to ASR is quanti�ed by Capra and Sellier (2003)'s study where they proposed an or-

thotropic model and combined the damage model with a gel pressure model to simulate the

ASR-induced expansion and calculated the damage caused by ASR. Over the subsequent

years, numerous studies were carried out to develop a coupled chemo-mechanical model

to simulate ASR in concrete (Grimal et al. 2008a,b; Dunant and Scrivener 2010; Pignatelli

et al. 2013; Charpin and Ehrlacher 2014; Giorla et al. 2015). Most of these models quantify

the damage by investigating the gel pressure and the cracking patterns of reactive speci-

mens. Although these studies are very important to understand ASR-induced anisotropic

expansion and damage, implementing such a complex methodology into a traditional

structural assessment typically involving �nite element analysis is impractical.

The majority of the coupled chemo-mechanical ASR models in the literature are cali-

brated using experimental data (Saouma 2013). Some past studies (Pan et al. 2013; Morenon

et al. 2017) used the experimental data by Multon and Toutlemonde (2006) to verify their

models using different techniques. Pan et al. (2013) proposed a coupled chemo-damage
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model by including the damage due to ASR with the mechanical damage of the concrete in

their constitutive model. Their model combines the ASR kinetics and the plastic-damage

model with the weight redistribution introduced by Saouma and Perotti (2006). It appears

to reproduce the trend of the expansion strains obtained from the experimental data. Their

model works well and gives reasonable results when simulating total strains of the experi-

mental study. However, it gives unrealistic results when calculating the ASR-induced strains

in longitudinal or axial direction of the cylinders. Therefore, Pan et al. (2013)'s model can

not be used in simulating ASR-induced strains. Morenon et al. (2017) studied the same

experimental data and proposed a poromechanical model to simulate the evolution of

ASR expansion with time. It uses the principles of poromechanics and induces anisotropy

by the equilibrium between stress and gel pressure. Their model compares well with the

experimental data for all cases when calculating total axial strains. However, the effect of

radial con�nement is not captured well in Morenon et al. (2017)'s model as the results in

radial direction do not compare well with the strains from the experimental data.

The primary objective of this study is to develop and propose a novel approach to

simulate the time-dependent ASR-induced expansion and degradation in concrete using

�nite element (FE) analysis. The proposed approach is validated based on the experimental

data by Multon and Toutlemonde (2006). It is based on coupling the ASR-induced strains

with the mechanical strains using a time-dependent piecewise evolution process at each

instance of time. It updates the mechanical strains of a structure depending on the damage

due to ASR which is the main contribution of this approach. The progression of strains

during the life of ASR-affected structures is determined for concrete cylinder specimens

with different states of stress. The states of stress at each time step are determined by a

�nite element analysis of the degraded specimen. The results are compared with the results

from both of the existing methods (Pan et al. 2013; Morenon et al. 2017) as well as with

the experimental study (Multon and Toutlemonde 2006). It is shown that the proposed

approach is able to simulate the ASR-induced expansion and degradation in concrete with
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a higher degree of accuracy.

This chapter is structured in the following manner: Section 2.2 describes the experimen-

tal data by Multon and Toutlemonde (2006) and existing studies (Pan et al. 2013; Morenon

et al. 2017) based on this data. Sections 2.3 and 2.4 explain the proposed numerical ap-

proach and �nite element method, respectively. The total strain calculation based on the

proposed approach is presented in Section 2.5. Subsequently, Section 2.6 describes the

application of the proposed approach and illustrates its results. Finally, the summary and

conclusions of this chapter are presented in Section 2.7.

2.2 Description of Experimental Data

The experimental data used to develop the proposed approach is based on a series of

experiments on concrete cylinders described in Multon and Toutlemonde (2006). The

strain values from different types of experiments under multiple scenarios of loading and

con�nement are used to understand the coupling between the mechanical damage caused

by ASR and its effect on the total strain including the coupled effects on mechanical strain

and ASR-related strains. Experimental data used in this study with different scenarios of

loading and con�nement is described in detail in the next section.

2.2.1 Experimental Study

The objective of this research is to numerically simulate the total strains as well as the

ASR-induced strains for different states of stress and hence, Multon and Toutlemonde

(2006)'s experimental study has been used to understand the evolution of ASR strains and

total strains in concrete cylinders over time. The experimental data includes nine different

cases of experiments on concrete cylinders. These cases can be divided into the following

four categories:

• uncon�ned concrete cylinders with no external load (free expansion),
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• uncon�ned concrete cylinders with externally applied loads,

• con�ned concrete cylinders with no external load,

• con�ned concrete cylinders with externally applied loads.

Concrete cylinder specimens with 130 mm in diameter and 240 mm in height are subject

to a total of 9 combinations of three different axial compressive stresses (0, 10, 20 MPa) and

three different transverse con�ning levels, i.e., no liner, and liners with 3 mm and 5 mm

thickness. These nine cases from the experimental study are illustrated in Figure 2.1. The

results of each case at each time step are taken as the average strain measurements from

4 identical specimens. Material properties of the concrete cylinder and the steel liner are

given in Table 2.1.

Figure 2.1: Experimental specimen categorized into nine cases

The experimental study consists of two different types of aggregates; reactive and non-

reactive. The ASR-induced expansion in concrete specimens is determined with the use

of reactive aggregates in concrete. These specimens are called reactive specimens. Some

of the reactive specimens in the experiments are paired with the specimens with non-

reactive aggregates which are called non-reactive specimens. The reactive specimens were
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Table 2.1: Material properties of experimental data

Young's Modulus (MPa) Poisson's Ratio

Steel Liner 193000 0.3

Concrete 37300 0.22

paired with the non-reactive specimens for the �rst 3 cases; Cases 1, 2 and 3, i.e., for

uncon�ned cases. The rest of the Cases (Cases from 4 to 9) were only tested with the

reactive specimens. Non-reactive specimens don't experience ASR-induced expansion

whereas reactive specimens exhibit incremental volumetric ASR-induced expansion. And

hence, the results from reactive and non-reactive specimens can be used to isolate the

volumetric ASR-induced expansion and the corresponding strains in concrete cylinders.

Multon and Toutlemonde (2006)'s study has been conducted to obtain the strain history

of concrete cylinders over time by measuring the applied stresses and resulting strains.

The experimental study is an accelerated ASR simulation and the ASR-induced strains are

measured every two weeks, until they are almost constant at about 450 days. In this study,

the time-dependent evolution of total strains as evaluated from the proposed approach are

compared with the experimental results for an assessment of the proposed approach.

2.2.2 Existing Studies On Numerical Simulation of ASR Strains

Pan et al. (2013) proposed a coupled chemo-damage constitutive model and used Multon

and Toutlemonde (2006)'s experimental data to verify their model. Pan et al. (2013)'s model

couples the mechanical damage with the ASR-induced damage and presents the strain

history of different cases including the long-term creep effects. However, this coupling

results in a signi�cant overestimation of ASR-induced strains when calculating it for some

of the cases. One example is shown in Figure 2.2 where ASR-induced strains obtained from

Pan et al. (2013)'s study are compared to ASR-induced strains from the experimental study.

In Figure 2.2, ASR-induced strains from Pan et al. (2013)'s study are calculated for one of the
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cases without adding the creep effects. Their model overestimates the pure ASR-induced

strains for some cases even before adding the creep effects. The creep model they used does

not match well with the real creep strains of experiments and therefore, the total strains in

Pan et al. (2013)'s model are overestimated.

Figure 2.2: Comparison of ASR-induced strains

Morenon et al. (2017) also studied the same cases and described the impact of applied

stresses on ASR expansion and ASR-induced anisotropic cracking. They obtained the cracks

using the principles of poromechanics and induced the anisotropy in their model by the

equilibrium between stress and gel pressure. Their study presents total strains and compares

the results with Multon and Toutlemonde (2006)'s experimental results. Figure 2.2 shows

the ASR-induced strains of one of the cases obtained from Morenon et al. (2017)'s study.

In Figure 2.2, results are compared to ASR-induced strains from the experimental study

as well as Pan et al. (2013)'s model. Since Morenon et al. (2017)'s study focuses on the
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poromechanical modeling of ASR gel, it can only be applied at a microscale and can not

be directly implemented at a structural scale and particularly in a �nite element analysis

based approach which makes it impractical for implementation in engineering practice.

The results from Pan et al. (2013), Morenon et al. (2017) and experimental study (Multon

and Toutlemonde 2006) are compared with the new approach proposed in this study for all

the cases given in Figure 2.1. Such a comparison is valuable because the models in existing

studies are based on different techniques but try to achieve the same goal of representing

the experimental behavior of Multon and Toutlemonde (2006)'s experimental study.

2.3 Proposed Numerical Approach

The key elements that are required to quantify the ASR-induced strains are outlined in

Saouma (2013). These key elements include; the long-term creep effects, expansion transfer,

and constant free volumetric ASR-induced strain assumptions. The proposed approach

also considers these elements. Mechanical strains of triaxially loaded structures can be

calculated using a �nite element method or even by hand calculation for some simple

cases. However, these strains are also affected by the ASR-induced expansion that causes

degradation and hence, changes the stiffness of the structure thereby in�uencing the

mechanical and the total strains.

The proposed model considers the free volumetric expansion of concrete due to ASR

and uses the expansion transfer assumption. It divides the life of a structure into smaller

time steps and then couples the ASR-induced strains with the mechanical strains using a

piecewise evolution process at each time instance. The proposed approach assumes that

the ASR-induced strains result in degradation in concrete and this degradation changes the

mechanical strains. Thus, mechanical strains are updated at each instance of time, depend-

ing on the degradation caused by ASR. However, shrinkage strains are taken directly from

experimental measurements on specimens with no ASR effects (non-reactive specimens)

and are not in�uenced by degradation due to ASR.
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In the proposed approach, total strains in axial and radial directions ( " t o t a l
a x i a l and " t o t a l

r ad ia l )

are de�ned as a sum of the ASR-induced strains ( " ASR
a x ia l and " ASR

r ad ia l ), updated mechanical

strains ( "̂ me c h
a x ia l and "̂ me c h

r ad ia l ), shrinkage strains ( " sh
a x ia l and " sh

r ad ia l ) and creep strains ( " c r
a x ia l

and " c r
r ad ia l ). The calculation of each of these strain components is discussed in detail in

the following sections.

2.3.1 ASR-induced Volumetric Strains

The proposed approach de�nes incremental free volumetric ASR-induced strain, (" ASR
vo l )t ,

with Equation 2.1 according to which the volumetric expansion is characterized as a func-

tion of; (i) f (h ), humidity effect, (ii) � (t ,T ), ASR extent, and (iii) (" 1
ASR)C a s e� n , the maximum

free volumetric expansion of Case n at given temperature. Humidity effect, f (h ), is a reduc-

tion function to account for humidity and can be taken as 1 considering there is enough

moisture. ASR extent, � (t ,T ), is a sigmoid curve expressing the volumetric expansion in

time as a function of temperature. As given in Equation 2.2, the ASR extent, � (t ,T ), is

de�ned as a function of TL and TC which are the latency time and characteristic time of

expansion, respectively (Larive 1998). A sigmoid curve of � (t ,T ) is given in Figure 2.3 where

TL and TC are shown with an intersection of tangent with the curve.

Larive (1998) and Multon and Toutlemonde (2006) stated that the volumetric ASR-

induced strain should be constant for all cases and the con�nement and loading should not

have any impact on the total volumetric expansion. However, some different volumetric

strain measurements are observed in the experimental results. Considering these differ-

ences in the experimental study, the ASR model normalizes volumetric ASR-induced strains

of each case by taking the maximum free volumetric expansion of each case separately. The

effect of uncertainty due to variability in the total volumetric strain is studied and presented

in subsequent chapters of this thesis.

(" ASR
vo l )C a s e� n

t = f (h )� (t ,T )(" 1
ASR)C a s e� n (2.1)
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Figure 2.3: Sigmoid curve of ASR extent ( � )

� (t ,T ) =
1 � e � t

TC (T )

1+ e �
t � TL (T )
TC (T )

(2.2)

2.3.2 Expansion Transfer and ASR-induced Strains

Past research has shown a reduced expansion due to ASR effects along the loading directions

and increased expansion in the unconstrained directions (Multon and Toutlemonde 2006).

This observation has been used by Saouma and Perotti (2006) to introduce weights for the

expansion redistribution. Expansion redistribution is accomplished by assigning weights

to each of the three principal directions. In other words, the summation of weights in

three principal directions should be equal to 1. For a cylinder, Equation 2.3 can be used

to describe the weight distribution where Wa x ia l and Wr ad ia l represent weights in axial

and radial directions, respectively. Weights are determined for the given state of stress and

material properties of the specimen. Based on such stress-dependent distribution of ASR
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strains, the expansion model results in an anisotropic expansion.

Wa x ia l + 2Wr ad ia l = 1 (2.3)

Past research has shown that no ASR expansion occurs at stresses above 10 MPa (Struble

and Diamond 1981; Larive 1998). The proposed approach in this study follows the assump-

tion of volumetric expansion redistribution among principal directions depending on the

state of stress. The ASR-induced axial and radial strains of each case, (" ASR
a x ia l )C a s e� n

t and

(" ASR
r ad ia l )C a s e� n

t , are calculated using Equations 2.4 and 2.5, respectively.

(" ASR
a x ia l )C a s e� n

t = Wa x ia l (" ASR
vo l )C a s e� n

t (2.4)

(" ASR
r ad ia l )C a s e� n

t = Wr ad ia l (" ASR
vo l )C a s e� n

t (2.5)

The coupled ASR model calculates the maximum ASR-induced strains in axial and radial

directions. The model uses the average measurements at the last time step ( t = e nd ) of ex-

perimental non-reactive total radial strains, (" non � r e a c
r ad ia l )C a s e� n

t =e nd , experimental non-reactive to-

tal axial strains, (" non � r e a c
a x ia l )C a s e� n

t =e nd , experimental reactive total radial strains, (" r e a c
r ad ia l )C a s e� n

t =e nd ,

and experimental reactive total axial strains, (" r e a c
a x ia l )C a s e� n

t =e nd , where n represents the n t h Case.

The maximum ASR-induced strain in axial direction, (" 1
a x ia l )C a s e� n , and the maximum

ASR-induced strain in radial direction, (" 1
r ad ia l )C a s e� n , are calculated using Equations 2.6

and 2.7, respectively. Based on the weight distribution of a cylinder in Equation 2.3, one of

the ASR parameters, the maximum free volumetric expansion of the n t h case,(" ASR
1 )C a s e� n ,

is calculated by combining the axial and radial strains as given in Equation 2.8. For the

cases where non-reactive measurements are not available (Cases 4, 5, 6, 7, 8 and 9), non-

reactive measurements of the Cases with the same axial load were taken. For example, the

non-reactive axial strains of Case 5 were taken from the non-reactive axial strains of Case

2 as both cases have the same axial load on them. (" 1
ASR)C a s e� n values for each case are
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Table 2.2: Maximum free volumetric expansion of each case

Case # (n) 1 2 3 4 5 6 7 8 9
(" 1

ASR)C a s e� n 0.29 0.18 0.27 0.20 0.15 0.20 0.26 0.13 0.19

calculated and given in Table 2.2.

(" 1
a x ia l )C a s e� n = (" r e a c

a x ia l )C a s e� n
t =e nd � (" non � r e a c

a x ia l )C a s e� n
t =e nd (2.6)

(" 1
r ad ia l )C a s e� n = (" r e a c

r ad ia l )C a s e� n
t =e nd � (" non � r e a c

r ad ia l )C a s e� n
t =e nd (2.7)

(" 1
ASR)C a s e� n = (" 1

a x ia l )C a s e� n + 2(" 1
r ad ia l )C a s e� n (2.8)

An inverse analysis is needed to calculate the ASR parameters such as the characteristic

time ( TC ) and latency time ( TL ) of expansion. These values were calculated from the free

expansion case (Case 1) and used for the rest of the calculations of the proposed coupled

model. To determine TL and TC , ASR-induced strains of Case 1 in axial and radial directions

are calculated. Firstly, ASR-induced axial strains at each t t h time step ( (" ASR
a x ia l )C a s e� 1

t ) are cal-

culated using Equation 2.9 where (" r e a c
a x ia l )C a s e� 1

t and (" non � r e a c
a x ia l )C a s e� 1

t represent the average

axial strains of reactive and non-reactive specimens, respectively. Similarly, ASR-induced

radial strains at each t t h time step (" ASR
r ad ia l )C a s e� 1

t are calculated using Equation 2.10. After

determining (" ASR
a x ia l )C a s e� 1

t and (" ASR
r ad ia l )C a s e� 1

t from the experimental data at each time step,

the proposed model aimed to match its results with these values. And hence, the volumet-

ric ASR-induced strain of Case 1 was calculated using Equations 2.1 and 2.2 for TL = 120,

TC = 60 and (" 1
ASR)C a s e� 1 = 0.29. ASR-induced volumetric strain of the free expansion case

is distributed along the principal directions with the given weights in Table 2.3. Weights

in Table 2.3 are obtained based on the experimental observations of the free expansion

case. (" ASR
a x ia l )C a s e� 1

t and (" ASR
r ad ia l )C a s e� 1

t values of the proposed approach are then deter-
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Table 2.3: Free expansion weights in axial and radial directions

Case # 1
Wa x ia l 0.4
Wr ad ia l 0.3

mined using Equations 2.4 and 2.5 for the Wa x ia l and Wr ad ia l in Table 2.3. (" ASR
a x ia l )C a s e� 1

t and

(" ASR
r ad ia l )C a s e� 1

t determined from the experimental data were compared with the proposed

approach's results. This comparison is shown in Figures 2.4a and 2.4b for axial and radial

directions, respectively. As seen in Figures 2.4a and 2.4b, the proposed approach results

match well with the experimental data when using TL = 120 and TC = 60.

(" ASR
a x ia l )C a s e� 1

t = (" r e a c
a x ia l )C a s e� 1

t � (" non � r e a c
a x ia l )C a s e� 1

t (2.9)

(" ASR
r ad ia l )C a s e� 1

t = (" r e a c
r ad ia l )C a s e� 1

t � (" non � r e a c
r ad ia l )C a s e� 1

t (2.10)

Figure 2.4: ASR-induced strains of Case 1

2.3.3 Constitutive Model and Damage

The damage model for concrete described in Mazars (1986) is used in this study. Mazars

(1986)'s study investigated the damage by microcracking and proposed an isotropic elastic

damage model. This damage model assumes that the stiffness degradation is isotropic and
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the Poisson's ratio is not affected by the damage. It describes the elastic stiffness degradation

using an isotropic scalar damage variable d . d is a scalar value that can take values from 0

to 1, 0 meaning that material is undamaged and 1 representing the full damage. According

to this damage model, the stress-strain relation can be de�ned using Equation 2.11. In

Equation 2.11, � 0, d and " represent the stress, damage and elastic strains at any instance

of time, respectively and E0 is the initial stiffness of the material.

� 0 = (1 � d )E0" (2.11)

This study takes into account concrete specimens under service loads that fall below

the design loads. Thus, it is assumed that the structure will maintain its elastic behavior.

The material behavior of concrete in elastic range is given in Figure 2.5 for the standard

form of a damage model. According to Figure 2.5, the red line represents the initial state of

the material, whereas the blue line represents the current time step including the damage

at that instance of time. The proposed approach adopts the elastic behavior of concrete

given in Figure 2.5 and takes into account the degradation in stiffness by using the damage

variable d .

Figure 2.5: Stress-Strain behavior in elastic range
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2.3.4 ASR-induced Degradation

The ASR-induced expansion causes changes in the mechanical characteristics of the con-

crete. It is assumed that the expansion creates degradation which changes the stiffness of

the structure as the strain develops over time and the damage in the constitutive model is

only caused by ASR. The relationship between ASR-induced expansion and tension damage

is investigated by Capra and Sellier (2003) and the damage factor in tension is calculated

by determining the probabilities of cracking. According to this study, ASR strains can be

de�ned as a function of the damage factor as given in Equation 2.12 where damage factor,

(d ASR
j )t , is calculated for the j t h principal direction. The change in Young's modulus is

de�ned as a function of (d ASR
j )t in Equation 2.13 where E0 and E represent the initial and

current Young's moduli, respectively.

(d ASR
j )t =

(" ASR
j )C a s e� n

t

0.003+ (" ASR
j )C a s e� n

t

(2.12)

E

E0
= 1 � (d ASR

j )t (2.13)

The proposed approach has the following assumptions: i ) constant loading is applied

to a structure in elastic range, i i ) the initial elastic strain in axial direction is equal to the

mechanical axial strain caused by loading (" me c h
a x ia l )0, similarly, the initial elastic strain in

radial direction is equal to the mechanical radial strain caused by loading (" me c h
r ad ia l )0, i i i ) the

change in mechanical strain will depend on the change in ASR-induced damage in concrete.

In other words, damage in the axial direction ( da x ia l ) and radial direction ( d r ad ia l ) in the

constitutive model are only caused by ASR-induced damage in that direction ( da x ia l =d ASR
a x ia l

and d r ad ia l =d ASR
r ad ia l ).
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2.3.5 Updated Mechanical Strains under ASR Effect

The proposed coupled ASR model calculates the updated mechanical strains in both axial

and radial directions, ("̂ me c h
a x ia l )C a s e� n

t and ("̂ me c h
r ad ia l )C a s e� n

t , using Equations 2.14 and 2.15, re-

spectively. In these equations, ("̂ me c h
a x ia l )C a s e� n

0 represent the initial axial mechanical strain

(before damage) and ("̂ me c h
r ad ia l )C a s e� n

0 represent the initial radial mechanical strain (before

damage) and (d ASR
a x ia l )t and (d ASR

r ad ia l )t are the damage factors of that case at each time in-

stance in axial and radial directions, respectively. Initial axial and radial mechanical strains

of cases without a liner can be found using Equations 2.16 and 2.17, respectively. In these

equations, � 0 represents the initial applied axial stress of the given case. For the cases

with a steel liner, the initial axial and radial mechanical strains are calculated using the

�nite element models of these cases. The �nite element model uses � 0, E0 and � values to

calculate the initial mechanical strains. In the experimental study, E0 and � values were

taken as 37300 MPa and 0.22, respectively.

("̂ me c h
a x ia l )C a s e� n

t =
(" me c h

a x ia l )0

1 � (d ASR
a x ia l )t

(2.14)

("̂ me c h
r ad ia l )C a s e� n

t =
(" me c h

r ad ia l )0

1 � (d ASR
r ad ia l )t

(2.15)

(" me c h
a x ia l )0 =

� 0

E0
(2.16)

(" me c h
r ad ia l )0 =

� 0

E0
(� � ) (2.17)

2.3.6 Shrinkage Strains

Shrinkage is one of the physical properties of concrete. Shrinkage of concrete is a process

that changes the volume of concrete. The change in volume creates additional strains that

28



must be factored into total strain calculations.

This study uses the shrinkage strains obtained from the experimental study. In the

experimental study, shrinkage strains of non-reactive specimens are almost constant af-

ter the �rst 60 days and are due to autogenous shrinkage. For the cases with liners, the

presence of liner prevents drying. Therefore, considering autogenous shrinkage instead

of drying shrinkage is important to prevent an overestimation of the shrinkage strains. In

the experimental study, all specimens were sealed and drying through the sealing was very

small. And hence, it is assumed that both cylinders with and without liners have the same

shrinkage conditions, with both undergoing autogenous shrinkage.

In the proposed approach, total strains measured from the non-reactive specimen of

Case 1 are used as shrinkage strains for all cases. The proposed study de�nes the shrinkage

strains in axial and radial directions, (" sh
a x ia l )t and (" sh

r ad ia l )t , by using the experimental

measurements of non-reactive total strains of Case 1 for that direction. Thus, the proposed

approach assumes that the shrinkage strains are the same for all cases at the same time

instance and do not depend on the case number.

2.3.7 Creep Strains

Creep of concrete is a process that evolves over time and creates increased strains under

constant loads. It is important to quantify the creep strains when calculating the total strains

of loaded specimens. This study calculates the creep strains of the concrete specimens

using the experimental data. The total strain components of a non-reactive cylinder consist

of shrinkage strains, creep strains and initial mechanical strains. Therefore, the coupled

ASR approach de�nes the creep strains in each direction by subtracting the shrinkage and

initial mechanical strains from the total non-reactive strains in the given direction. Creep

strains of n t h Case in the axial direction at each time step, ( " c r
a x ia l )C a s e� n

t , is de�ned using

Equation 2.18 where (" non � r e a c
a x ia l )C a s e� n

t represents the non-reactive axial strains of the same

case,(" sh
a x ia l )t is the shrinkage strains in the axial direction. Similarly, Equation 2.19 is used to
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calculate creep strains of n t h Case in the radial direction at each time step, ( " c r
r ad ia l )C a s e� n

t . It

is assumed that the change in creep strain due to damage is very small compared to the total

strain. Therefore, the proposed approach neglects the effect of ASR-induced degradation

on the creep strains.

(" c r
a x ia l )C a s e� n

t = (" non � r e a c
a x ia l )C a s e� n

t � (" sh
a x ia l )t � (" me c h

a x ia l )0 (2.18)

(" c r
r ad ia l )C a s e� n

t = (" non � r e a c
r ad ia l )C a s e� n

t � (" sh
r ad ia l )t � (" me c h

r ad ia l )0 (2.19)

2.4 Proposed Finite Element (FE) Approach

When concrete is con�ned, the distribution of the ASR-induced strain changes due to

the con�nement. And hence, the weighted redistribution of the ASR-induced strain in

Equations 2.4 and 2.5 becomes more complex. To overcome this complexity, the proposed

approach uses Finite Element (FE) analysis and calculates strains of both free expansion

and con�ned cases.

2.4.1 Finite Element Model of Free Expansion

A �nite element model of a free expansion case is not needed and the strains under free

expansion can be calculated using hand calculation. However, the con�ned concrete cylin-

der analysis requires consideration of free expansion through a �nite element model. As

observed from the experimental study, volumetric ASR-induced strain of the free expansion

case (Case 1) is distributed along the three principal directions with the given weights

in Table 2.3. Firstly, the free expansion behavior of concrete needs to be modeled using

the given distribution. Finite element model of the free expansion case is used to apply

negative radial pressure as well as tensile axial displacement to obtain Wa x ia l (" ASR
vo l )C a s e� 1

t

value for the strain along axial direction and Wr ad ia l (" ASR
vo l )C a s e� 1

t value for the strain along
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radial direction. The �nite element element model of the free expansion case is shown in

Figure 2.6. This model later helps us to create an updated �nite element model by adding

con�nement.

Figure 2.6: Finite element model of free expansion

2.4.2 Finite Element Model of Con�ned Cases

Con�ned concrete specimens have different expansion behavior than uncon�ned con-

crete specimens. Con�nement prevents the ASR-induced expansion along the con�ned

surface and transfers it to the other directions which are free to expand. However, the

ASR-induced strains on the con�ned surface and the expansion redistribution depend on

the con�nement material and its stiffness. The �nite element model of the free expansion

case is updated by adding a steel liner around the concrete cylinder to evaluate the effect

of con�nement on the expansion redistribution. Negative radial pressure and tensile axial

displacement values calculated for the free expansion �nite element model are applied to

the con�ned �nite element model. The model helps in evaluating the effect of con�nement

by calculating the reduced ASR-induced strains in the radial direction. Free expansion and

con�ned �nite element models are used together to predict the ASR-induced expansion
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distribution. Using �nite element models and considering the expansion distribution of

the free expansion case, weights for each case in each principal direction can be calculated.

The weight calculation of the con�ned cases will be explained in detail in Section 2.6.

2.5 Total Strain Calculation of the Proposed Approach

The proposed coupled ASR model calculates total strains of n t h Case in both axial and

radial directions as a sum of; ASR-induced strains, (" ASR
a x ia l )C a s e� n

t and (" ASR
r ad ia l )C a s e� n

t , up-

dated mechanical strains, ("̂ me c h
a x ia l )C a s e� n

t and ("̂ me c h
r ad ia l )C a s e� n

t , shrinkage strains, (" sh
a x ia l )t and

(" sh
r ad ia l )t , and creep strains, (" c r

a x ia l )C a s e� n
t and (" c r

r ad ia l )C a s e� n
t for both axial and radial direc-

tions using numerical and �nite element model approaches. Total axial strain at each time

step ((" t o t a l
a x i a l )C a s e� n

t ) and total radial strain at each time step ( (" t o t a l
r ad ia l )C a s e� n

t ) are calculated

using Equations 2.20 and 2.21, respectively. All the terms in these equations are calculated

for each case, separately.

(" t o t a l
a x i a l )C a s e� n

t = (" ASR
a x ia l )C a s e� n

t + ("̂ me c h
a x ia l )C a s e� n

t + (" sh
a x ia l )t + (" c r

a x ia l )C a s e� n
t (2.20)

(" t o t a l
r ad ia l )C a s e� n

t = (" ASR
r ad ia l )C a s e� n

t + ("̂ me c h
r ad ia l )C a s e� n

t + (" sh
r ad ia l )t + (" c r

r ad ia l )C a s e� n
t (2.21)

2.6 Application and Results

In this section, the procedure to apply the proposed approach to all of the cases in Figure 2.1

has been introduced. The application and results are explained in detail for; uncon�ned

cases with axial load (Cases 2 and 3), con�ned cases without axial load (Cases 4 and 7) and

con�ned cases with axial load (Cases 5, 6, 8 and 9), individually. The pure ASR effect in Case

3 is also investigated for different methods and results are compared.
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Table 2.4: Weights in axial and radial directions

Case # 2 3 4 5 6 7 8 9
Wa x ia l 0 0 0.605 0.342 0.342 0.684 0.473 0.473
Wr ad ia l 0.5 0.5 0.198 0.329 0.329 0.158 0.263 0.263

2.6.1 Uncon�ned Cases with Axial Load: Cases 2 and 3

Total axial and radial strains of the uncon�ned cases (Cases 2 and 3) have been calculated

by determining each of the strain components in Equations 2.20 and 2.21.

The axial applied loads in Cases 2 and 3 are equal to or greater than 10 MPa. Based on

Larive (1998), it was assumed that no ASR expansion occurs at pressures above 10 MPa.

Therefore, there is no ASR-induced expansion expected in the axial direction for these

cases (Wa x ia l = 0). And hence, the volumetric ASR-induced strains are distributed along

the other directions that are free to expand. The volumetric strain is equally distributed

along the two radial directions with a weight of 0.5 (Wr ad ia l = 0). The weights of Cases

2 and 3 are presented in Table 2.4. The maximum free volumetric expansion of Cases

2 and 3, (" ASR
1 )C a s e� 2 and (" ASR

1 )C a s e� 3, are given in Table 2.2. As previously mentioned,

TL = 120 and TC = 60 are calculated from the free expansion case. Knowing the weights,

the maximum free volumetric expansion of these cases and the ASR parameters, we can

follow the procedure that is discussed earlier using Equations 2.1, 2.2, 2.4 and 2.5 to �nd

the incremental ASR-induced strains in each direction at every time step.

After �nding the ASR-induced strains in j t h direction at every time instance, it is possible

to �nd the damage due to ASR in that direction, (d ASR
j )t , using Equation 2.12. The applied

axial stress, initial elasticity modulus and Poisson's ratio values are used in Equations 2.16

and 2.17 to calculate the initial axial and radial mechanical strains of cases without a liner.

After calculating the damage and the initial mechanical stresses, the updated mechanical

strains in both axial and radial directions, ("̂ me c h
a x ia l )C a s e� n

t and ("̂ me c h
r ad ia l )C a s e� n

t , can be found

using Equations 2.14 and 2.15, respectively.

Shrinkage strains in axial and radial directions at each time step, (" sh
a x ia l )t and (" sh

r ad ia l )t ,
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are taken from the non-reactive total axial and radial strains of Case 1.

Creep strains in axial direction, (" c r
a x ia l )C a s e� n

t , and radial direction, (" c r
r ad ia l )C a s e� n

t , at

each time step are de�ned using Equations 2.18 and 2.19.

After calculating the ASR-induced, updated mechanical, shrinkage and creep strains

in both axial and radial directions, Equations 2.20 and 2.21 are used to calculate the total

axial and radial strains, respectively. The total strain results of the proposed approach for

Cases 2 and 3 are given in Figures 2.7a and 2.7b for total axial strains and total radial strains,

respectively. The results from the proposed approach are compared with the experimental

results and the results from Morenon et al. (2017)'s study. As seen in Figure 2.7, the total

axial strains of the proposed method compare well with the experimental results as well as

Morenon et al. (2017)'s results. However, in the radial direction, results from the proposed

approach are closer to the experimental results compared to Morenon et al. (2017)'s results.

The total radial strain results for both cases 2 and 3 are overestimated in Morenon et al.

(2017)'s model whereas the proposed approach captures the time-dependent nature of

experimental results in a reasonable manner.

Figure 2.7: Strains for Cases 2 and 3: (a)Total axial strain (b)Total radial strain
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2.6.2 Pure ASR-effect in Case 3

The pure ASR-induced effects are investigated for Case 3 before proceeding with the rest of

the cases. To do that, the results of the proposed approach are compared with the models

from past research by ignoring the mechanical, creep and shrinkage effects to consider

`only ASR-induced strains'. Case 3 was selected for this comparison as it has the maximum

axial load on it.

Pan et al. (2013) obtained the `only ASR-induced strains' for Case 3 without adding the

creep effect whereas Morenon et al. (2017) presented the total strains including the creep

and shrinkage strains. The `only ASR-induced strains' for Morenon et al. (2017)'s model can

be calculated by subtracting the strains of their creep and shrinkage model from the total

strains of their model. The experimental study (Multon and Toutlemonde 2006) presents

measurements for `only creep and shrinkage' (non-reactive) specimens (where there is no

ASR expansion) as well as for the ASR-included (reactive) specimens. The experimental

`only ASR-induced strains' for Case 3 from Multon and Toutlemonde (2006)'s study can

be obtained by subtracting the measured strains of the non-reactive specimen from the

strains of the reactive specimen. Purely ASR-induced strains of Case 3 are also calculated

for the proposed approach. The strains for the presented approach in this study, the strains

from Pan et al. (2013)'s model, the strains from Morenon et al. (2017)'s model, and the

experimental results from Multon and Toutlemonde (2006)'s study are compared in Figures

2.8a and 2.8b for the axial and radial directions, respectively.
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Figure 2.8: Only ASR-induced strains of Case 3: (a)Axial strain (b) Radial strain

As seen in Figure 2.8a, axial strains obtained from Morenon et al. (2017)'s study match

well with the experimental results whereas axial strains of the proposed approach are

underestimated. This difference in axial strain results can be explained by the assumption

used in the proposed approach that states no ASR expansion occurs at stresses above 10

MPa (Struble and Diamond 1981; Larive 1998). According to this assumption, uncon�ned

cases with 10 and 20 MPa loads (Cases 2 and 3) are not expected to have ASR-induced

strains in the axial direction. Therefore, the ASR-induced strains of uncon�ned cases with

10 and 20 MPa axial loads are taken as zero, as the axial weights of these cases are zero.

Nonetheless, con�ned loaded specimens differ in this regard, as the liner creates stress and

the weight distribution changes with the changes in stress distribution. Although very small

strains are observed experimentally in the axial direction, Morenon et al. (2017)'s study is

able to capture these strains well. This can be explained by the method for obtaining purely

ASR-induced strains from Morenon et al. (2017)'s study. The purely ASR-induced strains are

not given in Morenon et al. (2017)'s study. These strains are calculated by subtracting the

strains of non-reactive specimens (creep and shrinkage model) from the strains of reactive

specimens (total strains). Since this calculation is based on two sets of measurements,

uncertainties may arise that could result in obtaining such small strain values in this

direction.
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Figure 2.8a also shows that Pan et al. (2013)'s model highly overestimates the ASR-

induced strains in the axial direction.

Figure 2.8b shows that Morenon et al. (2017)'s model shows good agreement for the

radial direction although the strains are higher compared to the proposed approach. The

proposed approach predicts the �nal ASR-induced strains better. Pan et al. (2013)'s model

also gives good agreement however, radial strains of the proposed approach �t better with

the experimental data. Pan et al. (2013)'s model is not included in the further comparison

as their model highly overestimates the ASR-induced strains in the axial direction.

2.6.3 Con�ned Cases without Axial Load: Cases 4 and 7

The con�ned cases without axial load (Cases 4 and 7) have a steel liner which decreases the

ASR-induced expansion in the radial direction. These cases only have a steel liner and do

not have an applied axial load on them. Thus, mechanical strains and creep strains due to

mechanical loads in both directions are zero for these cases and the total axial and radial

strains only depend on the ASR-induced strains and the shrinkage strains.

The weights in the axial and radial directions ( Wa x ia l and Wr ad ia l ) of Cases 4 and 7 are

calculated using the �nite element models. The �nite element models use the approximate

value of E0=37300 MPa and � =0.22 as given in the experimental study. Firstly, the free

expansion behavior is modeled by applying many different negative radial pressure and

tensile axial displacement values in �nite element model. The negative radial pressure

and tensile axial displacement values that give the corresponding weights in Table 2.3 are

recorded.

Secondly, the same concrete cylinder is modeled by adding a steel liner around it.

The recorded negative radial pressure and tensile axial displacement values from the free

expansion model are applied to the con�ned model. This procedure was conducted for

both Cases 4 and 7 cylinders. Using �nite element analyses, reduced radial ASR-induced

strains are obtained from the outer surface of the con�ned specimens. The new radial
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weights (Wr ad ia l ) are calculated using the reduced ASR-induced radial strains. As given in

Equation 2.3, the summation of weights in three principal directions should be equal to

1. Using Equation 2.3, axial weights ( Wa x ia l ) can be calculated. The calculated weights of

Cases 4 and 7 are presented in Table 2.4.

The change in weights in the free expansion model due to adding con�nement is shown

in Figure 2.9. As seen in Figure 2.9, the radial weight of free expansion is measured as 0.4.

However, adding a 3mm steel liner around the concrete cylinder decreases the radial weight

to 0.198 whereas adding a 5mm steel liner decreases it further to 0.158 as expected.

Figure 2.9: Weight change in axial and radial directions due to con�nement

ASR-induced strains are combined with the shrinkage strains in both directions to �nd

the total strains. The total strain comparison for experimental results, Morenon et al. (2017)

and the proposed approach for Cases 4 and 7 are given in Figures 2.10a and 2.10b for total

axial strains and total radial strains, respectively. As seen in Figures 2.10a and 2.10b, axial
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strains �t well with the experimental data for both models whereas the proposed approach's

axial strains �t better with the experimental results.

Figure 2.10: Strains for Cases 4 and 7: (a)Total axial strain (b)Total radial strain

2.6.4 Con�ned Cases with Axial Load: Cases 5, 6, 8 and 9

The con�ned cases with axial loads (Cases 5, 6, 8 and 9) are the most complex cases of

the experimental study. In the proposed approach, each of these cases is considered as

a combination of an `uncon�ned case with axial load' and a `con�ned case without axial

load'. As an example, this assumption is shown in Figure 2.11 for Case 5 where Case 5 is

assumed to be a combined version of Cases 2 and 4. The same assumption is applied to the

rest of the `con�ned cases with axial load' and the details are given in Table 2.5 for all cases.
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Figure 2.11: Case 5 as a combination of Cases 2 and 4

Table 2.5: Combinations for con�ned cases with axial load

Case 5= Case 2+ Case 4
Case 6= Case 3+ Case 4
Case 8= Case 2+ Case 7
Case 9= Case 3+ Case 7

The proposed approach for the con�ned cases with axial load is explained using Case 5

as an example. Case 5 is assumed to be a combination of Cases 2 and 4. Cases 2 and 4 are

investigated separately in order to obtain the total strains of Case 5.

Firstly, Case 2 is investigated. As previously mentioned, the weight in the axial direction

for Case 2 is zero and the rest of the volumetric strain is distributed along the radial direction.

And hence, a radial weight ( Wr ad ia l ) of 0.5 would be expected for a case with 10 MPa load

on it.

Secondly, Case 4 is investigated. As seen in Figure 2.9, the radial weight of free expansion

is decreased from 0.3 to 0.198 by adding a 3mm steel liner around the concrete. Thus,

Wr ad ia l value decreases by 0.198
0.3 for a con�ned cylinder with a 3mm steel liner.

Lastly, considering both Cases 2 and 4 together, the expected radial weight of Case 2
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(Wr ad ia l =0.5) will be decreased by 0.198
0.4 after adding a 3mm steel liner. Considering that Case

5 is represented as the combination of Cases 2 and 5, the radial weight ( Wr ad ia l ) of Case 5

can be calculated as Wr ad ia l = 0.5(0.198
0.3 ) = 0.33. Then, using Equation 2.3, the axial weight of

Case 5 is calculated as 0.34. The rest of the procedure is followed the same way as previously

explained. The same approach is applied to Cases 6, 8 and 9 for the case combinations

given in Table 2.5. The weights of each case in each principal direction are presented in

Table 2.4. The total axial and radial strains are calculated after determining each of the

strain components in Equations 2.20 and 2.21. The total axial and radial strain comparison

for experimental results, Morenon et al. (2017)'s model and the proposed approach for

Cases 5, 6, 8 and 9 are given in Figures 2.12, 2.13, 2.14 and 2.15, respectively. As seen in these

Figures, both axial and radial strains �t well with the experimental data for both methods

whereas the proposed approach's radial strains are closer to the experimental results for

most of the cases.

Figure 2.12: Strains for Case 5: (a)Total axial strain (b)Total radial strain
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Figure 2.13: Strains for Case 6: (a)Total axial strain (b)Total radial strain

Figure 2.14: Strains for Case 8: (a)Total axial strain (b)Total radial strain

Figure 2.15: Strains for Case 9: (a)Total axial strain (b)Total radial strain

42



2.7 Summary and Conclusions

In this chapter, a novel approach is proposed to simulate the time-dependent ASR-induced

expansion and degradation in concrete using �nite element analysis. The proposed ap-

proach is based on coupling the ASR-induced strains with the mechanical strains using

a time-dependent piecewise evolution process at each instance of time. Results from the

proposed approach are compared with the models from past research (Pan et al. 2013;

Morenon et al. 2017) as well as with the experimental study (Multon and Toutlemonde

2006). It is shown that the proposed approach is able to simulate the ASR-induced expan-

sion and degradation in concrete. The proposed approach appears to be rational and the

results compare well with the experimental results for a variety of loading and con�nement

conditions. The key conclusions of this study are summarized as follows:

• In the proposed approach, ASR-induced degradation at any time step is represented

with a corresponding damage factor that causes a reduction in the elastic modu-

lus. Such a characterization allows an integration of the ASR-related damage into

mechanical strains.

• It is shown that the damage due to ASR, as it progresses over time, continues to

reduce the stiffness which in turn in�uences the mechanical strains. Thus, there is a

continuous coupling between ASR and the mechanical strains and the strains need

to be updated at every time step. The updated mechanical strains can be calculated

using a concrete constitutive model. Including the damage due to ASR in updating the

mechanical strains at each time step appears to work well in the proposed approach.

• Although past research states that the volumetric ASR-induced strain is constant and

the con�nement and loading should not have any impact on the total volumetric

expansion, different volumetric strains are measured for different cases of the experi-

mental study. The proposed model involves normalizing volumetric ASR-induced
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strains of each case, taking into account the variations observed in the experimental

study. Such a normalization is important for accurately predicting ASR behavior.

• ASR-induced expansion needs to be distributed along principal directions using

weights. Using �nite element models and taking into account the expansion distri-

bution of the free expansion proves effective in determining the weights of con�ned

cases.

• It is shown that the effect of ASR-induced damage on the creep strains can be ne-

glected.
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PART 3

UNCERTAINTY QUANTIFICATION IN ASR

MODELING
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3.1 Introduction

This thesis develops and proposes a novel practical approach to simulate the time depen-

dent ASR-induced expansion and degradation in concrete (Chapter 2). Part 2 of this thesis

describes this approach in great detail. The proposed approach determines the progres-

sion of strains in ASR-affected concrete structures and represents post-ASR anisotropic

expansion. The approach is developed based on experimental data given in Multon and

Toutlemonde (2006). It is important to note that the experimental data, in general, ex-

hibits a variability in itself and typically the test results are not repeatable. In the case

of ASR, signi�cant variability can be observed in the measured data. The coupled ASR-

mechanical damage approach presented in Part 2 of this thesis has been validated by using

average strain measurements from the experimental data. In this context, it is important

to understand the variability exhibited in the experimental data itself and also develop an

understanding of the effect that this variability can have on the numerical predictions using

the proposed approach. Over the years, numerous coupled chemo-mechanical models

have been introduced to predict the behavior of ASR expansion in concrete (Grimal et al.

2008a,b; Dunant and Scrivener 2010; Pignatelli et al. 2013; Charpin and Ehrlacher 2014;

Giorla et al. 2015). The majority of the coupled chemo-mechanical ASR models in the

literature are calibrated using experimental data (Saouma 2013). However, such a modeling

technique may have signi�cant variability in results caused by variability in experimental

data.

The importance of understanding the variability and uncertainties in a proposed nu-

merical approach is even greater in the �eld of safety and licensing of nuclear power plants.

The nuclear industry has moved towards a risk-informed regulation and reliability-based

design. Such an approach requires appropriate characterization and quanti�cation of un-

certainties in any numerical or analytical approach. This is particularly true in the case

of a major undertaking such as the assessment of safety margins against external hazards

such as earthquakes or strong winds. In the United States, almost all the operating nuclear
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plants are planning for long-term operation and renewal of their operating license. This

would require careful consideration of various degradation mechanisms such as ASR as

well as establishing a basis for appropriate consideration of uncertainties in any numerical

or analytical assessments to study the effect of ASR-induced degradation.

The coupled ASR-mechanical damage model developed in this research has three dis-

tinct parts: (i) assessment of time-dependent evolution of ASR-induced strains, (ii) coupling

between ASR-induced degradation and the corresponding change in mechanical strain,

and (iii) calculation of total strains which requires consideration of creep and shrinkage

strains. Each of these parts in the proposed approach is characterized using several dif-

ferent parameters and quantities of interest. In a real life application, it is impractical to

characterize and quantify the effect of uncertainties in all these parameters. Therefore, it

is important to identify the parameters that have the greatest in�uence on the numerical

assessments, characterize these parameters statistically, and quantify the uncertainties in

them for appropriate consideration in the �nal safety assessments.

The study presented in this chapter of the thesis focuses on characterizing the vari-

ability observed in experimental data. Then, an attempt is made to evaluate the relative

contribution of uncertainty in the various parameters of the proposed approach. The key

contributors are identi�ed using quantitative assessments of relative contributions. The

uncertainties in the proposed model are contributed by uncertainty in the (i ) material

characteristics such as elasticity modulus and Poisson's ratio, (i i ) modeling parameters

such as latency and characteristic times of expansion and the maximum free volumetric

expansion, and (i i i ) the secondary strain effects such as creep and shrinkage. Consider-

ation of all these parameters and uncertainties is complex because of interactions and

interdependence among different parameters. Therefore, it would require a careful evalua-

tion of the relative contributions and importance. The main contributions of this chapter

are: i ) use experimental data to identify and evaluate key parameters and understand the

impact of variability in these parameters on each strain component, i i ) characterize and
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quantify the corresponding variability in the strain evolution, and i i i ) provide guidance on

the consideration of uncertainties when conducting ASR expansion simulation in concrete.

The most important conclusion of this study indicates that the variability in only one ASR

parameter, the maximum free volumetric expansion, imparts the most signi�cant impact

on the results of the proposed numerical approach, while variability in initial elasticity

modulus, Poisson's ratio, latency time and characteristic times of expansion have a relatively

negligible effect on the results.

This chapter is organized as follows: Section 3.2 describes the experimental data used

in this study. Section 3.3 summarizes the previously proposed approach. The uncertainties

in ASR strain calculations are discussed in Section 3.4. The effect of variabilities in material

properties as well as uncertainty quanti�cation of some of the cases are presented in

Section 3.5. Subsequently, Section 3.6 describes the variabilities in total strain calculations

and conducts uncertainty quanti�cation for the rest of the cases. Lastly, the summary and

conclusions are presented in Section 3.7.

3.2 Description of Experimental Data

The coupled ASR - mechanical damage model proposed in this thesis and described in Part 2

uses the data from Multon and Toutlemonde (2006)'s experimental study. The experimental

study consists of cylindrical concrete specimens with different states of stress that are

conditioned in an environmental chamber. Concrete cylinder specimens with 130 mm in

diameter and 240 mm in height are subject to a total of 9 combinations of three different

axial compressive stresses (0, 10, 20 MPa) and three different transverse con�ning levels,

i.e., no liner, and liners with 3 mm and 5 mm thickness. All of the 9 cases used in the study

are given in Figure 2.1. Concrete cylinders consist of two aggregate types; reactive and non-

reactive. Non-reactive specimens don't experience ASR-induced expansion while reactive

specimens exhibit incremental volumetric ASR-induced expansion. The reactive specimens

are paired with the non-reactive specimens for the �rst 3 cases; Cases 1, 2 and 3, i.e., for
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Table 3.1: Number of cylinders for each case

Case # 1 2 3 4 5 6 7 8 9
Number of Non-reactive Cylinders 4 4 4 0 0 0 0 0 0

Number of Reactive Cylinders 4 4 4 4 4 4 4 4 4

uncon�ned cases. The rest of the Cases (Cases from 4 to 9) are only tested with the reactive

specimens. The ASR-induced strains are measured every two weeks, until they are almost

constant at about 450 days.

The experimental measurements provide the mean total radial and axial strains of the

concrete specimens for each case. The available data consists of two different types of

aggregates: reactive and non-reactive. All of the strain measurements for both reactive

and non-reactive specimens are taken from 4 identical cylinders for each of these 9 cases.

The number of cylinders used in the experimental study for all cases is given in Table 3.1.

Although all 4 cylinders are identical within each case, signi�cant variations are observed

in strain measurements that are addressed in the following sections.

3.3 Summary of Proposed Approach

A new approach is developed and proposed in Part2 of this thesis to simulate the time-

dependent ASR-induced expansion and degradation in concrete. The proposed approach

is validated based on the experimental data by Multon and Toutlemonde (2006). The pro-

gression of strains during the life of ASR-affected structures is determined for concrete

cylinder specimens with different states of stress. This section provides a brief summary

of the various formulations that form the basis of the proposed approach. These formula-

tions are important to understand and characterize the effect of uncertainties in different

parameters.

The proposed approach characterizes the evolution of incremental volumetric ASR-

induced strain at every t t h time step, (" ASR
vo l )t , using Equation 3.1 where f (h ) is the humidity

effect, � (t ,T ) is the ASR extent at given temperature (T), (" 1
ASR)C a s e� n is the maximum free
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Table 3.2: Weights in axial and radial directions

Case # 2 3 4 5 6 7 8 9
Wa x ia l 0 0 0.605 0.342 0.342 0.684 0.473 0.473
Wr ad ia l 0.5 0.5 0.198 0.329 0.329 0.158 0.263 0.263

volumetric expansion of Case n at given temperature. ASR extent, � (t ,T ), is a sigmoid

curve expressing the volumetric expansion in time as a function of temperature. As given

in Equation 3.2, the ASR extent, � (t ,T ), is de�ned as a function of TL and TC which are the

latency time and characteristic time of expansion, respectively (Larive 1998).

(" ASR
vo l )C a s e� n

t = f (h )� (t ,T )(" 1
ASR)C a s e� n (3.1)

� (t ,T ) =
1 � e � t

TC (T )

1+ e �
t � TL (T )
TC (T )

(3.2)

The proposed approach in this study follows the assumption of volumetric expansion

redistribution among principal directions depending on the state of stress. Expansion

redistribution is accomplished by assigning weights to axial and radial directions ( Wa x ia l

and Wr ad ia l ). Weights are determined based on the given state of stress which in turn

depends upon the material properties of the specimen. In the proposed approach, the

ASR-induced axial and radial strains of each case, (" ASR
a x ia l )C a s e� n

t and (" ASR
r ad ia l )C a s e� n

t , are

calculated using Equation 3.3. The weights calculated used in the proposed approach are

presented in Table 3.2

(" ASR
a x ia l )C a s e� n

t = Wa x ia l (" ASR
vo l )C a s e� n

t

(" ASR
r ad ia l )C a s e� n

t = Wr ad ia l (" ASR
vo l )C a s e� n

t

(3.3)

The maximum ASR-induced strain in axial direction, (" 1
a x ia l )C a s e� n , and the maximum

ASR-induced strain in radial direction, (" 1
r ad ia l )C a s e� n , are calculated using strains at the

last time step ( t = e nd ) for every n t h case as given in Equation 3.4 where (" non � r e a c
r ad ia l )C a s e� n

t =e nd ,
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(" non � r e a c
a x ia l )C a s e� n

t =e nd , (" r e a c
r ad ia l )C a s e� n

t =e nd and (" r e a c
a x ia l )C a s e� n

t =e nd represent experimental non-reactive

total radial strains, experimental non-reactive total axial strains, experimental reactive total

radial strains and experimental reactive total axial strains, respectively.

(" 1
a x ia l )C a s e� n = (" r e a c

a x ia l )C a s e� n
t =e nd � (" non � r e a c

a x ia l )C a s e� n
t =e nd

(" 1
r ad ia l )C a s e� n = (" r e a c

r ad ia l )C a s e� n
t =e nd � (" non � r e a c

r ad ia l )C a s e� n
t =e nd

(3.4)

ASR-induced axial and radial strains, (" ASR
a x ia l )C a s e� 1

t and (" ASR
r ad ia l )C a s e� 1

t , are calculated us-

ing Equation 3.5 at each t t h time step where (" r e a c
a x ia l )C a s e� 1

t , (" non � r e a c
a x ia l )C a s e� 1

t , (" r e a c
r ad ia l )C a s e� 1

t

and (" non � r e a c
r ad ia l )C a s e� 1

t represent the average axial strains of reactive specimens, average axial

strains of non-reactive specimens, average radial strains of reactive specimens and average

radial strains of non-reactive specimens, respectively.

(" ASR
a x ia l )C a s e� 1

t = (" r e a c
a x ia l )C a s e� 1

t � (" non � r e a c
a x ia l )C a s e� 1

t

(" ASR
r ad ia l )C a s e� 1

t = (" r e a c
r ad ia l )C a s e� 1

t � (" non � r e a c
r ad ia l )C a s e� 1

t

(3.5)

According to the proposed approach, ASR strains are de�ned as a function of the damage

factor as given in Equation 3.6 where damage factor, (d ASR
j )t , is calculated for the j t h

principal direction.

(d ASR
j )t =

(" ASR
j )C a s e� n

t

0.003+ (" ASR
j )C a s e� n

t

(3.6)

The updated mechanical strains in both axial and radial directions, ("̂ me c h
a x ia l )C a s e� n

t and

("̂ me c h
r ad ia l )C a s e� n

t , are calculated using Equation 3.7. In this equation, ("̂ me c h
a x ia l )C a s e� n

0 represent

the initial axial mechanical strain, ("̂ me c h
r ad ia l )C a s e� n

0 represent the initial radial mechanical

strain and (d ASR
a x ia l )t and (d ASR

r ad ia l )t are the damage factors of that case at each time instance

in axial and radial directions, respectively. Initial axial and radial mechanical strains of

cases without a liner can be found using Equation 3.8 where � 0 and E0 represent the initial

applied axial stress and the initial elasticity modulus of the given case. For cases with a steel

liner, the initial axial and radial mechanical strains are calculated using the �nite element
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models of these cases.

("̂ me c h
a x ia l )C a s e� n

t =
(" me c h

a x ia l )0

1 � (d ASR
a x ia l )t

("̂ me c h
r ad ia l )C a s e� n

t =
(" me c h

r ad ia l )0

1 � (d ASR
r ad ia l )t

(3.7)

(" me c h
a x ia l )0 =

� 0

E0

(" me c h
r ad ia l )0 =

� 0

E0
(� � )

(3.8)

The proposed study de�nes the shrinkage strains in axial and radial directions, (" sh
a x ia l )t

and (" sh
r ad ia l )t , by using the experimental measurements of non-reactive total strains of

Case 1 for that direction. Creep strains of n t h Case in the axial and radial directions at

each time step, ( " c r
a x ia l )C a s e� n

t and " c r
r ad ia l )C a s e� n

t ), are de�ned using Equation 3.9 where

(" non � r e a c
a x ia l )C a s e� n

t and (" non � r e a c
r ad ia l )C a s e� n

t represent the non-reactive axial and radial strains

of the same case, respectively.

(" c r
a x ia l )C a s e� n

t = (" non � r e a c
a x ia l )C a s e� n

t � (" sh
a x ia l )t � (" me c h

a x ia l )0

(" c r
r ad ia l )C a s e� n

t = (" non � r e a c
r ad ia l )C a s e� n

t � (" sh
r ad ia l )t � (" me c h

r ad ia l )0 (3.9)

The proposed coupled ASR model calculates total strains of n t h Case in both axial

and radial directions as a sum of; ASR-induced strains, (" ASR
a x ia l )C a s e� n

t and (" ASR
r ad ia l )C a s e� n

t ,

updated mechanical strains, ("̂ me c h
a x ia l )C a s e� n

t and ("̂ me c h
r ad ia l )C a s e� n

t , shrinkage strains, (" sh
a x ia l )t

and (" sh
r ad ia l )t , and creep strains, (" c r

a x ia l )C a s e� n
t and (" c r

r ad ia l )C a s e� n
t for both axial and radial

directions using numerical and �nite element model approaches. Total axial strain at

each time step ( (" t o t a l
a x i a l )C a s e� n

t ) and total radial strain at each time step ( (" t o t a l
r ad ia l )C a s e� n

t ) are

calculated using Equation 3.10.
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(" t o t a l
a x i a l )C a s e� n

t = (" ASR
a x ia l )C a s e� n

t + ("̂ me c h
a x ia l )C a s e� n

t + (" sh
a x ia l )t + (" c r

a x ia l )C a s e� n
t

(" t o t a l
r ad ia l )C a s e� n

t = (" ASR
r ad ia l )C a s e� n

t + ("̂ me c h
r ad ia l )C a s e� n

t + (" sh
r ad ia l )t + (" c r

r ad ia l )C a s e� n
t

(3.10)

The coupled ASR model presented in Part 2 is sensitive to ASR modeling parameters

(i.e. characteristic and latency times of expansion and maximum ASR-induced strain)

and material properties (i.e. elasticity modulus and Poisson's ratio). Variabilities in these

parameters have an in�uence on the outcome of the strains that are calculated using

the coupled model. In addition, the total strain estimation is dependent upon creep and

shrinkage strains and a variability in these strains in�uences the estimation of total strains.

Therefore, it is important to determine the relative importance of these parameters and

identify those that contribute most signi�cantly to the predictions of ASR-induced strains

and the total strains in the proposed coupled model.

3.4 Uncertainties in ASR-induced Strain Calculation

The proposed coupled ASR model de�nes the ASR-induced volumetric strains based on

Equations 3.1 and 3.2 using three ASR modeling parameters; i ) the maximum free volumet-

ric expansion of Case n , (" 1
ASR)C a s e� n , i i ) latency time of expansion, TL , and i i i ) character-

istic time of expansion, TC . It is important to identify which one of these three parameters

contributes most signi�cantly to the results obtained from the coupled model. In this sec-

tion, initially, statistical characterization of the ASR modeling parameters is attempted in

order to appropriately account for them in subsequent uncertainty quanti�cation study.

Then, the effect of variabilities in ASR modeling parameters is investigated to identify the

parameters that are most critical in the modeling process.
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Table 3.3: Maximum free volumetric expansion of each case: All possibilities

Case # (n)
(" 1

ASR)C a s e� n 1 2 3 4 5 6 7 8 9
v1 0.319 0.231 0.287 0.216 0.164 0.211 0.293 0.130 0.186
v2 0.306 0.211 0.286 0.203 0.143 0.189 0.281 0.109 0.164
v3 0.272 0.184 0.290 0.231 0.116 0.194 0.269 0.083 0.169
v4 0.259 0.201 0.286 0.218 0.133 0.200 0.256 0.099 0.175
v5 0.322 0.196 0.268 0.188 0.141 0.211 0.255 0.158 0.164
v6 0.309 0.193 0.269 0.175 0.120 0.189 0.242 0.137 0.142
v7 0.264 0.164 0.273 0.169 0.093 0.194 0.237 0.110 0.147
v8 0.251 0.186 0.269 0.156 0.110 0.200 0.224 0.127 0.153
v9 - 0.220 0.270 - 0.202 0.217 - 0.149 0.187

v10 - 0.199 0.270 - 0.181 0.195 - 0.128 0.165
v11 - 0.172 0.274 - 0.155 0.200 - 0.101 0.170
v12 - 0.192 0.270 - 0.172 0.206 - 0.118 0.175
v13 - 0.154 0.237 - 0.188 0.204 - 0.132 0.256
v14 - 0.141 0.238 - 0.167 0.182 - 0.111 0.234
v15 - 0.112 0.242 - 0.140 0.187 - 0.084 0.238
v16 - 0.134 0.238 - 0.157 0.193 - 0.101 0.244

3.4.1 Statistical Characterization of ASR Modeling Parameters

The statistical characterization of the three ASR modeling parameters, (" 1
ASR)C a s e� n , TL , and

TC , are investigated in this section. Firstly, the variability in maximum ASR-induced strain

(" 1
ASR)C a s e� n is investigated. The coupled ASR model calculates the maximum ASR-induced

strains based on Equation 3.4. In Equation 3.4, all the strain components have different

measurements from 4 concrete cylinders. All measurements are used to calculate possible

(" 1
ASR)C a s e� n values using Equation 3.4. Due to variabilities in measurements, it is possible

to obtain 16 different (" 1
ASR)C a s e� n values (v1 to v16) for each case. Some of the cases have

2 cylinder measurements available for non-reactive specimens and hence, (" 1
ASR)C a s e� n

values for these cases have 8 different possibilities (v1 to v8). All possible (" 1
ASR)C a s e� n values

are calculated for all cases and are given in Table 3.3.

Secondly, the variability in incremental volumetric ASR-induced strain (" 1
ASR)C a s e� n

t is in-

vestigated. The coupled ASR model de�nes (" 1
ASR)C a s e� n

t based on Equation 3.5 which shows
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that the ASR-induced incremental strains in any direction can be calculated by subtracting

the non-reactive strains from the reactive strains in that direction. The expected value and

the variance of these strains are calculated for 4 different cylinder measurements. Therefore,

the expected value and variance of axial ASR-induced strains of Case 1 at each time step

((" ASR
a x ia l )C a s e� 1

t ) are calculated based on the axial strain calculation in Equation 3.5 and are

given in Equations 3.11 and 3.12, respectively. Similarly, the expected value and variance of

radial ASR-induced strains of Case 1 at each time step ( (" ASR
r ad ia l )C a s e� 1

t ) are calculated based

on the radial strain calculation in Equation 3.5 and are given in Equations 3.13 and 3.14,

respectively. Combining the ASR-induced strains on three principal directions (2 radial

and 1 axial), the expected value and variance of volumetric ASR-induced strains of Case 1

at each time step ( (" ASR
vo l )C a s e� 1

t ) are calculated using Equations 3.15 and 3.16, respectively.

The mean value ( � ) and standard deviation ( � ) can be used to determine the exceedance

probability of normally distributed parameters. Hence, in this study, parameter distribution

is investigated by using � � � , � and � + � values which correspond to 16th, 50th and 84th

percentile exceedance probability, respectively. Using Equations 3.15 and 3.16, � , � � �

and � + � values of incremental volumetric ASR-induced strains (" 1
ASR)C a s e� n are obtained

from the experimental data. The volumetric ASR-induced strains obtained for � , � � � and

� + � are given with black markers in Figures 3.1a, 3.1b and 3.1c, respectively.

E[(" ASR
a x ia l )C a s e� 1

t ] = E[(" r e a c
a x ia l )C a s e� 1

t ] � E [(" non � r e a c
a x ia l )C a s e� 1

t ] (3.11)

V a r [(" ASR
a x ia l )C a s e� 1

t ] = V a r [(" r e a c
a x ia l )C a s e� 1

t ] + V a r [(" non � r e a c
a x ia l )C a s e� 1

t ] (3.12)

E[(" ASR
r ad ia l )C a s e� 1

t ] = E[(" r e a c
r ad ia l )C a s e� 1

t ] � E [(" non � r e a c
r ad ia l )C a s e� 1

t ] (3.13)

V a r [(" ASR
r ad ia l )C a s e� 1

t ] = V a r [(" r e a c
r ad ia l )C a s e� 1

t ] + V a r [(" non � r e a c
r ad ia l )C a s e� 1

t ] (3.14)
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E[(" ASR
vo l )C a s e� 1

t ] = E[(" ASR
a x ia l )C a s e� 1

t ] + 2E[(" ASR
r ad ia l )C a s e� 1

t ] (3.15)

V a r [(" ASR
vo l )C a s e� 1

t ] = V a r [(" ASR
a x ia l )C a s e� 1

t ] + 2V a r [(" ASR
r ad ia l )C a s e� 1

t ] (3.16)

Figure 3.1: Incremental volumetric ASR-induced strains

Lastly, the range of three ASR modeling parameters is determined. Equations 3.1 and 3.2

are used to determine the three ASR modeling parameters that give matching incremental

volumetric strain results with the strains obtained for � , � � � and � + � . Three ASR modeling
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Table 3.4: Range of ASR parameters

(" ASR
vo l )C a s e� 1

� � � � � + �
TL 120 130 110
TC 60 65 70

(" 1
ASR)C a s e� 1 0.29 0.26 0.32

parameters that are given in Table 3.4 give the best volumetric strain �t when used in

Equations 3.1 and 3.2. In Figure 3.1 red markers show the incremental volumetric ASR-

induced strains at every time step that are calculated by substituting the ASR-parameters

in Table 3.4 into Equations 3.1 and 3.2.

3.4.2 Effect of Variabilities in ASR Modeling Parameters

The effect of variabilities in three ASR modeling parameters, (" 1
ASR)C a s e� n , TL , and TC , on the

results obtained from the coupled model are investigated in this section. After determining

the range of three ASR parameters as given in Table 3.4, a random number generator is used

to see the effect of variabilities in these parameters on model calculations. Based on initial

observations from the coupled model, (" 1
ASR)C a s e� n is known to contribute to the results

of the model more than TL , and TC parameters. Based on this information, the relative

importance of these parameters is investigated by conducting the following two sets of anal-

yses:i ) Coupled ASR model is used by treating all three variables as independent variables.

Then, simulations are conducted and volumetric ASR-induced strains are obtained for � ,

� � � and � + � . i i ) Coupled ASR model is used assuming that TL and TC have constant

values and the third variable, (" 1
ASR)C a s e� 1, is the only random variable. Then, simulations

are conducted and volumetric ASR-induced strains are obtained for � , � � � and � + � .

Firstly, the coupled ASR model is used by assuming all three ASR modeling parameters

((" 1
ASR)C a s e� n , TL , and TC ) as independent variables. The distribution of the variables is

assumed to follow a normal distribution. A random number generator is used and 1000

simulations are conducted by randomly choosing each one of the 3 parameters and the vol-
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umetric ASR-induced strains are calculated. The expected value and variance are calculated

after conducting 1000 simulations. The results are shown with circle markers in Figure 3.2

for � , � + � and � � � where � is the expected value and � is the standard deviation.

Secondly, the relative importance of these parameters is investigated by conducting a

second analysis. Similar to the �rst analysis, a random number generator is used and 1000

simulations are conducted but this time assuming that TL and TC have constant values

(TL = 120 and TC = 60) and the third variable, (" 1
ASR)C a s e� 1, is the only random variable.

(" 1
ASR)C a s e� 1 values are randomly chosen from the normal distribution at each simulation,

keeping the TL and TC values constant. The results from 1000 simulations are obtained and

shown with x markers in Figure 3.2 for � , � + � and � � � .

As seen in Figure 3.2, the change in all three variables vs. the change in (" 1
ASR)C a s e� 1 gives

the same results and the range of results don't change with the change in TL and TC . Hence,

the effect of variabilities in TL and TC values on strain calculations are neglected and TL and

TC values are taken as 120 and 60, respectively, for the rest of this study. The variability in

one ASR parameter, (" 1
ASR)C a s e� n , on the strain calculations is investigated.

Figure 3.2: Effect of ASR parameters on volumetric ASR-induced strains (1000 simulations)
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Table 3.5: Calculated initial elasticity moduli

Initial Elasticity Modulus (MPa)
Reactive Non-reactive

Case # 2 3 5 6 8 9 2 3
Cylinder 1 39532 32842 35475 35451 31327 32200 32540 36307
Cylinder 2 29734 29285 41141 41641 41701 33621 43051 42127
Cylinder 3 34183 27969 46607 40099 44453 40332 43498 39365
Cylinder 4 38757 25080 38587 36549 40969 34700 43609 35931

3.5 Effect of Variabilities in Material Properties

Variabilities in material properties (i.e. elasticity modulus and Poisson's ratio) have an

in�uence on the strains of the coupled ASR model. Therefore, this section initially deter-

mines variabilities observed in these material properties. Then, uncertainty quanti�cation

is conducted for Cases 2 and 3 including the effect of variabilities in different variables on

the strain calculations.

3.5.1 Variabilities in Material Properties

This section investigates the variabilities in two material properties that are used in the

coupled ASR model; initial elasticity modulus ( E0) and Poisson's ratio ( � ).

The initial elasticity modulus values are calculated from the experimental measure-

ments to see the variations in E0 values. To perform such a calculation, it is assumed that

the axial strain measurements at the very initial time step do not incorporate the effects

of ASR, creep, or shrinkage. Therefore, the initial elasticity modulus of each cylinder is

calculated using the initial axial strain measurements and applied axial loads for cases with

axial load. The variation in initial elasticity moduli is given in Table 3.5. As seen in Table 3.5,

different results are observed for these cases.

Poisson's ratio values are calculated from the experimental measurements to see the

variations in � values. Poisson's ratio value of different cylinders is calculated using the

initial axial and radial strains for cases without con�nement. It is not possible to determine
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Table 3.6: Calculated Poisson's Ratio values

Reactive Non-reactive
Case # 2 3 2 3

Cylinder 1 0.153 0.195 0.110 0.184
Cylinder 2 0.116 0.206 0.126 0.207
Cylinder 3 0.158 0.181 0.093 0.221
Cylinder 4 0.165 0.173 0.175 0.212

Poisson's ratio values of the con�ned cases as Poisson's ratio calculation would include the

effect of con�nement for these cases. Poisson's ratio of concrete cylinders without the effect

of steel liner needed to be determined. Hence, Poisson's ratio values are calculated for all

the cases without con�nement, and the results are given in Table 3.6. As seen in Table 3.6,

the difference in Poisson's ratio values is notable.

As it is possible to measure both the initial elasticity moduli and Poisson's ratio values

of non-reactive and reactive cases, these parameters are compared for only Cases 2 and

3. The comparison is shown in Figure 3.3. Figure 3.3 also shows E0 and � values that are

used in the coupled ASR model ( E0=37300 MPa and � =0.22). Initial elasticity moduli are

calculated using initial strains that are measured before the ASR-induced damage starts in

concrete. Thus, it is expected to determine similar values for both reactive and non-reactive

cases. However, lower E0 values are determined for reactive cases as seen in Figure 3.3.

The only difference between paired reactive and non-reactive cylinders is the aggregate

type. E0 values of reactive cylinders from each case resulted in lower E0 values compared to

non-reactive cylinders of the same case. This shows that there are also uncertainties due

to different aggregate types in concrete. However, uncertainties due to different aggregate

types are not explored in this study due to a lack of information on the aggregate types used

in the experimental study.
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Figure 3.3: Elasticity modulus vs. Poisson's Ratio

3.5.2 Uncertainty Quanti�cation: Cases 2 and 3

In this section, the variabilities in different parameters that were previously investigated are

used to conduct uncertainty quanti�cation for Cases 2 and 3. Cases 2 and 3 have cylinders

without an applied load and hence, do not exhibit mechanical or creep strains. As a �rst

step, the total strain calculations of Cases 2 and 3 are determined from the coupled ASR

model. Then, the effect of variabilities in different parameters on the total strain calculation

as well as the relative importance of these parameters are investigated.

The total strain calculations of Cases 2 and 3 are determined. In the proposed model,

the total strains of Cases 2 and 3 can be calculated using Equation 3.10. The weights in

the axial direction ( Wa x ia l ) for Cases 2 and 3 are zero as given in Table 3.2 since the ASR-

induced expansion is distributed only in radial principal directions for these cases. As given

in Equations 3.3 and 3.6, (" ASR
a x ia l )C a s e� n

t and (d ASR
a x ia l )t also become zero in the axial direction

due to zero weight in this direction. Substituting zero for (" ASR
a x ia l )C a s e� n

t and (d ASR
a x ia l )t values

into Equations 3.7, 3.8, 3.9 and 3.10, the total axial strain values of Cases 2 and 3 can be

calculated using Equation 3.17. The weights in the radial direction ( Wr ad ia l ) for Cases 2 and
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3 are taken as 0.5 as given in Table 3.2 as the ASR-induced expansion is only distributed

along the radial principal directions. Using Wr ad ia l = 0.5 and Equations 3.3, 3.7, 3.8, 3.6 and

3.9 in Equation 3.10, total radial strains of Cases 2 and 3 can be calculated using Equation

3.18.

(" t o t a l
a x i a l )C a s e� n

t = (" non � r e a c
a x ia l )C a s e� n

t (3.17)

(" t o t a l
r ad ia l )C a s e� n

t = (" ASR
vo l )C a s e� n

t [0.5+
� 0(� � )

E0
(

0.5

0.003
)] + (" non � r e a c

r ad ia l )C a s e� n
t (3.18)

As given in Equation 3.17, the total axial strains of Cases 2 and 3 only depend on the non-

reactive axial strains of that case. Non-reactive axial strains of Cases 2 and 3 are measured

from 4 different cylinders for each one of these cases. The variabilities in non-reactive axial

strains on the total axial strain results are investigated by conducting the following analysis:

Coupled ASR model is used by assuming non-reactive axial strain parameter is an indepen-

dent variable. Assuming the non-reactive axial strains from different cylinders as random

variables with normal distribution, 100 simulations are conducted with a random number

generator and the total axial strains are calculated. The expected values and their range

(from � � � to � + � ) for total axial strains of Case 2 and Case 3 are shown in Figures 3.4a

and 3.4b, respectively. In Figures 3.4a and 3.4b, green markers show the variabilities due to

uncertainties in random variables whereas the red markers show the variabilities in the

experimental data. As seen in Figure 3.4a, the uncertainties in random variables cause a

variability in results that is similar to the variabilities observed in the experimental data.

However, a different behavior is observed in Case 3. As seen in Figure 3.4b, uncertainties

in random variables cause less variation in results compared to the experimental mea-

surements. This may be due to the differences in non-reactive cylinder measurements.

Equation 3.17 indicates that the total axial strain can be calculated using non-reactive

62



axial strains of the same case as the other components of the total strain equation are zero.

However, non-reactive specimen measurements may give different results due to different

aggregate types and for some cases, it is not possible to determine the range that is observed

in experimental measurements.

Figure 3.4: Cases 2 and 3 - Total axial strains considering variabilities

As given in Equation 3.18, total radial strains of Cases 2 and 3 depend on different

parameters such as; volumetric ASR-induced strain, E0 and � . The volumetric ASR-induced

strain of each case changes with the change in the maximum free volumetric expansion

of that case ((" 1
ASR)C a s e� n ), the characteristic time of expansion ( TC ) and the latency time

of expansion ( TL ). As stated before, the effect of uncertainties in TC and TL values on the

volumetric ASR-induced strain is insigni�cant and not included in this study. And hence,

the uncertainties in total radial strains of Cases 2 and 3 are caused by the variabilities in

(" 1
ASR)C a s e� n , E0 and � . Each one of these variables and their relative effect on the total radial

strain results are investigated by conducting the following four sets of analyses: i ) Coupled

ASR model is used with only one random variable, E0, to see the effect of variabilities in E0

on the total radial strains, i i ) Coupled ASR model is used with only one random variable,

� , to see the effect of variabilities in � on the total radial strains, i i i ) Coupled ASR model

is used with only one random variable, (" 1
ASR)C a s e� n , to see the effect of variabilities in
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(" 1
ASR)C a s e� n on the total radial strains and i v ) Coupled ASR model is used by assuming

E0, � and (" 1
ASR)C a s e� n as independent variables to see the effect of variabilities in all three

variables on the total radial strains.

Initially, only one random variable, E0 is used to calculate the total radial strains of

Cases 2 and 3. A random number generator is used to randomly select the E0 value from

the possible values given in Table 3.5 and 100 simulations are conducted to �nd the total

radial strains. After conducting simulations, the expected values and their range (from

� � � to � + � ) for total radial strains of Case 2 and Case 3 are shown in Figures 3.5a and

3.5b, respectively. Figures 3.5a and 3.5b compare the variabilities in experimental strains of

Cases 2 and 3 with the variabilities due to uncertainties in a random variable. As shown

in Figures 3.5a and 3.5b, the variabilities due to uncertainties in a random variable do not

have visible error bars meaning that the effect of variability in E0 value on the results is

insigni�cant.

Figure 3.5: Cases 2 and 3 - Total radial strains considering variabilities in E0

Secondly, variability in � value is used to calculate the total radial strains of Cases 2 and

3. Similar to the �rst analysis, a random number generator is used to randomly select the �

value from the possible values given in Table 3.6 and 100 simulations are conducted to �nd

the total radial strains. After conducting simulations, the expected values and their range
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(from � � � to � + � ) for total radial strains of Case 2 and Case 3 are shown in Figures 3.6a and

3.6b, respectively. Figures 3.6a and 3.6b compare the experimental variation in Cases 2 and

3 with the variabilities due to uncertainties in a random variable. As shown in Figures 3.6a

and 3.6b, the variabilities due to uncertainties in a random variable do not have visible

error bars meaning that the effect of variability in � is insigni�cant.

Figure 3.6: Cases 2 and 3 - Total radial strains considering variabilities in �

Thirdly, variability in (" 1
ASR)C a s e� n is used to calculate the total radial strains of Cases 2

and 3. Similar to the �rst two analyses, a random number generator is used to randomly

select the (" 1
ASR)C a s e� n value from the possible values given in Table 3.3 and 100 simulations

are conducted to �nd the total radial strains. After conducting simulations, the expected

values and their range (from � � � to � + � ) for total radial strains of Case 2 and Case

3 are shown in Figures 3.7a and 3.7b, respectively. Figures 3.7a and 3.7b, compare the

experimental variation in Cases 2 and 3 with the variabilities due to uncertainties in a

random variable. As shown in Figures 3.7a and 3.7b, the variation observed in experimental

data is very similar to the variabilities observed due to uncertainties in (" 1
ASR)C a s e� n value.
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Figure 3.7: Cases 2 and 3 - Total radial strains considering variabilities in (" 1
ASR)C a s e� n

Lastly, variabilities in all three parameters, E0, � and (" 1
ASR)C a s e� n , are used to calculate

the total radial strains of Cases 2 and 3. A random number generator is used to randomly

select these three parameters and simulations are conducted to calculate the total radial

strains for random variables. After conducting simulations, the expected values and their

range (from � � � to � + � ) for total radial strains of Case 2 and Case 3 are shown in

Figures 3.8a and 3.8b, respectively. Figures 3.8a and 3.8b compare the experimental variation

in Cases 2 and 3 with the variabilities due to uncertainties in all random variables. The

results indicate that the effect of uncertainties in (" 1
ASR)C a s e� n on total radial strains is

similar to the effect of uncertainties in E0, � and (" 1
ASR)C a s e� n on the total radial strains. This

shows that the major variability in results comes from (" 1
ASR)C a s e� n value. Therefore, the

variabilities in E0 and � values on the strain results are neglected for the rest of this study.
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Figure 3.8: Cases 2 and 3 - Total radial strains considering variabilities in all parameters

3.6 Variabilities in Total Strain Components

In this section, �rst, variabilities in shrinkage and creep strains are determined. Subse-

quently, uncertainty quanti�cation is conducted for the rest of the cases to investigate the

effect of variabilities in different parameters on the strain calculation.

3.6.1 Variabilities in Shrinkage Strains

The coupled ASR model uses the average of measurements from 4 concrete cylinders

of non-reactive Case 1 strain at each time step. There are variabilities observed in these

measurements. For non-reactive Case 1 cylinders, 2 measurements from 2 cylinders in the

axial direction and 4 measurements from 4 cylinders in the radial direction are available.

These experimental measurements for axial and radial directions are shown in Figures 3.9a

and 3.9b, respectively.
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Figure 3.9: Non-reactive Case 1 strains from different cylinders

3.6.2 Variabilities in Creep Strain Calculation

The coupled ASR model calculates the creep strains using Equation 3.9. (" non � r e a c
a x ia l )C a s e� n

t

and (" non � r e a c
r ad ia l )C a s e� n

t strains in Equation 3.9 are measured from 4 cylinders at each time

step. Additionally, variabilities in shrinkage strains also affect the variabilities in creep

strains as can be seen from Equation 3.9. The change in material properties such as; E0 and

� may also cause variabilities in creep strains as it changes the initial mechanical strain

values that are used in Equation 3.8. All these possibilities are investigated in the following

sections when performing uncertainty quanti�cation.

3.6.3 Uncertainty Quanti�cation: Cases 4 and 7

In this section, the variabilities in different parameters that were previously investigated

are used to conduct uncertainty quanti�cation for Cases 4 and 7. Cylinders in Cases 4 and

7 only have a steel liner and do not have an applied axial load on them. Thus, mechanical

strains and creep strains due to mechanical loads in both directions are zero for these cases.

Initially, the total strain calculations of Cases 4 and 7 are determined from the coupled ASR

model. Then, the effect of variabilities in different parameters on the total strain calculation

as well as the relative importance of these parameters are investigated.

The total strain calculations of Cases 4 and 7 are determined. Substituting zero for
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("̂ me c h
a x ia l )C a s e� n

t , ("̂ me c h
r ad ia l )C a s e� n

t , (" c r
a x ia l )C a s e� n

t and (" c r
r ad ia l )C a s e� n

t into Equation 3.10, the total

axial and radial strain values of Cases 4 and 7 can be calculated using Equations 3.19 and

3.20, respectively. The weights in the axial and radial directions ( Wa x ia l and Wr ad ia l ) of

Cases 4 and 7 are calculated using the �nite element models and presented in Table 3.2.

These two material parameters have a range of values as given in Tables 3.5 and 3.6. However,

the results from Cases 2 and 3 show that the effect of variability in elasticity modulus and

Poisson's ratio values on the �nal strain results is insigni�cant and can be neglected. And

hence, the weight values are taken as given in Table 3.2 and the variability in weights due to

changes in material properties is not included for these cases.

(" t o t a l
a x i a l )C a s e� n

t = (" ASR
a x ia l )C a s e� n

t + (" sh
a x ia l )t (3.19)

(" t o t a l
r ad ia l )C a s e� n

t = (" ASR
r ad ia l )C a s e� n

t + (" sh
r ad ia l )t (3.20)

As given in Equations 3.19 and 3.20, total axial and radial strains of Cases 4 and 7 only

depend on the ASR-induced strains of that case and the shrinkage strains. The change

in volumetric ASR-induced strain changes the ASR-induced radial and axial strains. The

volumetric ASR-induced strain of each case changes with the change in the maximum free

volumetric expansion of that case ( (" 1
ASR)C a s e� n ), the characteristic time of expansion ( TC )

and the latency time of expansion ( TL ). As explained before, the effect of uncertainties in

TC and TL values on the volumetric ASR-induced strain is insigni�cant and not included

in these cases. And hence, the uncertainties in total axial and radial strains of Cases 4 and

7 are caused by the variabilities in (" 1
ASR)C a s e� n and shrinkage strains. Each one of these

variables and their relative effect on the total strain results are investigated by conducting

the following two sets of analyses: i ) Coupled ASR model is used with only one random

variable, (" 1
ASR)C a s e� n , to see the effect of variabilities in (" 1

ASR)C a s e� n on the total strains, i i )

Coupled ASR model is used by assuming both variables as independent variables to see the
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effect of variabilities in these parameters on the total strains.

Firstly, only one random variable, (" 1
ASR)C a s e� n , is used to calculate the total axial strains

of Cases 4 and 7. A random number generator is used to randomly select the (" 1
ASR)C a s e� n

value from the possible values given in Table 3.3 and 100 simulations are conducted to

�nd the total axial strains. Shrinkage strains are taken as average values as the aim is to

see the effect of uncertainties in (" 1
ASR)C a s e� n . The expected values and their range (from

� � � to � + � ) for total axial strains of Case 4 and Case 7 are shown in Figures 3.10a and

3.10b, respectively. Figures 3.10a and 3.10b compare the variations of Cases 4 and 7 strains

observed in the experimental study with the variabilities due to uncertainties in a random

variable. The variation in axial results observed from the experimental study is very similar

to the variability observed due to uncertainties in (" 1
ASR)C a s e� n .

Figure 3.10: Cases 4 and 7 - Total axial strains considering variabilities in (" 1
ASR)C a s e� n

Secondly, variabilities in both parameters ( (" 1
ASR)C a s e� n and shrinkage strains) are used

to calculate the total axial strains of Cases 4 and 7. A random number generator is used

to randomly select (" 1
ASR)C a s e� n value from the possible values given in Table 3.3 and all 4

measurements of shrinkage strains and simulations are conducted to calculate the total

axial strains for random variables. The expected values and their range (from � � � to � + � )

for total axial strains of Case 4 and Case 7 are shown in Figures 3.11a and 3.11b, respectively.

70



Figures 3.11a and 3.11b compare the experimental variation in Cases 4 and 7 with the

variabilities due to uncertainties in all random variables. The results show that the effect of

uncertainties in (" 1
ASR)C a s e� n on total axial strains is similar to the effect of uncertainties

in both (" 1
ASR)C a s e� n and shrinkage strains on total axial strains. This also shows that the

major change in results comes from (" 1
ASR)C a s e� n value and variabilities in shrinkage strains

can be neglected in the proposed ASR model.

Figure 3.11: Cases 4 and 7 - Total axial strains considering variabilities in all parameters

Similarly, only one random variable, (" 1
ASR)C a s e� n , is used to calculate the total radial

strains of Cases 4 and 7. The procedure is the same as the one conducted for the total axial

strains of Cases 4 and 7. The expected values and their range (from � � � to � + � ) for

total radial strains of Case 4 and Case 7 are shown in Figures 3.12a and 3.12b, respectively.

Figures 3.12a and 3.12b compare the variations of Cases 4 and 7 strains observed in the

experimental study with the variations due to uncertainties in a random variable. As seen

in Figures 3.12a and 3.12b, the variation in radial strains observed from the experimental

study is very different than the variabilities observed due to uncertainties in (" 1
ASR)C a s e� n

for both Cases. This can be explained by the state of stress of these cases. Both Cases 4 and

7 cylinders have a steel liner that prevents the expansion in the radial direction. As there is

no applied load on these cylinders, most of the ASR-induced expansion is transferred to
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the axial direction. And hence, very small strains are measured in the radial direction for

these cases. The effect of variabilities can not be captured for these Cases as it is dealing

with very small strains.

Figure 3.12: Cases 4 and 7 - Total radial strains considering variabilities in (" 1
ASR)C a s e� n

Lastly, variabilities in both parameters ( (" 1
ASR)C a s e� n and shrinkage strains) are used to

calculate the total radial strains of Cases 4 and 7. The procedure is the same as the one

conducted for the total axial strains of Cases 4 and 7. The expected values and their range

(from � � � to � + � ) for total axial strains of Case 4 and Case 7 are shown in Figures 3.13a

and 3.13b, respectively. Figures 3.13a and 3.13b compare the experimental variation in

Cases 4 and 7 with the variabilities due to uncertainties in all random variables. The results

show that the effect of uncertainties in (" 1
ASR)C a s e� n on total radial strains is similar to the

effect of uncertainties in both (" 1
ASR)C a s e� n and shrinkage strains on total radial strains.

Similar to the conclusion from the axial strain calculations, it is possible to say that the

major change in results comes from (" 1
ASR)C a s e� n value and variabilities in shrinkage strains

can be neglected in the proposed ASR model.
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Figure 3.13: Cases 4 and 7 - Total radial strains considering variabilities in all parameters

3.6.4 Uncertainty Quanti�cation: Cases 5, 6, 8 and 9

In this section, the variabilities in different parameters that were previously investigated are

used to conduct uncertainty quanti�cation for Cases 5, 6, 8 and 9. As a �rst step, the total

strain calculations of Cases 4 and 7 are determined from the coupled ASR model. Then, the

effect of variabilities in different parameters on the total strain calculation as well as the

relative importance of these parameters are investigated.

The total strain calculations of Cases 5, 6, 8 and 9 are determined. Cylinders in cases 5, 6,

8 and 9 have both steel liners and applied axial loads on them. Using Equations 3.7, 3.6 and

3.9 in Equation 3.10, total axial and radial strains of Cases 5, 6, 7 and 8 are calculated and

given in Equations 3.21 and 3.22. As previously explained for Cases 2 and 3, the total strain

results do not change with the change in material parameters such as; E0 and v . Thus, the

change in material parameters and the effect of them on the mechanical strains are not

investigated for Cases 5, 6, 8 and 9. The weight values of these cases are taken as given in

Table 3.2 and the variability in weights due to changes in material properties is also not

included for these cases.

(" t o t a l
a x i a l )C a s e� n

t = (" ASR
a x ia l )C a s e� n

t +
� 0

E0

(" ASR
a x ia l )C a s e� n

t

0.003
+ (" non � r e a c

a x ia l )C a s e� n
t (3.21)
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(" t o t a l
r ad ia l )C a s e� n

t = (" ASR
r ad ia l )C a s e� n

t �
� 0(� )

E0

(" ASR
r ad ia l )C a s e� n

t

0.003
+ (" non � r e a c

r ad ia l )C a s e� n
t (3.22)

As given in Equations 3.21 and 3.22, total axial and radial strains of Cases 5, 6, 8 and

9 depend on different parameters such as; volumetric ASR-induced strain, E0 and v and

creep strains. Volumetric ASR-induced strain changes with the change in the maximum free

volumetric expansion of that case ( (" 1
ASR)C a s e� n ), the characteristic time of expansion ( TC )

and the latency time of expansion ( TL ). As explained previously, the effect of uncertainties in

TC and TL values on the volumetric ASR-induced strain is insigni�cant and is not included

in these cases. Similarly, the total strain results do not change with the change in material

parameters such as; E0 and v . The effect of variabilities in these parameters is also not

included in this section. As given in Equations 3.21 and 3.22, the change in (" non � r e a c
a x ia l )C a s e� n

t

and (" non � r e a c
r ad ia l )C a s e� n

t changes the creep strains of that case. Therefore, total axial and radial

strains of Cases 5, 6, 8 and 9 are only investigated for the variabilities in (" 1
ASR)C a s e� n and

creep strains. Each one of these variables and their relative effect on the total strain results

are investigated by conducting the following three sets of analyses: i ) Coupled ASR model

is used with only one random variable, (" 1
ASR)C a s e� n , to see the effect of variabilities in

(" 1
ASR)C a s e� n on the total strains, i i ) Coupled ASR model is used with only one random

variable, creep strain, to see the effect of variabilities in creep strains on the total strains,

i i i ) Coupled ASR model is used by assuming both variables as independent variables to

see the effect of variabilities in both (" 1
ASR)C a s e� n and creep strain on the total strains.

Firstly, only one random variable, (" 1
ASR)C a s e� n , is used to calculate the total axial and

radial strains of Cases 5, 6, 8 and 9. A random number generator is used to randomly select

the (" 1
ASR)C a s e� n value from the possible values given in Table 3.3 and 100 simulations are

conducted to �nd the total strains. The expected values and their range (from � � � to � + � )

for total radial and axial strains of Case 5 are shown in Figures 3.14a and 3.14b, respectively.

Figures 3.14a and 3.14b compare the variations of experimental radial and axial strains of
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Case 5 with the variations due to uncertainties in a random variable. Similarly, the same

procedure is applied to Cases 6, 8 and 9, and results are given in Figures 3.15, 3.16 and 3.17,

respectively.

Figure 3.14: Case 5 - Total radial and axial strains of Case 5 considering variabilities in
(" 1

ASR)C a s e� n

Figure 3.15: Case 6 - Total radial and axial strains of Case 6 considering variabilities in
(" 1

ASR)C a s e� n
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Figure 3.16: Case 8 - Total radial and axial strains of Case 8 considering variabilities in
(" 1

ASR)C a s e� n

Figure 3.17: Case 9 - Total radial and axial strains of Case 9 considering variabilities in
(" 1

ASR)C a s e� n

Secondly, variabilities in one parameter, creep strain, is used to calculate the total axial

and radial strains of Cases 5, 6, 8 and 9. Creep strains are measured from 4 cylinders and all

possible values at each time step are used. A random number generator is used to randomly

select the creep strain value from the possible values and 100 simulations are conducted

to �nd the total strains. The expected values and their range (from � � � to � + � ) for

total radial and axial strains of Case 5 are shown in Figures 3.18a and 3.18b, respectively.

Figures 3.18a and 3.18b compare the variations of experimental radial and axial strains of

Case 5 with the variations due to uncertainties in a random variable. Similarly, the same

process is applied to Cases 6, 8 and 9, and results are given in Figures 3.19, 3.20 and 3.21,
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respectively. The results indicate that the effect of uncertainties in creep strains on total

radial and axial strains is similar to the variations observed in experimental data for Cases

5 and 8. For these cases, it is possible to say that the effect of variabilities in (" 1
ASR)C a s e� n is

not that signi�cant as it can also be captured by including the variability in creep strains.

Figure 3.18: Case 5 - Total radial and axial strains of Case 5 considering variabilities in
creep strains

Figure 3.19: Case 6 - Total radial and axial strains of Case 6 considering variabilities in
creep strains
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Figure 3.20: Case 8 - Total radial and axial strains of Case 8 considering variabilities in
creep strains

Figure 3.21: Case 9 - Total radial and axial strains of Case 9 considering variabilities in
creep strains

Lastly, variabilities in both parameters (" 1
ASR)C a s e� n and creep strains are used to calcu-

late the total radial and axial strains of Cases 5, 6, 8 and 9. A random number generator is

used to randomly select (" 1
ASR)C a s e� n value from the possible values given in Table 3.3 and

all 4 measurements of creep strains and simulations are conducted to calculate the total

axial and radial strains for random variables. The expected values and their range (from

� � � to � + � ) for total radial and axial strains of Case 5 are shown in Figures 3.22a and

3.22b, respectively. Figures 3.22a and 3.22b compare the experimental variation in Case

5 with the variabilities due to uncertainties in all random variables. Similarly, the same

process is applied to Cases 6, 8 and 9, and results are given in Figures 3.23, 3.24 and 3.25,
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respectively.

As seen in results for Cases 5, 6, 8 and 9, it is possible to say that the effect of variabilities

in both (" 1
ASR)C a s e� n and creep strains should be included as both these parameters individ-

ually contribute to the variations. For Cases 5, 6 and 8, variations in strains observed from

the experimental study are similar to the variations observed due to uncertainties. However,

this is not the same for Case 9 as the variations observed due to uncertainties are much

less compared to the experimentally observed variations. Uncertainties in ASR-induced

expansion have the maximum effect on results as Case 9 has the maximum applied load

and the thickest liner combination. The combined effect of all variabilities in the experi-

mental study may cause such variations in the experimental data. However, some of these

variabilities can not be captured in modeling and uncertainty quanti�cation due to lack of

information. The bond connection between liner and concrete for different cylinders, the

material properties of steel liners, and the properties of aggregates in concrete may have

variability that contribute to the differences in results.

Figure 3.22: Case 5 - Total radial and axial strains of Case 5 considering variabilities in all
parameters
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Figure 3.23: Case 6 - Total radial and axial strains of Case 6 considering variabilities in all
parameters

Figure 3.24: Case 8 - Total radial and axial strains of Case 8 considering variabilities in all
parameters
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Figure 3.25: Case 9 - Total radial and axial strains of Case 9 considering variabilities in all
parameters

3.7 Summary and Conclusions

This chapter investigates the uncertainties in the novel approach developed in Part 2 of

this thesis for simulating time-dependent ASR expansion and concrete degradation. The

proposed ASR modeling approach can be sensitive to uncertainties caused by variabilities

in material characteristics such as elasticity modulus and Poisson's ratio and modeling

parameters such as latency and characteristic times of expansion and the maximum free

volumetric expansion. This study uses experimental data to characterize and quantify

the effect of uncertainties associated with different parameters that form the basis of the

proposed ASR modeling approach. It helps in determining the relative importance of these

parameters and identifying those that are most critical in the modeling process. The key

conclusions of this study are summarized as follows:

• The effect of variabilities in three ASR parameters, maximum ASR expansion, TL and

TC , on the strain calculation of the proposed ASR model is investigated. It is shown

that the range of TL and TC does not cause a signi�cant change in the results. The

effect of variability in one ASR parameter, maximum ASR expansion, is relatively

much more signi�cant.

• This study investigated how variations in the initial elasticity modulus affect the strain
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calculations of the proposed ASR model. Although the E0 values had a signi�cant

variation, it is shown that the effect of variability in E0 on the results of the proposed

ASR model is insigni�cant.

• The effect of variability in Poisson's ratio on the strain calculation of the proposed

ASR model is investigated. The outcome indicates that the effect of variability in � is

insigni�cant and can be neglected in the proposed ASR model.

• For cases without axial load and with con�nement, the primary variation in ASR

model results arises from the maximum ASR expansion value.

• For cases without axial load and with con�nement, variabilities in shrinkage strains

can be neglected.

• For cases with axial load and con�nement, the effect of variabilities in both maximum

ASR expansion and creep strains need to be taken into consideration.
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PART 4

VALIDATION OF THE PROPOSED

APPROACH USING LARGE-SCALE

EXPERIMENTAL DATA
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4.1 Introduction

For many years, considerable effort has been dedicated to forecasting the behavior of large

structural elements that are affected by Alkali-Silica Reaction (ASR). ASR in concrete takes

place over an extended period. Therefore, obtaining in-situ measurements of ASR-affected

structural elements can be challenging. On the other hand, research on accelerated ASR

testing of large structural elements is limited as it requires a large-scale laboratory, spe-

cialized equipment, and �nancial resources. Moreover, the ASR-related expansion and the

resulting strains in a structure is highly dependent upon the geometry and reinforcement

details of a particular design. Therefore, there is a need for understanding the evolution

of ASR strains and the related degradation in concrete based on data from accelerated

testing followed by a need for developing a �nite element based modeling approach that

can accurately predict the post-ASR behavior of large structural elements.

Over the years, many studies have utilized numerical analysis and �nite element applica-

tions to predict the ASR behavior of large-scale structures. Fairbairn et al. (2006) presented

a thermo-chemo-mechanical expansion model that was used to predict the ASR-induced

expansion of a real gravity dam. Saouma and Perotti (2006) proposed a model that was uti-

lized to analyze a gravity dam. However, validating these models is impractical, as obtaining

in-situ measurements of real structures is nearly impossible.

In past years, numerous experimental studies have investigated the behavior of ASR-

affected large structural elements that are subjected to accelerated alkali-silica reaction

(Fan and Hanson 1998; Multon et al. 2005; Habibi et al. 2018; Hayes et al. 2018). Although

these studies make a substantial contribution to the large-scale experimental data in the

literature, the lessons learned from these studies have not been used to develop a �nite

element based modeling approach for structural performance assessment.

Ferche (2020)'s structural-level experimental study is one of the most recent studies

to investigate the behavior of ASR-affected reinforced concrete specimens subjected to

pure shear loading. This experimental study is implemented into a �nite element model
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(Ferche and Vecchio 2022) to perform a validation study of the experimental data. The

experimental study consists of reinforced concrete panel specimens that are conditioned

in an environmental chamber and tested to failure under pure shear loading to investigate

the response of ASR-affected specimens subjected to shear stresses. Ferche and Vecchio

(2022) performed �nite element analyses to predict the behavior of these ASR-affected

shear panel specimens. Their study introduced the post-ASR behavior with the degrada-

tion of mechanical properties such as concrete compressive strength, tensile strength,

and modulus of elasticity. It is assumed that the degradation of mechanical properties is

direction-dependent. Modi�cation factors are introduced to calculate the degradation of

mechanical properties and applied to the unaffected mechanical properties of concrete.

Separate modi�cation factors are calculated for each one of the mechanical properties and

are based on the post-ASR measurements. Their study used two different ASR expansion

models that were proposed by Charlwood et al. (1992) and Saouma and Perotti (2006).

Using the Charlwood model, ASR expansion is calculated as a function of the compressive

stresses whereas with the Saouma and Perotti model, it is assumed that the ASR expansion

has a volumetric distribution. Both of these models are used in Ferche and Vecchio (2022)'s

numerical study assuming anisotropic and isotropic ASR-induced expansions. Both meth-

ods in their study yielded different results as the Saouma and Perotti model gave higher

ASR-induced strains than the Charlwood model. Although the strains calculated with the

Charlwood model had a better match with the experimental results for most of the cases,

the Saouma and Perotti model resulted in better predictions for some of the cases. The

results from one of the ASR-affected reinforced concrete panels (AF3) are presented in

Figures 4.1a and 4.1b for Charlwood model and Saouma and Perotti model, respectively.

The results shown on these �gures are a signi�cant improvement compared to the results

presented in prior studies. However, as seen in Figures 4.1a and 4.1b, there is signi�cant

room for improvement in such a �nite element based approach to capture the stress-strain

response observed in the experimental study, especially at higher strains. It is important
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to note that stress-strain response in their study is highly sensitive when predicting the

response at high strains. One possible reason for this could be related to increased cracking

in concrete particularly after the yielding of reinforcement and lack of ability in the �nite

element analysis to capture the associated dilation of concrete. In order to account for such

a complex constitutive model of concrete, the damaged plasticity constitutive model that

has been used effectively in many studies over the past decade can be a good candidate.

Therefore, this study uses the concrete damaged plasticity model (CDP) for developing the

proposed approach.

Figure 4.1: Stress-strain response of panel AF3 (Ferche and Vecchio 2022)

The primary objective of this study is to implement the previously proposed approach

into a �nite element model to comprehend the post-ASR behavior of large structural ele-

ments. It implements the ASR expansion approach presented in Part 2 of this thesis into a

�nite element model and simulates the expansion and residual strains caused by ASR. In

this study, the residual ASR-induced strains and the expansion behavior are represented

using an orthotropic thermal expansion model. Such an orthotropic thermal expansion
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analysis allows a simulation of ASR expansion strains and the development of correspond-

ing prestress in the reinforcement prior to the application of external shear load. For the

applied shear loading (mechanical load), this study uses the concrete damaged plasticity

(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 study are as follows: i ) it accurately incorporate the evolution

of ASR strains by using an orthotropic thermal expansion model, i i ) account for the ASR-

induced damage and its effects on the material behavior using concrete damaged plasticity

model and i i i ) investigate the uncertainties in modeling and material properties on the

behavior of ASR-affected structures. This study accurately represents the shear behavior

of ASR-affected specimens and provides a strong basis to develop a �nite element based

approach for assessing the performance of structures exhibiting ASR-related degradation.

This chapter is structured as follows: Section 4.2 describes the experimental data by

Ferche (2020). Section 4.3 explains the application of the previously proposed approach

using the experimental data. This section provides all the modeling details of the reinforced

concrete (RC) panel specimens as well as the parameters used in the concrete damaged

plasticity model. The uncertainties observed in this study are discussed in Section 4.4. Sub-

sequently, Section 4.5 illustrates the shear stress-strain results obtained from the proposed

approach and compares them with the experimental observations. Lastly, the summary

and conclusions of this chapter are presented in Section 4.6.

4.2 Description of Experimental Data

This study uses the ASR modeling approach proposed in Part 2 to investigate the response

of ASR-affected specimens subjected to shear stresses. A series of large-scale experiments

described in Ferche (2020) and Ferche and Vecchio (2021) are used to develop and validate

a �nite element based approach for simulating the performance of structure exhibiting

ASR-related degradation. The experimental data consists of reinforced concrete panel
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Table 4.1: Panel specimens used for validation

Aggregate Panels � x � y � z

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

CAST 2
Reactive �ne

(Jobe-Newman)
AF3 3.31 0.42 -
AF4 3.31 0.84 -

CAST 3
Reactive coarse

(Spratt)
AF5 3.31 0.42 -
AF6 3.31 0.84 -

specimens that are conditioned in an environmental chamber and tested to failure under

pure shear loading to investigate the response of these specimens subjected to shear stresses.

The study investigated 10 RC panel specimens, 890 mm square x 70 mm thick, that are

cast with nonreactive, reactive �ne (Jobe-Newman), or reactive coarse (Spratt) aggregate.

Table 4.1 shows the cast and aggregate types of each panel used in this study as well as

the reinforcement ratios in x, y and z directions, � x , � y and � z , respectively. As given in

Table 4.1, only 6 out of 10 RC panels are used in this study for the validation of the proposed

approach. The rest of the panels are not used in this study as they did not have any data on

the corresponding non-reactive panel with the same reinforcement ratio.

In the X direction, 40-D8 bars ( � x =3.31%) are used, whereas in the Y direction, either

20-D4 bars (� y =0.84%) or 10-D4 bars (� y =0.42%) are used in panel specimens. In the

experimental study, three tension tests are performed for each type of reinforcement, D4 and

D8. The stress-strain curves obtained from three tension tests are given in Figures 4.2a and

4.2b for reinforcements D4 and D8, respectively. 5 / 16-inch short threaded rods are also used

in the Y direction to prevent edge failure and assist the load transfer. The stress-strain curves

of short bars obtained from seven tension tests are given in Figure 4.3. Three cylinder tests

are also performed for each panel's concrete to obtain the concrete compressive behavior.

The stress-strain curves obtained from three cylinder tests are given in Figures 4.4a and 4.4b

for non-reactive panels AF1 and AF2, and in Figures 4.5a, 4.5b, 4.5c and 4.5d for reactive

panels AF3, AF4, AF5 and AF6, respectively.
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Figure 4.2: Stress-strain response of reinforcing steel (Ferche 2020)

Figure 4.3: Stress-strain response of short threaded rods (Ferche 2020)
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Figure 4.4: Stress-strain response of non-reactive concrete (Ferche 2020)

Figure 4.5: Stress-strain response of reactive concrete (Ferche 2020)
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Each cast given in Table 4.1 also produced three 75 ×75×285 mm plain concrete prisms

that are cast according to ASTM C1293 standard (ASTM 2020). ASTM C1293 provides a

test method for determination of length change of concrete due to ASR and investigates

the length change of concrete prisms. In the experimental study, ASTM C1293 expansion

prisms are produced for correlation purposes. Panels and prisms are conditioned in the

same environmental chamber at 50o C and 97% relative humidity. The strains of panels are

measured approximately every 30 days for over 200 days. Periodic expansion measurements

are also taken to monitor the unrestrained longitudinal strains of the prisms. Conditioned

panels are then removed from the environmental chamber and tested to failure under pure

shear loading to investigate the response of ASR-affected specimens subjected to shear

stresses.

The concrete principal tensile stresses obtained in the experimental study (Ferche 2020)

are taken approximately and given in Figures 4.6a and Figures 4.6b for non-reactive panels

AF1 and AF2, and in Figures 4.7a, 4.7b, 4.7c and 4.7d for reactive panels AF3, AF4, AF5 and

AF6, respectively.

Figure 4.6: Principal tensile stress-strain response of non-reactive panels
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Figure 4.7: Principal tensile stress-strain response of reactive panels

4.3 Development of Finite Element Based Approach

In this section, the shear behavior of non-reactive and reactive reinforced concrete panels

are modeled using a �nite element (FE) based approach. First, the modeling details of

the panels are described. Then, a summary of the concrete damaged plasticity model is

provided followed by a discussion on the material modeling of non-reactive panels. The

shear behavior of the non-reactive panels, AF1 and AF2, is represented with a �nite element

model using the concrete damaged plasticity model. After establishing and validating the

�nite element model with respect to simulating the behavior of non-reactive panels, the

proposed approach is applied to capture the shear behavior of ASR-affected reactive panels,

AF3, AF4, AF5 and AF6. The discussion consists of an explanation for the determination

of ASR parameters and ASR-induced strains of reactive panels, followed by a study of the

material model used to simulate the behavior of these panels.
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4.3.1 Modeling Details

The geometry and reinforcement detailing of all panels of the experimental study are repli-

cated in the �nite element models. The models are created by embedding reinforcement

into concrete. The boundary conditions are applied to three corner nodes to prevent the

rigid body motion of the panels and are illustrated in Figure 4.8.

Figure 4.8: Boundary conditions of the �nite element model

In the experimental study, panels are connected to vertical and horizontal jacks that

apply compressive and tensile stresses at an angle to create pure shear loading. In the ex-

perimental study, each side of the panel has �ve shear keys and each shear key is connected

to two links. In-plane pure shear loading was applied through these links. The shear key

connection and the links in the experimental study are shown in Figure 4.9. In order to

produce a pure shear loading, all vertical jacks (lines 1 and 2) are subjected to a compressive

force, while an equivalent tensile force is simultaneously applied to all horizontal jacks

(lines 3 and 4). In the �nite element models, pure shear loading is applied to replicate the
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loading conditions in the experimental study. 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 reaching the maximum

applied load in the experiment. Shear stresses are calculated by dividing the applied force

by the surface area. Shear strains are calculated at different heights, 445 mm (middle) and

890 mm (top) away from the bottom of the panel, and the average value is used.

Figure 4.9: Panel element tester (Ferche 2020)

In the experimental study, ASR-induced expansion of the reactive panels is measured

for the X and Y directions. Because the panels have a small out-of-plane thickness, ASR-
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induced expansion in the Z direction is not considered in the experimental study. Therefore,

the panels in this study are modeled considering expansions in only X and Y directions.

The total volumetric expansion is distributed in only X and Y directions. ASR-affected

(reactive) 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 of the �nite element model. The

details of the thermal expansion model as well as the calculation of ASR-induced strains

are explained in the following sections. The rest of the modeling details of reactive panels

are similar to that of non-reactive panels. The only distinction in modeling reactive and

non-reactive panels lies in the necessity of performing a thermal expansion analysis for

reactive panels prior to applying shear loads.

4.3.2 Concrete Damaged Plasticity Model

This study investigates the behavior of ASR-affected reinforced concrete shear panels using

the concrete damaged plasticity model (CDP) in �nite element analysis. The concrete

damaged plasticity model is a plasticity-based damage model for concrete. This model uses

concepts of isotropic damaged elasticity and isotropic tensile and compressive plasticity

to represent the inelastic behavior of concrete (Smith 2009). The CDP model can be used

for plain concrete as well as reinforced concrete structures. It takes into account the two

failure mechanisms: tensile cracking and compressive crushing of concrete. This study

investigates the behavior of shear panels that are loaded under pure shear stresses until

failure. Since this study deals with high stresses and strains, it uses the CDP model because

of its capability to represent both tensile cracking and compressive crushing of concrete.

The stress-strain ( � -" ) curve of uniaxial load cycle for the CDP model is given in Fig-

ure 4.10 where E0 represents the initial (undamaged) elastic stiffness. The stress-strain

behavior is linear elastic until reaching failure stress in tension ( � t 0) and yield stress in

compression ( � c0). The post-failure behavior is modeled with tension stiffening which
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de�nes the strain-softening behavior of cracked concrete. The compressive behavior af-

ter reaching yield stress in compression is characterized by stress hardening and de�ned

beyond the ultimate stress ( � c u ), into the strain-softening regime. The degradation of the

elastic stiffness is characterized by two damage variables, d t and dc . The subscripts t and c

refer to tension and compression, respectively. Damage variables are de�ned as a function

of plastic strains, temperature, and �eld variables. Damage variables can take values from

0 to 1, 0 meaning that material is undamaged and 1 representing the total loss of strength.

In this study, the values of d t and dc are calculated at different points on the stress-strain

curve for use in the �nite element analysis. These values at each loading step are calculated

using Equations 4.1 and 4.2 for tension and compression, respectively (Hafezolghorani

et al. 2017).

Figure 4.10: Stress-strain curve for uniaxial load cycle (Smith 2009)

d t = 1 �
� t

� t 0
(4.1)
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dc = 1 �
� c

� c u
(4.2)

The weight factors w t and w c in Figure 4.10 represent the material properties that

control the recovery of the tensile and compressive stiffness upon load reversal. The default

values for the stiffness recovery factors are w t =0 and w c =0. The failure mechanisms are

controlled with tensile equivalent plastic strains ( "̃ p l
t ) and compressive equivalent plastic

strains ( "̃ p l
c ) under tension and compression loadings, respectively. The CDP model de-

�nes the stress-strain response under uniaxial tension and compression loading by using

Equations 4.3 and 4.4. In Equations 4.3 and 4.4, the subscripts t and c refer to tension and

compression, respectively.

� t = (1 � d t )E0(" t � "̃ p l
t ) (4.3)

� c = (1 � dc )E0(" c � "̃ p l
c ) (4.4)

In the �nite element analysis, compressive stress data is provided as a function of

inelastic strain ( "̃ i n
c ). Inelastic strain is calculated using Equation 4.5. In the analysis, inelastic

strains are converted into plastic compressive strains ( "̃ p l
c ) using Equation 4.6. Figure 4.11

illustrates these strains on a general stress–strain curve in compression.

"̃ i n
c = " c �

� c

E0
(4.5)

"̃ p l
c = "̃ i n

c �
dc

1 � dc

� c

E0
(4.6)
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Figure 4.11: General stress-strain curve for concrete in compression (Smith 2009)

In the �nite element analysis, tensile stress data is provided as a function of cracking

strain ( "̃ c k
t ). Cracking strain is calculated using Equation 4.7. In the analysis, cracking strains

are converted into plastic tensile strains ( "̃ p l
t ) using Equation 4.8. Figure 4.12 illustrates

these strains on a general stress–strain curve in tension.

"̃ c k
t = " t �

� t

E0
(4.7)

"̃ p l
t = "̃ c k

t �
d t

1 � d t

� t

E0
(4.8)
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Figure 4.12: General stress-strain curve for tension in compression (Smith 2009)

Conducting a �nite element analysis using the CDP model requires de�ning some

additional parameters (Smith 2009). These parameters are:

• dilation angle (  ): controls an amount of plastic volumetric strain developed during

plastic shearing, and it is assumed constant during plastic yielding.

• eccentricity: The eccentricity is a small positive number that de�nes the rate at which

the hyperbolic �ow potential approaches its asymptote.

• fb 0=fc0: the ratio of initial equibiaxial compressive yield stress to initial uniaxial com-

pressive yield stress.

• Kc : the ratio of the second stress invariant on the tensile meridian to that on the

compressive meridian at initial yield for any given value of the pressure invariant.

• viscosity parameter: used for the visco-plastic regularization of the concrete constitu-

tive equations.
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Shear dilatancy of a material can be described as the change in volume that is asso-

ciated with shear distortion of an element in the material (Vermeer and De Borst 1984).

One of the CDP parameters, dilation angle (  ), is �rst introduced by (Hansen 1958) to

characterize the shear dilatancy of a material. In the CDP model, plastic �ow ( G) is de�ned

with the Drucker-Prager hyperbolic function as given in Equation 4.9 where � is the ec-

centricity parameter, � t 0 is the tensile strength,  is the dilation angle, q̄ represents the

Mises equivalent effective stress and p̄ represents the hydrostatic pressure stress (Smith

2009). The exponential deviation of G from the linear �ow potential, as seen in Figure 4.13,

is in�uenced by the dilation angle and plastic strain rate (Syed 2012).

G =
Æ

(�� t 0t an  )2 + q̄ 2 � p̄ t an  (4.9)

Figure 4.13: Drucker-Prager hyperbolic plastic �ow potential used in CDP model (Syed
2012)

The dilation angle represents the ratio of plastic volume change over plastic shear strain.

Vermeer and De Borst (1984) proposed a formulation for dilation angle that is given in
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Table 4.2: Reinforcement material properties of non-reactive panels

Es (MPa) � s y (MPa) � s u (MPa) " s u

D4 187100 603 633 0.0176
D8 194900 543 584 0.0274

Equation 4.10. This equation de�nes the dilation angle (  ) as a function of volumetric

plastic strain rate ( �" p
v ) and axial plastic strain rate ( �" p

1 ). The plastic strain rate in dilation

angle de�nition corresponds to the plastic strain rate shown in Figure 4.13.

sin  =
�" p
v

� 2 �" p
1 + �" p

v
(4.10)

4.3.3 Modeling the Material Behavior: Non-reactive Panels

In this section, the material modeling procedure is explained for non-reactive panels AF1

and AF2. For the non-reactive panels, reinforcement material properties used in �nite

element analyses are taken from the experimental study. In the experimental study, three

tension tests are performed for each type of reinforcement, D4 and D8. The stress-strain

curves obtained from three tension tests are given in Figures 4.2a and 4.2b for reinforce-

ments D4 and D8, respectively. The mean values of three tension tests are used to de�ne

the stress-strain curves of reinforcements in the �nite element models. The reinforcement

properties used in the �nite element models are given in Table 4.2 where Es, � s y, � s u, " s u

represent elasticity modulus, yield stress, ultimate stress and ultimate strain of reinforce-

ment steel, respectively.

For the non-reactive panels, concrete material properties are taken from the concrete

cylinder tests in the experimental study. In the experimental study, three cylinder tests

are performed for each panel, AF1 and AF2. The stress-strain curves obtained from three

cylinder tests are given in Figures 4.4a and Figures 4.4b for panels AF1 and AF2, respectively.

The mean values of three cylinder tests are used to de�ne the stress-strain curves of concrete

compressive behavior in the �nite element models. The material properties of concrete

101



Table 4.3: Concrete material properties of non-reactive panels

Ec (MPa) � c0 (MPa) � c u (MPa) � t E X P (MPa) � t AC I (MPa)
AF1 33700 30.04 57.2 2.05 2.5
AF2 33500 35.98 58.4 2.7 2.52

compressive behavior used for AF1 and AF2 panels in the �nite element models are given

in Table 4.3 where Ec , � c0 and � c u represent elasticity modulus, yield stress and ultimate

stress of concrete, respectively.

The peak tensile strength of concrete ( � t 0) is de�ned in two ways; i ) using the approxi-

mate peak tensile stress value observed in experiment ( � t E X P), i i ) using the tensile strength

value based on ACI 318 (� t AC I ) given in Equation 4.11. The concrete tensile strength values

of non-reactive panels used in the �nite element models are presented in Table 4.3 where

� t E X P is the approximate peak tensile stress value observed in the experiment and � t AC I

represent the tensile strength value based on ACI 318 (ACI318 2019).

� t AC I = 0.33
p

� c u (4.11)

The tension stiffening of non-reactive panels is de�ned with Equation 4.12 using an

updated version of closed-form equations given in Syed and Gupta (2015). In Equation 4.12,

� t is the tensile stress of concrete whereas " t and " c r represent the tensile and cracking

strains, respectively. In Syed and Gupta (2015), " a " and " b " values in Equation 4.12 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 de�ne the tensile stiffening behavior. f t value in Equation 4.12

is taken as � t E X P of each panel. The tensile stiffening behavior is then obtained for panel

AF1 using Syed and Gupta (2015)'s equation and presented in Figure 4.14. Figure 4.14 also

shows the experimental results and compares them with the calculated values. As seen from

the results, default values of " a " and " b " underestimates the experimental behavior. And

hence, an update is proposed for the tension stiffening of the non-reactive panels' concrete

to predict the experimental tension stiffening behavior. The proposed update suggests
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taking " a " and " b " values of panels as 0.2 and 7 for panel AF1 and 0.4 and 7 for panel AF2,

respectively. Using the proposed update, the non-linear tensile behavior is obtained for

panel AF1 and is given in Figure 4.14. As seen in Figure 4.14, tensile behavior is predicted

well with the proposed update. The proposed update is also conducted for the rest of the

panels. Figures 4.15a and 4.15b show the tensile stiffening behavior for panels AF1 and

AF2, respectively. Figure 4.15 compares the experimentally obtained tensile stress with the

tensile stress obtained by the proposed update to Syed and Gupta (2015)'s equation.

� t =

8
>><

>>:

f t " c r � " t � b " c r

f t �
•

b " c r

" t

‹ a

" t > b " c r

(4.12)

Figure 4.14: Tension stiffening comparison
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Figure 4.15: Tension stiffening of non-reactive panels

The CDP model in �nite element analysis requires information on inelastic strain data

and cracking strain data to de�ne compressive and tensile behavior, respectively. Inelastic

and cracking strain calculations are given in Equations 4.5 and 4.7, respectively. These

strains can be calculated after de�ning the compressive and tensile responses of concrete.

Typically, compressive and tensile responses are available from the concrete cylinder tests.

In this study, the compressive and tensile behavior of concrete are de�ned for each panel

using the experimental data and are given in Figures 4.4 and 4.15. Then, the stress-strain

data in Figures 4.4 and 4.15 are used to calculate the inelastic and cracking strains of con-

crete using Equations 4.5 and 4.7. The values of d t and dc are calculated at different points

for use in the �nite element analysis. These values at each loading step are calculated using

Equations 4.1 and 4.2 for tension and compression, respectively. In this study, the CDP pa-

rameters of eccentricity, fb 0=fc0, Kc and viscosity parameter are taken as the default values.

However, careful consideration is needed in using the dilation angle (  ), particularly in

simulating the behavior of concrete structures exhibiting large strain and cracking behavior.

The dilation angle (  ) is initially taken as 50o . However, the dilation angle signi�cantly

changes during the analysis and needs to be updated as the load increases. Thus, the 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
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sections.

4.3.4 Determining ASR Strains of Reactive Panels

Expansion strains measured from ASTM C1293 expansion prisms are used to determine

the expansion parameters of the reactive panels. Normalized ASR-induced strains of ex-

pansion prisms that are measured in the experimental study are given with black curves

in Figures 4.16a and Figures 4.16b for concrete with �ne aggregate and coarse aggregate,

respectively.

Figure 4.16: Normalized ASR-induced strains of concrete with �ne and coarse aggregates

The proposed approach de�nes incremental free volumetric ASR-induced strain, (" ASR
vo l )t ,

with Equation 4.13 according to which the volumetric expansion is characterized as a

function of; (i) f (h ), humidity effect, (ii) � (t ,T ), ASR extent, and (iii) " 1
ASR, the maximum free

volumetric expansion. Humidity effect, f (h ), is a reduction function to account for humidity

and can be taken as 1 considering there is enough moisture. ASR extent, � (t ,T ), is given

with 4.14 is a sigmoid curve expressing the volumetric expansion in time as a function of

temperature. As given in Equation 4.14, the ASR extent, � (t ,T ), is de�ned as a function of TL
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and TC which are the latency time and characteristic time of expansion, respectively (Larive

1998). These equations are used to determine the ASR parameters of reactive concrete in the

experimental study. The �rst ASR parameter, maximum free volumetric expansion (" 1
ASR)

is taken from the �nal measured strains of expansion prisms. And hence, " 1
ASR is taken as

2.31x 10� 3 for concrete with �ne aggregate and 1.23x 10� 3 for concrete with coarse aggregate

as given in the experimental study. The other ASR parameters, characteristic time (TC ) and

latency time (TL ) are determined to �t the strains given in Figures 4.16a and Figures 4.16b.

Characteristic and latency times are calculated as; TC = 20 and TL = 55 for concrete with �ne

aggregate and TC = 28 and TL = 55 for concrete with coarse aggregate. The normalized ASR

strains are obtained by using these ASR parameters in Equations 4.13 and 4.14. Calculated

ASR strains are shown with red curves in Figures 4.16a and Figures 4.16b for concrete with

�ne aggregate and coarse aggregate, respectively.

(" ASR
vo l )t = f (h )� (t ,T )" 1

ASR (4.13)

� (t ,T ) =
1 � e � t

TC (T )

1+ e �
t � TL (T )
TC (T )

(4.14)

The weight distribution assumption (Saouma and Perotti 2006) is used for the ASR-

affected panels to distribute the ASR-induced volumetric strains along X and Y directions.

Expansion redistribution is accomplished by assigning weights to X and Y directions. The

ASR-induced strains in the X and Y directions, (" ASR
X )t and (" ASR

Y )t , are calculated using

Equations 4.15 and 4.16, respectively. All ASR-affected panels had 3.31% reinforcement in

the X direction. However, the reinforcement ratio in the Y direction was either 0.42% or

0.84%. According to the proposed assumption, the less reinforced direction has the most of

the ASR-induced strain whereas the more reinforced direction transfers the strains into the

less reinforced direction. Thus, it is presumed that the panels with 0.42% reinforcement

in the Y direction transferred more ASR-induced strains to the Y direction compared to
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Table 4.4: Weights of ASR-affected panels

� x (%) � y (%) WX WY

AF3 and AF5 3.31 0.42 0.30 0.70
AF4 and AF6 3.31 0.84 0.35 0.65

the panels with 0.84% reinforcement in the Y direction. Weights in the X and Y directions

(WX and WY ) are determined based on the provided reinforcement ratio in each respective

direction. As given in Equation 4.17, the summation of weights in X and Y directions should

be equal to 1. Weights in the X and Y directions are calculated for all panels and are given in

Table 4.4 together with the reinforcement ratios in these directions.

(" ASR
X )t = WX (" ASR

vo l )t (4.15)

(" ASR
Y )t = WY (" ASR

vo l )t (4.16)

WX + WY = 1 (4.17)

Lastly, ASR-induced strains in each direction are calculated for all reactive panels at

each loading step using calculated ASR parameters and the weights given in Table 4.4.

Figure 4.17 shows the ASR-induced strains of panels AF3 and AF4 in both X and Y directions.

As seen in Figure 4.17, experimental measurements are given with solid lines whereas

calculated ASR-induced strains from the proposed approach are given with dashed lines.

Similarly, Figure 4.18 shows the ASR-induced strains of panels AF5 and AF6. As seen in both

Figures 4.17 and 4.18, ASR-induced strains that are calculated by the proposed approach

give good results and re�ect experimental expansion behavior accurately.
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Figure 4.17: ASR-induced strains of panels AF3 and AF4

Figure 4.18: ASR-induced strains of panels AF5 and AF6
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4.3.5 Modeling the Material Behavior: Reactive Panels

In this study, reactive panels are modeled using the information from non-reactive panels

with the same reinforcement ratio. As given in Table 4.1, non-reactive panel AF1 has the

same reinforcement ratio as reactive panels AF3 and AF5 whereas non-reactive panel

AF2 has the same reinforcement ratio as reactive panels AF4 and AF6. In this section, the

material modeling procedure is only explained for panel AF3. Similarly, the same procedure

is applied to panels AF4, AF5 and AF6.

Orthotropic thermal expansion analysis is conducted to replicate the ASR-induced

expansion and residual strains of reactive panels. The expansion is applied by de�ning

different thermal expansion coef�cients in X and Y directions to create a length change

in these directions. The �nite element models of non-reactive panels are �rst expanded

to the �nal ASR-induced strains of reactive panels in X and Y directions that are given

in Figures 4.17 and 4.18. Thermal expansion is slowly applied and strain measurements

are taken at every loading step. The analysis is stopped after reaching the calculated �nal

ASR-induced strains in X and Y directions. For example, the ASR-induced expansion of

panel AF3 is replicated by conducting a thermal expansion analysis of panel AF1 until the

strains measured in X and Y directions reach the �nal expansion strains of panel AF3 that

are given in Figure 4.17. Subsequently, the expanded models are used as the initial boundary

conditions of the �nite 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 rest of the modeling details of reactive panels

are similar to that of non-reactive panels.

The material properties of non-reactive panel AF1 are updated according to the �nal ASR-

induced expansion to obtain the degraded material properties of reactive panel AF3. The

previously proposed approach (Part 2) de�ned the degradation in elasticity modulus ( E0)

by using damage factor dASR. Damage factor is calculated using Equation 4.18 (Capra and

Sellier 2003). The change in elasticity modulus is de�ned in Equation 4.19. The damage due
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Table 4.5: Concrete material properties of reactive panels

dASR Ec (MPa) � c y (MPa) � c u (MPa) � t E X P (MPa) � t AC I (MPa)
AF3 0.42 19409 18.59 39.06 0.82 2.04
AF4 0.34 21973 20.12 41.3 0.53 2.12
AF5 0.30 23751 23.84 53.12 1.80 2.39
AF6 0.28 23954 28.79 53.46 1.19 2.38

to ASR (dASR) is calculated for AF3 for the maximum �nal ASR-induced strain. The elasticity

modulus of AF1 is then degraded using dASR to �nd the degraded elasticity modulus of AF3.

The same procedure is applied to the rest of the panels and dASR and Ec of the reactive

panels are calculated and given in Table 4.5.

d ASR =
" ASR

0.003+ " ASR
(4.18)

Ec

E0
= 1 � d ASR (4.19)

The concrete compressive behavior of reactive panels are taken from the concrete cylin-

der tests in the experimental study, similar to those of non-reactive panels. The stress-strain

curves obtained from three cylinder tests are given in Figures 4.5a, Figures 4.5b, Figures 4.5c

and Figures 4.5d for reactive panels AF3, AF4, AF5 and AF6, respectively. The mean values

of three cylinder tests are used to de�ne the stress-strain curves of concrete compressive be-

havior in �nite element analysis. The material properties of concrete compressive behavior,

� c y and � c u , are given in Table 4.5 for the reactive panels.

The concrete tensile strength values of reactive panels used in the �nite element models

are de�ned the same way as non-reactive panels. � t E X P and � t AC I values are presented

in Table 4.5 where � t E X P is the approximate peak tensile stress value observed in the

experiment and � t AC I represent the tensile strength value based on ACI 318.

The tension stiffening of reactive panels is de�ned in a similar way to those of reactive

panels. An update to Equation 4.12 is proposed to predict the tensile stiffening behavior in
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the experimental study. The proposed method suggests updating " a " and " b " values in

Equation 4.12 to match the experimental tension stiffening behavior. The non-linear tensile

behavior is obtained for all reactive panels and shown in Figures 4.19a, 4.19b, 4.19c and 4.19d

for panels AF3, AF4, AF5 and AF6, respectively. Figure 4.19 compares the experimentally

obtained tensile behavior with the tensile behavior obtained by the proposed update to

Syed and Gupta (2015)'s equation.

Figure 4.19: Tension stiffening of reactive panels

The �nite element models of reactive panels are also created using the concrete damaged

plasticity model (CDP). The CDP model parameters and damage factors of reactive panels

are obtained in a manner similar to those of non-reactive panels.
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4.4 Observations from Preliminary Analyses

In a real application, it is not possible to have very good estimates of real material char-

acteristics for determining the corresponding parameters. The selection of model and

material parameters can in�uence the response from such a complex �nite element anal-

ysis. There are a few different aspects related to modeling and material characterization

that are expected to in�uence the response more than others. A preliminary study in this

research has helped in identifying certain key contributors. This section provides a detailed

discussion on the effect of these contributors on the shear behavior of the panels. The

speci�c modeling and material parameters considered in this study are: i ) modeling to

replicate actual test conditions, i i ) effect of tensile strength of concrete, i i i ) selection of

tension stiffening model for concrete, i v ) consideration of tension and compression dam-

age and v ) appropriate consideration of dilation angle. As discussed in detail below, these

aspects are important to appropriately capture the correct failure modes and to simulate

the post-cracking behavior.

4.4.1 Modeling to Replicate Test Conditions

Analysis of some of the preliminary �nite element models created in this study exhibited

localized edge failures. In the experimental study, the edges of the panels are reinforced

with short 5 / 16 inch threaded rods to prevent such failure. These rods help to assist the

load transfer and avoid localized edge failure due to stress concentration. This information

is explored further and considered in the �nite element models. However, information on

the details of the actual length and number of such rebars is not given in the experimental

study. Therefore, three different con�gurations are considered for the �rst panel (AF1) and

shown in Figure 4.20. In all con�gurations, 2 short bars are added along the Y direction for

each longitudinal bar. The �rst con�guration had 8 extra short bars added to each corner.

The second con�guration did not include any extra short bars. The third con�guration had

only 2 extra short bars added to each corner.

112



Figure 4.20: Different reinforcement con�gurations to prevent edge failure

The �rst panel, AF1, is modeled for all three con�gurations and loaded in shear. The

shear stress-strain results of the models are given in Figure 4.21. The results of all models are

compared with the experimentally measured stress and strain curves. As seen in Figure 4.21,

the number of bars added to the corners to prevent edge failure affects the stress-strain be-

havior. Finite element model with the �rst con�guration containing 8 corner bars captures

the stress-strain response better compared to the other con�gurations. Although the exact

number of bars used in the experimental study is unknown, con�guration 1 is selected for

the �nite element models because of its ability to capture stress-strain response at higher

strains.
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Figure 4.21: Effect of different reinforcement con�gurations on stress-strain response

4.4.2 Effect of Tensile Strength of Concrete

Experimentally measured tensile strength values ( � t E X P) and tensile strength values ob-

tained using ACI318 equation ( � t AC I ) are presented in Tables 4.3 and 4.5. Based on this data,

another aspect investigated in this study is the effect of different values of tensile strength

on the stress-strain response because the tensile strength governs the initiation of cracking

in the structure. The concrete tensile strength values of AF1 are presented in Table 4.3 where

two different tensile strength values, � t E X P and � t AC I , are taken into consideration. Both

of these values are used in the �nite element model of panel AF1 and the shear stress-strain

responses are presented in Figure 4.22. The model with the experimental peak tensile

strength ( � t E X P) predicts the cracking behavior better than the model with the tensile

strength from ACI equation � t AC I . Although the initial stress-strain behavior is captured

well when using the model with the experimental peak tensile strength, the results diverge

from the experimental measurements for higher strains. The reason for that is the constant
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dilation angle used in the CDP model which is addressed in the following sections. The

post-cracking behavior is in�uenced signi�cantly by the appropriate representation and

simulation of initial cracking. Therefore, the model with the experimental tensile strength

is used for the rest of the study.

Figure 4.22: Effect of tensile strength of concrete on stress-strain response

4.4.3 Selection of Tension Stiffening in Concrete

As seen in the results from Ferche and Vecchio (2022)'s study (Figures 4.1a and 4.1b), 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 that is followed by tension stiffening of concrete. Therefore, the

differences in results caused by different strain hardening and tension stiffening behavior

are investigated.
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As previously mentioned, an update to tension stiffening model is proposed to rep-

resent the correct post-cracking behavior as observed in experimental data. The strain

hardening and tension stiffening behavior of concrete depends on values of " a " and " b " in

Equation 4.12. The proposed update suggests choosing " a " and " b " values for each panel

individually to accurately predict the tension stiffening observed in the experimental study.

In Equation 4.12, the change in " a " changes the tension stiffening of concrete whereas the

change in " b " changes the strain hardening behavior of concrete. Hence, the differences

in results caused by different post-cracking behaviors are investigated. The following �ve

options are examined to determine an appropriate model for the tension stiffening of

concrete: i ) option 1: de�ning tension stiffening behavior using Equation 4.12 as suggested

in Syed and Gupta (2015)'s study ( a=0.4 and b =2), i i ) option 2: proposing an update to

tension stiffening equation to see the effect of strain hardening by eliminating the strain

hardening of concrete ( a=0.4 and b =2), i i i ) option 3: proposing an update to tension

stiffening equation to see the effect of strain hardening by decreasing it ( a=0.4 and b =1.5),

i v ) option 4: proposing an update to tension stiffening equation to see the effect of different

tension stiffening behavior ( a=0.2 and b =2), v ) proposed option: proposing an update to

tension stiffening equation to predict the tension stiffening based on experimental data.

The tensile behavior obtained from these options are given in Figure 4.23. The shear stress-

strain results of the models are given in Figure 4.24 for all the suggested options. The results

are compared with the experimentally measured stresses and strains.
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Figure 4.23: Tension stiffening models
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Figure 4.24: Effect of tension stiffening of concrete on stress-strain response

As seen in Figure 4.24, the stress-strain response is well predicted by using the updated

tension stiffening curve. Although the results for options 1 and 4 are similar until a point

where the model reaches very high strains, the tension stiffening proposed for option 1

fails to predict the response at high strains. This behavior demonstrates the signi�cance

of proposing an update to the tension stiffening model. The results from options 2 and

3 with less strain hardening ( b = 1 or b = 1.5) fail to predict the results compared to

models with longer strain hardening ( b = 2 or b = 7). And hence, it is also important to

propose an update to accurately de�ne the strain hardening of concrete. The proposed

option captures the stress-strain response well, especially at high strains. Although the best

stress-strain response is captured when using the proposed tension stiffening curve, the

results sometimes diverge from the experimental measurements. The reason for this is

the constant dilation angle utilized in the CDP model, which is addressed in the following
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sections.

4.4.4 Consideration of Tension and Compression Damage

As previously mentioned, the CDP model de�nes two damage parameters: the compressive

damage parameter ( dc ) and the tensile damage parameter ( d t ). In this study, only tension

damage, d t , is used as ASR expansion creates tensile stresses. However, the impact of

both damage factors on results is investigated. dc and d t are de�ned at different time

instances varying from zero to one where dc = 0 and d t = 0 mean no damage and dc = 1

and d t = 1 mean signi�cant damage representing a total loss of strength. The effect of dc

and d t on results is investigated for different combinations of results when considering

and disregarding damage, i.e., dc and d t values. The values of d t and dc are calculated

at different points on the stress-strain curve using Equations 4.1 and 4.2 for the tension

and compression, respectively. The stress-strain results for different combination cases

are presented in Figure 4.25 for panel AF1. As seen in Figure 4.25, the results are similar

for all possibilities, especially for the lower strains. For this study, it is assumed that the

ASR-induced expansion causes tensile stresses and only tensile damage parameter ( d t )

is included in the �nite 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.
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Figure 4.25: Effect of damage parameters on stress-strain response

4.4.5 Selection of Appropriate Dilation Angle

As seen in the results from Ferche and Vecchio (2022)'s study (Figures 4.1a and 4.1b), it is

quite challenging to simulate the stress-strain response in the region of high strains. At high

strains, concrete begins to exhibit signi�cant cracking and dilation. Therefore, it is very

important to estimate the dilation angle appropriately. In a �nite element analysis using

the CDP model, the dilation angle (  ) is in general considered as a constant parameter. In

this study, for the preliminary analysis, the dilation angle is taken as 50o since 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 �rst analyzed for different dilation angles to see the impact of the dilation angle on the

results. Stress-strain response of panel AF1 is presented in Figure 4.26 for different dilation

angles. As seen in Figure 4.26, the dilation angle is different throughout the shear loading.

Based on the preliminary analysis results, a new procedure is proposed to update the
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dilation angle. As previously mentioned, an equation is proposed by Vermeer and De Borst

(1984) to quantify the dilation angle (Equation 4.10) which de�nes the dilation angle (  )

as a function of volumetric plastic strain rate ( �" p
v ) and axial plastic strain rate ( �" p

1 ). In

this study, a procedure is proposed to update the dilation angle (  ) in the CDP model

using Equation 4.10. The proposed procedure is performed for all panels. The steps for the

proposed procedure are given below:

• Step 1: Choose an initial input value for the dilation angle (  i np u t ).

• Step 2: Conduct the �nite element analysis using  i np u t . Output volumetric plastic

strain rate ( �" p
v ) and axial plastic strain rate ( �" p

1 ) at the �rst loading step after cracking.

• Step 3: Use volumetric plastic strain rate ( �" p
v ) and axial plastic strain rate ( �" p

1 ) values

in Equation 4.10 to calculate the dilation angle,  c a l c ul a t e d .

• Step 4: Check if  c a l c ul a t e d in Step 3 is equal to  i np u t in Step 1. If yes, then use

this dilation angle for the given loading step (  =  c a l c ul a t e d = i np u t ). If not, then

repeat the procedure by updating  i np u t in Step 1 until  c a l c ul a t e d becomes equal

to  i np u t .

• Step 5: Repeat the procedure for the next loading steps until obtaining the dilation

angle ( ) for each loading step.
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Figure 4.26: Effect of dilation angle on stress-strain response

4.5 Summary of the Proposed Approach

Based on the preliminary analysis results of non-reactive panel AF1, the procedure given

below is followed for the rest of the panels:

• Modeling details are carefully considered to replicate the actual test conditions. For

example, the edge failure is prevented using 8 extra short bars on each corner of the

panels.

• The experimentally obtained tensile strength is used for all panels due to its ability to

accurately capture post-cracking stress-strain behavior.

• The updated tension stiffening equation based on experimental data is used to de�ne

the strain hardening and tension stiffening behavior of concrete.

• The �nal validated model only uses the tension damage, d t , as ASR expansion creates

tensile stresses. The compressive damage parameter ( dc ) at each loading step is taken
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