
 

ABSTRACT 

SYED, SAMMIUDDIN QUADRI. Seismic Probabilistic Fragility Assessment of Reinforced 

Concrete Shear Wall Structures in Nuclear Power Plants. (Under the direction of Dr. 

Abhinav Gupta.) 

A seismic fragility assessment framework is proposed to address the problem of evaluating 

and updating estimates of seismic fragility for reinforced concrete structures in nuclear power 

plants.  The main objective of the framework is to enable (i) incorporation of fragility 

estimates from previous studies with the new fragility data from experimental testing and 

finite element simulations, (ii) modeling and characterizing uncertainties in material model 

parameters of concrete constitutive models used in finite element simulations for fragility 

data, (iii) developing fragility curves for different performance criteria and damage limit 

states using Bayesian updating techniques.  Experimental seismic fragility assessment of 

large-scale reinforced concrete structures is cost intensive and impractical.  A hybrid 

approach is proposed to estimate fragility of reinforced concrete structures like box shaped 

shear walls by performing Monte-Carlo simulations involving multiple nonlinear dynamic 

analyses using experimentally validated finite element models.  Data collected from Monte-

Carlo simulations is then used to develop new fragility estimates.  The key step in conducting 

Monte-Carlo simulations is to model the uncertainties and randomness in the material 

properties and earthquake time histories.  A framework is proposed to consider and 

characterize uncertainties in concrete material constitutive model like damage plasticity 

model, used in the finite element simulations for probabilistic risk assessment.  A 

computational methodology based on Bayesian inference techniques is proposed to update 

the existing fragility curves using the failure data derived from nonlinear time history 



 

analyses.  Performance of shear wall structures is characterized using multiple limit states 

that corresponds to no-damage, minor damage, moderate damage, and significant damage  

Qualitative performance functions are defined to assess seismic performance of shear walls 

in terms of  engineering design parameters like maximum shear force, maximum shear 

deformation and maximum inter story drift ratio and maximum shear strains..
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PART I 

INTRODUCTION 
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1. BACKGROUND 

Over the past decade, US nuclear industry has moved towards performance based design and 

risk assessment of concrete structural systems and its components (SSCs) especially for 

seismic loads.  It is no longer permissible to develop deterministic design criteria for site-

specific seismic hazard.  Given the inherent uncertainty and variability in seismic load and 

response, the performance-based methodology is formulated within a probabilistic 

framework.  Therefore, current seismic performance assessment uses a fragility curve as a 

means of describing the variation of probability of failure in a structure under uncertain 

ground motion input.  In performance based design or assessment, "failure" event is defined 

when the structure or its components fail to satisfy the requirements of a predefined 

performance level (i.e. serviceability or life safety and collapse prevention) or a limit state 

(damage condition).  Risk associated with an unacceptable performance or a limit state is 

characterized in terms of seismic fragility curves.  The seismic fragility of a structure is 

defined as the conditional probability of failure for a given intensity of ground motion.  

 In the current state of practice, fragility curves are expressed using a log normal 

model based on design factors of safety.  It is characterized by evaluating the median 

capacity in terms of peak ground acceleration and a composite standard deviation for the 

median acceleration capacity, which accounts for randomness and uncertainty.  In a 

simplified form, the median capacity is expressed as a product of several safety factors 

modeled as log normal variables with a median and standard deviation for individual factors.  

These factors include safety against randomness and uncertainty involved in material 

properties and earthquake loading (for example factors like ultimate strength, inelastic 
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absorption, ductility, damping, analysis methods, modal combinations, and modeling).  

However, evaluation of these median factors and their lognormal standard deviations is based 

on a combination of results obtained from design, analysis, test data, experience data, and 

professional expertise (EPRI 1994; EPRI 2002; EPRI 2003; ANS 2003).  It must be 

emphasized that this method is semi-empirical and does not account for different failure 

modes.  The unacceptable performance of a concrete structure can be characterized by failure 

in more than one way depending on extent of damage.  The current state of practice in 

nuclear industry cannot be used to generate fragilities for multiple damage states or failure 

modes because of its simplifying analytical assumptions.  Some studies in recent years have 

also shown that the fragilities as evaluated from the current practice are dominated by an 

uncertainty in the earthquake ground motion and that the uncertainties in other parameters 

such as material properties and damping do not have a significant influence (Ji et al., 2007).  

 To evaluate accurate fragility curves capturing different failure modes, large number 

of experiments need to be performed, which is cost intensive and impractical.  The 

limitations in existing approaches for developing fragility curves are often avoided by using a 

hybrid approach (Shinozuka et al., 1988; Komura et al., 1989; Singhal and Kiremidjian, 

1998; Gracia and Soong, 2003; Ju et al., 2011), in which large scale finite element (FE) 

models are developed and validated against the limited experimental data.  These validated 

models are then used to conduct Monte-Carlo simulations using multiple time history 

analyses by considering the uncertainties in the material properties and seismic loading.  The 

previous researchers have considered a variation in only the basic strength parameters of 

concrete like peak compressive strength, elastic modulus and yield strength of steel.  A 
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complete variability in the parameters associated with the material constitutive models used 

for FE modeling has not been considered. 

 Concrete is a quasi-brittle material which exhibits strain hardening and strain 

softening in uniaxial compression and brittle-fracture in tension.  Concrete undergoes several 

damage states like tensile cracking, crushing in compression, stiffness degradation and 

recovery of degraded stiffness due to closing of previously formed cracks under cyclic and 

dynamic loading.  Many widely used concrete constitutive models (Lubliner et al., 1989; Lee 

and Fenves, 1998) based on the principles of continuum damage mechanics and theory of 

plasticity can capture the nonlinear behavior and different damage states in concrete 

structures subjected to seismic loading.  While it is important to consider an uncertainty in 

material behavior for evaluating seismic fragility of concrete structural systems and 

components, consideration of such uncertainties is not trivial.  Most of the existing 

constitutive models cannot be used directly and independently for this purpose due to the 

large number of variables that are used to characterize the plasticity and damage in the 

material level behavior of concrete. 

 In this research, we propose a comprehensive framework which provides a rational 

way of evaluating the probability of failures and fragility curves by considering the 

uncertainties in constituent material properties as well as constitutive material models used 

for FE analysis.  The next section discusses some of the existing approaches in fragility 

analysis of structures and elaborates on the specific objectives of the proposed research. 
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2. SEISMIC FRAGILITY  

Seismic structural fragility  fP  is defined as the probability of attainment or exceedence of 

multiple damage (limit) states  G   for a given intensity of ground motion excitation , 

which typically is adopted as peak ground acceleration (PGA) or Spectral Acceleration (Sa).  

Mathematically, it is expressed as  

 
 

    0 |fP P G       
(1)

 

 

where the damage state  G  is a function of random variables representing material and 

loading uncertainties for the structure.  It is often expressed in terms of two variables 

corresponding to the capacity, C and demand, D of the structure as 

 
 

 ,G C D C D 
 

(2)
 

 The demand can be expressed in terms of maximum values of shear, bending 

moment, axial forces, overturning moment, displacement, velocity, acceleration, drift ratio, 

ductility and energy dissipation in the system.  The capacity of the structure is the maximum 

force, displacement, velocity or acceleration that the structure can withstand without failure 

at a defined limit state.  Hence, the fragility can be expressed as: 

 
 

   |fP P C D  
 

(3)
 

 In simulation based fragility assessment of reinforced concrete structures, capacity C 

of the structure is determined from the push over analysis of the prototype structure by 

considering the uncertainties in material properties and other strength parameters like 

compression strength of concrete and yield strength of steel.  The demand, D at any given 


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ground motion excitation  is a function of modeling and analysis variables like ground 

motion time histories, damping  , soil-structure interaction SSI , material properties and 

material constitutive models. 

 The conditional probability of failure  Pf
can be written as: 

 
 

     
0

| 1f r D CP P C D F r f r dr


       
(5)

 

where  DF  is the cumulative probability distribution of D and  Cf  is the probability 

density function of C. The fragility curve for a particular limit state can be constructed by 

evaluating  Pf
at different levels of PGA. 

3. CURRENT PRACTICE: EPRI APPROACH 

Current state of practice in the nuclear industry (EPRI, 1994; EPRI 2002; EPRI, 2003; ANS 

2003) considers that the acceleration capacity, A of a structure can be modeled as follows: 

 
m U RA a      (6)  

where ma  is the median acceleration capacity of the structure, R  denotes the inherent 

randomness of the capacity about the median, and U  denotes the uncertainty in our 

knowledge of the median capacity itself. Variables R  and U  are modeled as log-normally 

distributed with a median of unity and logarithmic standard deviations of R and U ,
 

respectively.  Using the relationship in Equation (4), the fragility curve corresponding to a 

confidence level α can be expressed as: 
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where Φ is the standard Gaussian cumulative distribution function.  The Equation (7) is used 

to construct confidence bands of fragility curves. The median fragility curve is given by 
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Furthermore, Kennedy et al. (1980) simplified the fragility estimation by expressing the 

acceleration capacity A as a product of safety margin factors and the PGA of the design 

earthquake design : 

   designiFA    (9)  

The variables iF  represent different safety margin factors accounting for conservatism and 

uncertainty in the design parameters like capacity, ground motion, damping, soil-structure 

interaction, modal combination, response spectrum, modeling etc.  Each iF  is characterized 

as a lognormal variable with a median value of iF̂  and logarithmic-standard deviations 
i

R

and
i

U .  Thus, the parameters for the fragility curve of Equation (6) i.e. ma , R  and U  can 

be evaluated more simply as: 
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4. RESEARCH OBJECTIVES 

The primary objective of this research is to develop a comprehensive framework for 

rationally evaluating the structural fragilities of reinforced concrete structural systems and 

components in nuclear power plants.  The key aspects desired in the proposed framework 

are: 

 The framework should be able to predict the probability of failure based on numerical 

simulations of experimentally validated FE models. 

 The framework should be robust enough to handle the uncertainties at the material 

level as well as seismic loads. 

 The framework should be able to incorporate uncertainties in concrete constitutive 

model. 

 The framework should be able to account for the different damage states and modes 

of failure. 

 

5. PROPOSED RESEARCH 

The specific tasks needed to accomplish the objectives of this research can be characterized 

in the following section. 
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5.1 Selection of Material Constitutive Model  

5.1.1 Review of Existing Material Constitutive Models: 

There are several concrete constitutive models available in the literature based on the 

principles of elasticity, plasticity and continuum damage mechanics.  Examples include 

elastic-plastic model (Chen and Chen, 1975), hypo-elastic model (Kupfer and Grestle, 1978; 

Kotsovos and Newmann, 1978 and 1979), anisotropic model (Isobata, 1978), equivalent 

uniaxial model (Drawin and Peckold, 1977), smear crack model and concrete damage 

plasticity (Lubliner et al., 1989; Lee and Fenves, 1998).  Choosing an appropriate 

constitutive model which can represent accurate seismic response under cyclic and dynamic 

loading is essential in evaluating seismic fragilities. 

5.1.2 Selection of Constitutive Model: 

For the purpose of this study, it was determined that the concrete damage plasticity model 

proposed by Lubliner et al. (1989) and later modified by Lee and Fenves (1998) works well 

in representing the behavior of concrete with respect to the experimental data available for 

this research.  This model is capable of capturing the highly nonlinear behavior of concrete 

both in tension and compression, along with the phenomenon of strength degradation, 

stiffness degradation and recovery of stiffness under load reversals for dynamic loading. 

5.2 Estimating Material Model Parameters: 

A critical and challenging aspect of deriving meaningful fragility relationships based on the 

simulations of experimentally validated large scale finite element models is to properly 

account for the uncertainties in material properties and parameters defining the material 
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constitutive model.  There are several parameters associated with defining the concrete 

damage plasticity model.  It requires a mathematical description of the complete stress strain 

curves in tension and compression along with the respective damage curves.  The existing 

literature provides data on only the basic strength parameters like compressive strength of 

concrete, elastic modulus and poisson's ratio from the laboratory and field tests.  Therefore, 

the complete stress-strain curves and damage curves need to be generated using a closed 

form model by using these basic strength parameters. 

 Closed-form relations for stress strain and damage strain curves have been given in 

existing studies which are based on the basic strength parameters of concrete.  Maekawa-

Okamura Elasto-Plastic Fracture model (Maekawa and Okamura, 1983) for concrete under 

compression and Izumo-Okamura model (Izumo and Okamura, 1989) for tension stiffening 

are used for estimating the material model parameters for concrete damage plasticity model.  

Therefore, using the Maekawa-Okamura model (for compression) and Izumo-Okamura 

model (for tension) the material model parameters (stress-strain response, damage variables 

in tension and compression) for concrete damage plasticity model can be determined from 

the basic strength material property constants like nominal compressive strength, peak strain 

at maximum compressive strength and elastic modulus of concrete which are readily 

available from laboratory experiments or existing material level tests.  

5.3  Uncertainty 

5.3.1 Modeling Material Uncertainty: 

A database of strength parameters like nominal compressive strength, peak strain at 

maximum compressive strength and elastic modulus of concrete is collected from full scale 
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experimental tests.  Each of these strength parameters is modeled as an independent normally 

distributed random variable, incorporating the material uncertainties in the framework.  

Random stress-strain curves and damage variable curves are generated by combining the 

closed-form expressions given by the Maekawa-Okamura (1983) and Izumo-Okamura 

(1989) models. 

5.3.2 Ground Motion Uncertainty: 

Uncertainties in the ground motion excitation can have a significant effect on the seismic 

demand.  The ground motions at a particular site of a structure are selected based on the 

source mechanism, path attenuation and site effects of seismic activity.  The ground motion 

uncertainty can be accounted for either by carefully selecting actual strong ground motion 

records in accordance with magnitude of events, distance to source and site soil conditions or 

using the simulated time histories compatible with the uniform hazard response spectrum at 

the site.  In this study, we use the uniform hazard spectrum as the specified design motion.  A 

total of thirty simulated time histories compatible with the uniform hazard spectrum are used 

as input in this study.  

5.4 Characterization of Performance Functions 

In the simplest form, the performance function for a structure can be defined in terms of 

maximum force experienced by structure under the seismic load, compared against its 

capacity as expressed in Equation (2).  The demand is calculated from the nonlinear time 

history analyses and capacity can be estimated using the guidelines given in the design codes 

such as ACI 349 (2001) and ASCE/SEI 43 (2005).  Similar qualitative performance functions 
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can be defined with respect to other engineering design parameters like maximum shear 

deformation, maximum inter story drift ratio, maximum shear strains and energy based 

damage indices (Park and Ang, 1985 and 1987; Williams and Sexsmith, 1995).  The 

performance can also be characterized using multiple limit states that correspond to no-

damage, minor damage, moderate damage, and significant damage. 

5.5 Development of Framework for Fragility Assessment 

The objective of this task it to develop a framework for evaluation of seismic fragility curve 

in which experimentally-validated large-scale finite element models are used to conduct 

nonlinear time history analyses along with a consideration of uncertainties in material 

properties and material constitutive model.  The salient features of the framework include 

generating constitutive material model parameters from the basic strength parameters, 

modeling ground motion uncertainty using spectrum compatible earthquakes, characterizing 

limit states and carrying out numerical experiments.  These material model parameters, along 

with the finite element model of the structure, form an ensemble of structural models.  The 

structural models are then coupled with an ensemble of artificially generated spectrum 

compatible earthquakes which give a randomly generated earthquake load-structure systems 

used for conducting nonlinear time history analyses. 

5.6 Evaluate the effect of uncertainty in material parameters on fragility estimates  

The objective of this task is to evaluate the effect of uncertainty in material model 

parameters.  This can be done by considering two sets of numerical experiments on 

earthquake load-structure systems by considering material parameters as constants and 
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statistical variables.  The probability of failures of these two sets can be estimated and 

compared to investigate the effect of uncertainty in material model parameters. 

5.7 Variation in fragilities for different performance function 

The objective of this task is to estimate the effect of variation in fragilities for different 

performance functions.  The performance of a typical concrete shear wall structure can be 

defined in terms of engineering design parameters like maximum shear force, maximum 

shear deformation, maximum inter story drift ratio and maximum strains.  Different damage 

states cannot be characterized by a single fragility curve.  The results from the nonlinear time 

history simulations can be used to evaluate fragility of shear walls for a given performance 

function and damage limit state.  The performance can also be characterized using multiple 

limit states that corresponds to no-damage, minor damage, moderate damage, and significant 

damage. 

5.8 Bayesian framework to update fragility curves using analysis data 

For reinforced concrete structures like shear walls, one way to estimate structural and 

component-level fragilities is to use nonlinear time history analyses of an experimentally-

validated full-scale Finite Element model of the entire structure. Monte-Carlo based fragility 

estimation appears quite straightforward as it involves performing a large number of multiple 

dynamic analyses for the structure adequately accounting for various uncertainties in the 

material, modeling and loading parameters.  The accuracy of the Monte-Carlo simulation 

approach depends entirely on the number of time history simulations performed at each PGA 

level.  For simple structural systems with a small number of DOFs, performing a large 
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number of multiple time history analyses does not impose any serious constraint.  However, 

for a large non-linear structural system with many DOFs, each time-history analysis may 

require significant computational resources. 

To reduce the total number of time history analyses required, it is sometimes practical to 

use the conventional EPRI (1994, 2002, and 2003) approach or other existing studies to 

obtain a preliminary estimate of fragility curves for the structure and then use limited time-

history simulation data to update the fragility curves.  The Bayesian Inference techniques are 

a powerful tool to effectively integrate existing information or “prior knowledge” on the 

random parameters in the fragility model with “newly collected information” from the time-

history simulations in order to obtain the updated or “posterior” fragility curves.  Bayesian 

methods provide the flexibility to incorporate different types of data (experimental, 

empirical, numerical simulations, etc.) into a single fragility model and help reduce the 

variability that might otherwise exist in predicted values due to limited data.  The updating 

procedure is illustrated in which we start with the initial fragility estimates based on the 

conventional lognormal approach as "prior" information and then use the results from the 

time-history analyses of an experimentally-validated FE model to update the fragility curves. 

Specific tasks in such a framework can be enumerated as: 

 Determine the parameters associated with the fragility curve assuming the 

conventional lognormal fragility model from the EPRI (1994, 2002, and 2003) 

approach or any other existing method.  The prior information on the random 
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parameters of the model - median capacity and the log-standard deviation must be 

specified based on this preliminary fragility analysis. 

 Conduct a relatively small number of time-history analyses using the experimentally-

validated FE model. 

 From the responses of each time history analysis at a given PGA, determine if the 

structure has exceeded the specified limit state.  Consider that the structure has 

"failed" if the maximum responses from the analysis exceed the specified limit state. 

 Using the entire failure data collected above, determine the "likelihood" function of 

the random parameters of the lognormal model. 

 Evaluate the "posterior" statistics of the random parameters - median capacity and the 

log-standard deviation, from the "prior" fragility and the "likelihood" functions 

employing the Bayes Theorem using Markov Chain Monte Carlo methods.  

6. ORGANIZATION 

This dissertation consists primarily of three manuscripts which will be submitted for possible 

publications in peer reviewed journals.  The first manuscript, Part II of the dissertation, 

presents the framework for seismic fragility evaluation of reinforced concrete shear wall 

structures considering the uncertainties associated with the parameters of material 

constitutive model.  The various features of the framework are illustrated using a detailed 

fragility analysis of a Reinforced Concrete (RC) box-shaped shear wall. The second 

manuscript in this dissertation, Part III, discusses the influence of uncertainty in material 

model parameter in evaluation of seismic fragility of shear wall structures.  The third 
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manuscript in this dissertation, Part IV, presents the Bayesian framework for seismic fragility 

evaluation of shear wall structures for different performance functions.  Part V of this 

dissertation gives a summary and conclusions of this research and the anticipated future 

research on these topics.  
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1. INTRODUCTION 

Over the past decade, US nuclear industry has moved towards reliability-based design and 

risk-informed regulation especially for seismic loads.  In a risk-based design and regulatory 

environment, the seismic risk is characterized in terms of a fragility curve which gives 

cumulative probability of failure/unacceptable performance with respect to an Engineering 

Design Parameter (EDP).  In the current practice, seismic capacities are characterized by 

evaluating median capacity in terms of peak ground acceleration and a composite lognormal 

standard deviation for the median capacity (Kennedy et al., 1980; EPRI, 1994; EPRI, 2002; 

ANS 2003).  To simplify the evaluation of structural fragility curves, the total factor of safety 

is expressed as a product of various factors with their individual medians and lognormal 

standard deviations.  However, evaluation of these median and lognormal standard deviations 

is based on a combination of results obtained from design, analysis, prior test and experience 

data, and professional expertise.  It must be noted that the unacceptable performance of a 

concrete structural system or a component can be characterized by failure in more than one 

way.  In addition, the performance for a given failure mode can be further characterized by 

the extent of damage observed.  For example, in the case of buildings and bridges the 

performance is often characterized by multiple limit-states that correspond to no-damage, 

minor damage, moderate damage, and significant damage.  The current practice of evaluating 

structural fragility in nuclear power plants cannot be used to generate fragilities for each of 

these scenarios.  Some studies in recent years have also shown that the fragilities as evaluated 

from the current practice are dominated by an uncertainty in the earthquake ground motion 
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and that the uncertainties in other parameters such as material properties and damping do not 

have a significant influence (Ji et al., 2007). 

Ideally, evaluation of accurate structural fragilities with respect to different failure 

modes should be based on experimental results.  However, experimental evaluation of 

fragility is impractical and cost intensive.  A hybrid approach is often employed in which 

large scale finite element models of a structural system are validated using the limited 

experimental data (Komura et al., 1989; Shinozuka and Kishimoto, 1989; Gracia and Soong, 

2003; Ju et al., 2011).  The validated models are then used to conduct multiple analyses by 

considering uncertainties in the material properties as well as in the earthquake ground 

motion.  Only a limited number of simulation-based fragility evaluation studies in the 

existing literature consider the effect of uncertainty in material properties particularly for 

concrete structural systems.  Furthermore, the studies that do consider uncertainties in the 

concrete material properties rely solely on the variation of strength parameters such as elastic 

modulus, compressive strength of concrete and yield strength of steel.  Uncertainties in the 

parameters corresponding to the material constitutive models are generally not considered.  

Concrete is a quasi-brittle material which exhibits strain hardening and softening 

under uniaxial compression and brittle-fracture under tension.  Under low confining 

pressures, concrete behaves in a brittle manner; the main failure mechanisms being cracking 

in tension and crushing in compression.  The brittle nature disappears when the confining 

pressure is sufficiently large to prevent the crack propagation and concrete behaves like a 

ductile material. Crack initiation and propagation is not a sudden occurrence like in metals or 



23 

glass but it is through continuous formation of micro cracks.  The formation of micro cracks 

causes localization and redistribution of strains (softening behavior) and stiffness degradation 

in both tension and compression.  During uniaxial cyclic loading of concrete, the stiffness of 

loading and unloading paths is different.  There is a shift in the zero load strain position, 

indicating that there is an accumulation of plastic strain or damage.  Under cyclic loading, 

concrete undergoes several damage states like tensile cracking, compressive failure, stiffness 

degradation and recovery of degraded stiffness due to closing of previously formed cracks.  

While it is important to consider uncertainty in these damage states for evaluating seismic 

fragility of concrete structural systems and components, existing studies do not consider the 

effect of these uncertainties.  Consideration of such uncertainties is not trivial.  Most of the 

existing constitutive models cannot be used directly and independently for this purpose due 

to the large number of variables that are used to characterize the plasticity and damage in the 

material level behavior of concrete.  This paper presents a study that is used to identify only a 

few selected parameters in concrete’s constitutive model and to characterize the uncertainties 

in these parameters for the purpose of seismic fragility assessment. Section 2 of this paper 

summarizes the nonlinear concrete damage plasticity model proposed by Lubliner et al., 

(1989) and later modified by Lee and Fenves (1998).  This section also outlines the 

limitations in implementation of the damage plasticity model within a finite element 

framework and hence its direct use in a simulation based fragility assessment. Section 3 

presents a methodology to overcome these limitations by combining the damage plasticity 

based constitutive model with some existing closed-form expressions.  A simulation-based 

fragility evaluation framework that incorporates the damage plasticity model and the closed-
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form expressions for evaluating damage variables is presented in Section 4.  This section also 

presents the discussion on identification of critical parameters for consideration of 

uncertainties associated with the concrete constitutive model within a fragility analysis. 

2. MATERIAL MODEL  

Concrete is a highly heterogeneous material whose response to static and dynamic 

loads depends not only on its individual constituent materials but also on their interaction 

with each other, exhibiting high degree of nonlinearity in both tension and compression.  The 

common approaches that have been used for the description of concrete constitutive behavior 

are based on theories of plasticity, continuum damage mechanics, fracture mechanics, elastic-

damage, and combined plasticity and damage mechanics.  Elastic damage models or Elasto-

plastic constitutive models cannot characterize the complete behavior of concrete as these 

models do not reproduce the different unloading slopes during the cyclic loads which can be 

critical in the evaluation of damage in the material.  Plasticity based approaches do not 

address stiffness degradation due to micro-cracking.  The continuum damage mechanics 

based approaches along with the elasticity based approaches cannot characterize irreversible 

deformations and inelastic volumetric expansion in compression.  A coupled damage-

plasticity approach (Lee and Fenves, 1998) uses the principles of fracture energy to 

characterize the scalar damage variables originally proposed by Lubliner et al. (1989) to 

represent the constitutive behavior of concrete.  A brief summary of the model is presented 

below. 
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2.1 Concrete Damage Plasticity Model  

The strain   is decomposed into the elastic part, e  and the plastic part, p  based on the 

incremental theory of plasticity. 

 pe     (1)  

The stress strain relation is given by  

    0    0 11 : p DD      E
 
 (2)  

  : p   E  (3)  

where D  is a scalar degradation damage variable, 0E  is the initial elastic stiffness, E  is the 

degraded elastic stiffness and : represents the tensorial product.  According to continuum 

damage mechanics, the stress is mapped into the effective stress,   by a damage tensor D . 

 : D  (4)  

  0 : p   E  (5)  

where  1 1 D D I  , is the isotropic damage tensor.  The plastic strain is evaluated by a 

non-associated flow rule which is assumed to be generated from a scalar plastic potential 

function G.  The rate of change of plastic strain is defined as follows: 

 
p G










 (6)  

in which is a non-negative function referred to as the plastic consistency parameter and G is 

plastic potential function defined in the effective stress-space by 
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  
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2tan 3 tan  
3

to

I
G J f      (7)  

Parameters  , tof ,  denote the dilation angle, the tensile concrete strength and a material 

parameter, respectively.  The material parameters   and  influence the exponential 

deviation of G from the linear flow potential as shown in Figure 1 (Drucker and Prager, 

1952), especially for small confining pressures. 1I , 2J  are the first and second stress 

invariants defined in the effective stress space.  The plastic-damage concrete model uses a 

yield condition based on the yield function proposed by Lubliner et al. (1989). The yield 

function is of the form  

  
 

    1 2 max max

1 ˆ ˆ, 3
1

p p p

c cF I J      


         


    
(8)  

where max̂ denotes the algebraic maximum principal stress, and  is a parameter which is 

evaluated by the initial shape of the yield function as shown in Figure 2.  The evolution of 

the yield function is determined by defining  , which is a function of plastic strain (Lubliner 

et al., 1989) such that 
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where c  and t  are the effective compressive and tensile cohesion stresses respectively.  

The compressive strength under biaxial loading of concrete is denoted by 0bf  and the 

compressive yield strength under uniaxial loading of concrete is denoted by 0cf .  The 

parameter   is defined based on full triaxial tests of concrete and is considered in the yield 

function only for triaxial compression stress state i.e. when max 0̂  .  The parameter   is 

defined as ratio of Mises equivalent effective stress in tension meridian (TM) and 

compression meridian (CM) for a given state of hydrostatic pressure, p .  By definition, the 

tensile meridian is the locus of stress states satisfying the condition max 1 2 3
ˆ ˆ ˆ ˆ       and 

the compressive meridian is the locus of stress states such that max 1 2 3
ˆ ˆ ˆ ˆ      , where 

1̂ , 2̂ , and 3̂  are the eigenvalues of the effective stress tensor.  The evolution of the 

hardening variables is linked to the three eigenvalues 
1 2 3
p p p    in ̂  of the plastic strain 

tensor, such that 
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Parameter  ˆr   controls the distribution on p
t  and p

c .  Damage is caused by 

cracking under tensile or crushing under compressive loading conditions.  The formulation of 

scalar degradation variable is proposed (Lee and Fenves, 1998) as 

  , pd d    (12)  

     1 1 1 ,      0 , 1t c c t t cd s d s d s s       (13)  

td  and cd are the uniaxial damage variables in tension and compression respectively and, ts  

and cs  are functions of the stresses that are introduced to represent stiffness recovery effects 

associated with stress reversals.  They are defined according to 
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where tw
 
and cw  are the weights assigned to tension and compression recovery factors.  

Experimental studies have shown that the compressive stiffness of concrete is recovered 

upon crack closure as the load changes from tension to compression.  On the other hand, the 

tensile stiffness is not recovered as the load changes from compression to tension once 

crushing micro-cracks have developed. 

  



29 

2.2 Limitations in consideration of concrete damage plasticity model for fragility 

assessment 

Cracking (due to tension) and crushing (due to compression) in concrete are represented by 

increasing values of the hardening (and softening) variables.  The hardening variable p , 

damage variable d and elastic stiffness degradation ( ts and cs ) are dependent on plastic 

strain p  and its evolution.  The parameters involved in the evolution of the yield function 

and scalar plastic potential are also a function of plastic strain and other material constants 

which are related to various multiaxial experimental tests of concrete under compression and 

tension.  A finite element implementation of the concrete damage plasticity model requires a 

complete characterization of concrete behavior in tension and compression along with other 

parameters like dilation angle and flow potential.  An FE implementation of the damage 

plasticity model implementation is often achieved by using it in conjunction with concrete 

compression hardening model, concrete tension stiffening model, concrete compression 

damage model and concrete tension damage model. Table 1 summarizes these models and 

the associated parameters that are required for complete characterization of concrete behavior 

in tension and compression.  The parameters for compression hardening, tension stiffening 

and respective damage variables in tension and compression are ideally derived from the 

monotonic and cyclic uniaxial compression and tension tests. 

 Fragility assessment of concrete structural systems and components requires 

consideration of the uncertainty in the material properties.  Generally the material property 

data available from any large scale testing of concrete structures, is reported in the form of 
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basic material strength parameters like peak compressive strength, elastic modulus of 

concrete and yield strength of steel.  Limited test data are available to describe the behavior 

at material level especially for characterizing the compression hardening, tension stiffening, 

and the associated damage variables as specified in Table 1.  Consequently, the concrete 

damage plasticity model cannot be directly adopted in the fragility framework.  Even if the 

test data were available on these parameters, it would not be trivial to consider an uncertainty 

in these parameters for fragility assessment.  One way to overcome this limitation is to 

consider the damage plasticity model in conjunction with some closed form expressions that 

can characterize the complete behavior of concrete in compression hardening and tension 

stiffening (along with respective damage variables) starting from the fundamental material 

strength properties.  

3. CLOSED-FORM EXPRESSIONS FOR COMPRESSION HARDENING, TENSION 

STIFFENING, AND DAMAGE VARIABLES 

Many mathematical models based on linear and nonlinear elasticity, theories of failure and 

fracture and, work hardening plasticity are available for describing the mechanical behavior 

of concrete.  Some of these models are the isotropic nonlinear elastic model (Kotsovos and 

Newmann, 1978, 1979; Kupfer and Grestle, 1978), anisotropic model (Isobata, 1978), 

equivalent uniaxial model (Darwin and Pecknold, 1977) and elastoplastic model (Chen and 

Chen, 1975).  These studies formulate the non-linear behavior in terms of incremental 

tensorial relation between stress-strain states.  It is impractical to use such models in fragility 

framework because of their implicit nature.  Consequently, explicit closed form expressions 
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for stress-strain curves are needed which can be characterized in terms of the strength 

parameters such as the elastic modulus, compressive strength, and maximum strain at peak 

strength of concrete.  Several researchers have proposed empirical expressions for 

constitutive models and stress-strain relationship for concrete.  Some of these are proposed 

by Hognestad (1955) , Kent and Park (1971) , Sheik and Uzumeri (1982), Roy and Sozen 

(1964), Sargin (1971), Saatcioglu and Razvi (1992), Muguruma et al., (1993), Collins et al., 

(1993), and Hsu and Hsu (1994).  Most widely used closed form constitutive models are 

Popovics (1973) and Hognestad (1955) parabolic stress-strain curves for a wide range of 

characteristic strength of concrete.  However it is not possible to predict the necessary 

parameters in concrete damage plasticity model like plastic strains and damage variables (for 

tension and compression) from these models. Figure 3 and 4 provides a graphical summary 

of required parameters for concrete damage plasticity model and the associated concrete 

behavior in tension and compression. 

 Maekawa and Okamura (1983) conducted an experimental study using several 

reinforced concrete panels subjected to non-proportional stress paths in uniaxial cyclic and 

biaxial compression tension loading.  This study proposed closed-form expressions based on 

elasto-plastic and fracture theory for concrete behavior in compression and degradation of 

concrete stiffness in uniaxial cyclic loads.  These closed form expressions are developed and 

validated based on laboratory tests and represent the compression hardening behavior along 

with the plastic strain evolution.   Expressions for stiffness degradation are also given which 

are dependent on basic strength parameters like peak compressive strength, maximum strain 

at the peak compressive strength and elastic modulus of concrete.  Izumo and Okamura 
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(1989) conducted pull out tests of reinforcement bars and studied the behavior of concrete 

bond with the steel reinforcement in the post yield region of steel bars.  They proposed a 

closed form relationship for the stress-strain curve of concrete after cracking considering the 

plastic strain evolution and basic strength parameters.  These expressions are verified by 

Belarbi et al. (1994) for concrete in biaxial tension and compression.  A brief summary of 

these studies and the relevant expressions are provided in the next section. 

3.1 Closed form expression for concrete hardening  

For the purpose of this study, we use closed form expressions for concrete compression 

behavior that are based on the elasto-plastic and fracture model as proposed by Maekawa and 

Okamura (1983).  The equivalent stress - equivalent strain relation is formulated with the 

initial elastic modulus 0E , the fracture parameter 0K   and the equivalent plastic strain pE
 
 as 

follows. 

  02 pS K E E   (15)  

    max max0 exp 0.73 1 exp 1.25K E E     (16)  

   max max

20
1 exp 0.35

7pE E E     (17)  
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where S , E  and pE  are equivalent stress, equivalent strain and equivalent plastic strain 

respectively; 0K  is fracture parameter that represents the degree  of damage in concrete; maxE

is maximum experienced equivalent strain; m , 
d , m  and d are mean stress, deviatoric 

stress, mean strain and deviatoric strain respectively; 1 , 2 , 1 and 2  are principal stresses 

and strains; and max, peak


 
is concrete compressive strain at peak strength.  

 The elasto-plastic and fracture theory based model as described above and proposed 

by Maekawa and Okamura (1983) was developed for multiaxial stress state.  It can be 

degenerated into uniaxial compression law as follows (Salem and Maekawa, 2004): 

  02c pK     (22)  

   0 0 max,
exp 0.73 1 exp 1.25

peak
K     

 
 

     (23)  

     max, max, max,
20 7 1 exp 0.35p peak peak peak
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 

     (24)  



34 

where c  
is stress corresponding to the total strain  ; 0K

 
is fracture parameter that 

represents the damage in concrete; max, peak


 
is peak strain for concrete under uniaxial 

compression; p  
is plastic strain corresponding to the total strain  ; 

'
cf  is the maximum 

compressive strength of concrete.  The yield stress and inelastic strain response for the 

compression hardening model is obtained using the Equations (22) through (24).  The 

evolution of damage cd
 
for the concrete damage plasticity model in the original framework 

is related to the plastic strain pl
c  

which is considered proportional to the inelastic strain 

1in
c c c cE      

such that the proportionality constant  varies between 0 and unity, i.e. 

with 0 1  .  Thus, Maekawa-Okamura elastoplastic fracture model (1983) can be used to 

define the parameters associated with concrete compression hardening and compression 

damage variable as follows 
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 max,
( )p in

c ct cpeak
        (26)  

where ct  is the total compressive strain, max, peak  is the compressive strain at the peak 

strength when damage value cd > 0 and
in
c  is the compressive inelastic strain when damage 

value cd > 0. 
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3.2 Closed form expression for tension stiffening 

Concrete tension stiffening can be defined based on the stiffening model proposed by Izumo 

and Okamura (1989).  As specified in Equation 27 below, it is subdivided into three parts.  

First, elastic loading up to the strength tf  
is linear.  Second, a plateau describes the region 

between the cracking strain cr  
and 2 cr

 
followed by a descending branch representing 

softening. 
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tf  
is the tensile strength of concrete which can be calculated using the compressive strength 

from the expression  
2/3

'0.73 0.20t cf f   .  The damage variable in tension td
 
depends on 

tensile plastic strain p
t  and can be determined using an expression similar to Equation (26) 

in terms of tensile strains.  Thus, Izumo-Okamura (1989) post cracking tension model can be 

used to define parameters required for concrete tension stiffening and tension damage 

variable as follows: 
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 As can be noted from the discussion presented above, the Maekawa-Okamura (1983) 

model (for compression hardening) and the Izumo-Okamura (1989) model (for tension 

stiffening) can be used to characterize the parameters (stress-strain response, as well as the, 
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damage variables in tension and compression) for concrete damage plasticity based 

constitutive model, as shown in Figure 5, in terms of basic  material strength property 

constants like nominal compressive strength, peak strain at maximum compressive strength 

and elastic modulus of concrete.  These fundamental material strength properties are in most 

cases readily available from laboratory experiments or existing material level tests.  Within 

the context of the fragility evaluation, the basic material strength properties can be 

considered to be fundamental random variables with their own independent probabilistic 

distributions.  These random variables are then used in conjunction with the closed-form 

expressions to characterize the uncertainties in the parameters of concrete damage plasticity 

based constitutive model.  The complete framework for fragility assessment by incorporating 

the uncertainties in the damage plasticity based constitutive models together with the closed-

form expressions discussed above is explained in a companion paper.  Next section provides 

a discussion on the significance and selection of certain parameters as well as on the 

characterization of uncertainties in the selected parameters. 

4. MATERIAL MODEL PARAMETERS AND UNCERTAINTIES 

A detailed discussion on the characterization of uncertainty in the material strength 

parameters and the corresponding variability in the material constitutive model as well as 

damage variables is presented below in this subsection.  

4.1 Uncertainty in Material Strength Parameters  

Based on the formulations presented in Sections 2 and 3, it can be seen that there are several 

parameters which control the material constitutive behavior characterized by Equations (7) 
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through (14).  For the purpose of quantifying uncertainty in a probabilistic framework, it is 

important to classify and identify variables in the material constitutive model as dependent or 

independent before considering their probabilistic distributions in a fragility framework.  

Also, it is critical to differentiate the model parameters from the parameters based on 

material properties (referred here on as material parameters).  A total of six individual 

parameters are identified as the basic fundamental parameters to evaluate the complete 

damage plasticity based constitutive model as well as the closed-form expressions for stress-

strain relationship and the associated damage variables in compression and tension.  These 

six parameters are the nominal compressive strength of concrete ( '
cf  ), peak strain at the 

maximum compressive strength ( max, peak ), modulus of elasticity of concrete ( 0E ), dilation 

angle (ψ), weights assigned to tension recover factor (wt) and compression recovery factor 

(wc).  Of these six parameters, the first three, '
cf , max, peak  and 0E  are fundamental material 

strength related parameters (material parameters) which are often obtained experimentally.  

These three parameters also govern the characterization of the constitutive model described 

in Section 2 as well as the closed-form expressions described in Section 3.  In this section, 

we discuss the characterization of uncertainty in these three material parameters in detail.  

The other three parameters namely dilation angle, weights assigned to tension recover factor, 

and compression recovery factor are model parameters that cannot be evaluated directly from 

an experimental setup.  These three parameters influence only the constitutive model and are 

discussed in greater detail in the next subsection.  In addition to these six parameters, yield 

and ultimate strength of steel can also be considered as two additional fundamental material 
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strength parameters.  However, the degree of uncertainty in steel related strength parameters 

is much less compared to the corresponding strength parameters in concrete.  Moreover, the 

data from large-scale experimental test on a box-shear wall in nuclear power plants 

(Habasaki et al., 1999; Kitada et al., 1999; Hiroshi et al., 2001; Kusama et al., 2003; Shirai et 

al., 2003; Torita et al., 2003; Ono et al., 2004; Kitada et al., 2005; Xu et al., 2007) show 

significant cracking in concrete but does not indicate any yielding of steel bars.  Therefore, 

we do not consider these two parameters as random variables for the purpose of this study.  

Ellingwood et al., (1982), Tabsh and Aswad, (1997), and Hueste et al., (2004) are only a few 

of many studies that provide information on the variability of concrete strength especially for 

different grades of concrete (light weight concrete, normal weight concrete and high strength 

concrete) and for different applications such as bridges, columns, frames, high rise buildings 

and shear walls.  These studies show that mean and standard deviation of concrete strength 

can be significantly different for different applications.   

In this study, we collected material test data for the box-shaped reinforced concrete 

shear wall that was tested under JNES/NUPEC program in Japan (1994-2000).  The 

statistical variation of the material test data from various element tests, diagonal cyclic 

loading tests, multi-directional simultaneous cyclic loading tests, and shaking table tests of 

box and cylinder walls can be found in many different publications (Habasaki et al., 1999; 

Kitada et al., 1999; Hiroshi et al., 2001; Kusama et al., 2003; Shirai et al., 2003; Torita et al., 

2003; Ono et al., 2004; Kitada et al., 2005; Xu et al., 2007).  The data are summarized in the 

Table 2.  In this table, data on only a limited number of strength parameters are available for 

a few specimens.  For example, the data on compressive strain at peak strength, and modulus 
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are not available for specimen number 12 through 19.  Therefore, we used existing 

expressions to evaluate these values in Table 2 by using the available data on compressive 

strength and Poisson’s ratio as input parameters.  Compressive strain at peak strength is 

calculated using an equation based on compressive strength given by Collins et al. (1993) 

and the ACI 318 (2011) equation given in Section 8.5.1 of that document is used for missing 

values of elastic modulus. 

4.2 Damage Plasticity Model Parameter 

Characterization of fundamental material strength parameters using experimental data helps 

in defining three independent random variables to characteristic strength of concrete, strain at 

peak strength, and the modulus.  These three random variables with their statistical properties 

identified in Table 2 can be used to evaluate various parameters corresponding to the yield 

function and plastic potential used in defining the damage plasticity based constitutive 

model, i.e. parameters in equations (9) in Section 2.  These random variables can also be used 

to evaluate the stress-strain curves and the damage variables for both compression and 

tension in conjunction with the closed-form expressions given in Section 3.  However, it 

must be noted that Equations (7) and (14) require three additional model parameters in the 

definition of the constitutive model.  These are the dilation angle (ψ) and weights factors 

assigned to tension and compression recovery factors (wc and wt).  In this study, we consider 

these model parameters as constants and not considered as random variables.  A detailed 

discussion on the reasons for such a consideration is presented below.   
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Dilatancy can be defined as a change in volume resulting from the shear distortion of 

an element in the material.  In continuum mechanics, the parameter most widely used to 

characterize dilatancy is the dilation angle (ψ) (Hansen, 1958), which can be obtained from 

test results of triaxial compression tests and represents the ratio of  plastic volume change 

over plastic shear strain  (Vemeer and deBorst, 1984).  For Mohr-Coulomb materials like 

concrete, sand and rock, dilation angle generally varies between zero degrees and the friction 

angle, ϕ (37
o
 for concrete).  Different authors have suggested different values or parameters 

to characterize dilation angle.  In the plastic damage constitutive model framework, dilation 

angle appears in the plastic potential function, which defines the flow rule (evolution of rate 

of plastic strain as shown in Equation (7)).  The flow rule is derived from the derivative of 

plastic potential surface with respect to the effective stress.  

Onate et al. (1988) and Lubliner et al. (1989) characterized the potential function by 

modified and classical Mohr-Columb criteria, respectively, but using an alternative definition 

of dilatation angle instead of internal angle of friction in their formulation.  They suggested 

typical range of dilation angle for concrete between 8
o 
and 15

o
.  The potential surface 

represents a cone in p-q space (where p is the effective hydrostatic stress and q is the 

effective deviatoric stress) as shown in Figure 6.  

Lee and Fenves (1998) used a linear Drucker-Prager type function to define the 

plastic potential in the effective stress space. 2 12 pG J I  . The parameter p is selected 

to give proper dilatancy.  For concrete, the suggested values of p  are in the range of 0 and 

0.236 which corresponds to dilatancy angle of 34.6
o
.  The potential function used by Onate 



41 

(1998), Lubliner (1989) and Lee and Fenves (1998) is linear and represents the failure 

surface well in the high confinement pressure region.  We found that if dilation angle is 

selected close to the friction angle, the analysis with the damage plasticity based model 

becomes numerically unstable.  This is because of the singular point at the apex of the 

potential function.  The potential function used in the current framework is a hyperbolic 

Durcker Prager type of function, which is a cap model in the low confining pressure region 

and linear in the high confining pressure region as shown in Figure 2.  The cap model in the 

low confining region represents the failure surface as observed in the experiments as well as 

removes the singularity in the tip of the failure surface (Lee and Fenves, 1998). 

Vemeer and deBorst (1984) used laboratory data to conclude that for soil, rock, and 

concrete, the dilation angle is at least 20
o 
less than the friction angle, i.e. closer to 37

o
. They 

proposed an expression to estimate the dilation angle as follows: 
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 (29)  

where 1
p and 

p
v are axial and volumetric plastic strain increments, respectively.  We 

evaluated the validity of Equation (29) by conducting a numerical experiment in which we 

used a single 4 - noded shell element with damage plasticity model under axial and biaxial 

loading as shown in Figure 7.  The typical range of dilation angle for normal weight concrete 

is calculated as 25
o
-35

o
.  For a single element under uniaxial monotonic and cyclic loading 

with material properties corresponding to specimen 5 in Table 2, we found that the 

compressive strength, tensile strength, strain hardening, and softening regions are not 
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affected at the material level when dilation angle is varied between 20
o
-55

o
.  However the 

shear strength is found to increase under uniaxial monotonic and cyclic shear loading with 

increasing value of dilation angle.  Figures 8 and 9 shows the variation in shear strength with 

dilation angle and illustrates that the variation can be quite sensitive.  In fact, one can observe 

that a variation of even five degrees in the dilation angle seems to vary the shear strength 

quite significantly.  The changes are not consistent with the typical uncertainties that are 

found in a concrete material of a given grade and design mix.  This variation is more 

reflective of a change in the type of material and not of an uncertainty associated with a 

given grade of concrete and steel.  Moreover, there are no meaningful experimental studies 

that support a consistent definition and characterization of dilation angle for consideration in 

an uncertainty analysis of this nature.  Therefore, we do not consider dilation angle as a 

variable for considering material level uncertainty but only as a constant.  We use a value of 

30
o
 for validation of finite element model with respect to the experimental results of the box 

shear wall system.  

  As is the case with dilation angle, not enough studies exist to define and characterize 

the weights factors assigned to tension and compression recovery factors (w
c and wt

) in a 

consistent manner.  Once again, we evaluated the sensitivity of simulation results for damage 

plasticity based model to these parameter by using a single element that is subjected to cyclic 

shear loading by varying the values of w
c and wt

. From this numerical experiment as shown 

in Figure 10, it can be observed that these parameters control the size and the orientation of 

the loop of load deformation curve.  Clearly, the nature of changes in the loops is reflective 
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of a change in material type and not of an uncertainty associated with a given grade of 

concrete material and reinforcing steel.  Also, these parameters cannot be found directly from 

an experimental study.  Therefore, we considered these two model parameters also to be 

constant and selected their values in the process of validating the finite element results with 

the experimental data.  

 In lieu of the application of current proposed framework to shear wall behavior under 

cyclic and dynamic loading, another set of single element numerical experiments are carried 

out to study the effect of variation in shear strength due to the variation in the fundamental 

material strength properties like characteristic strength of concrete, strain at peak strength, 

and the modulus.  These variations in the shear strength are compared with the variations due 

to change in dilation angle.  Table 3 shows a set of material properties used for this case 

study.  Comparisons are made by varying one of the material strength properties and by 

keeping other material and model parameters as constants, the results are as shown in Figure 

11 through 13.  It can be noted that shear strength under cyclic loading is sensitive to changes 

in the characteristic strength of concrete and does not vary with variation in strain at peak 

strength or modulus.  Also, the variation in cyclic shear strength due to dilation angle (as 

shown in Figure 8) is much greater in effect than due to characteristic strength of concrete (as 

shown in Figure 11).  Hence, dilation angle is treated as a model parameter and a constant for 

a given grade of concrete design mix and reinforcing steel. 

 Once the random variables needed for consideration of uncertainty in this study are 

identified and statistical uncertainty in their values is characterized using existing 
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experimental data, we conduct a Monte Carlo (MC) simulation to evaluate the corresponding 

variation in the stress-strain curves and the damage variables.  The purpose is to illustrate the 

inherent variability introduced implicitly in the damage plasticity model as well as to use 

these simulated results as input in the analysis of the box-wall system.  Considering the three 

variables to be statistically independent with a Gaussian distribution, we evaluate a total of 

150 sets for these variables.  The corresponding stress-strain curves are shown in Figure 14. 

Variation of dc with the compressive strain for each of the corresponding 150 MC samples is 

as shown in the Figure 15.  Similarly the stress-strain response and damage variable in 

tension can be generated.  Once the curves are generated, it is important to evaluate if the 

simulated data are representative of actual behavior.  To do so, we compare the material 

response as obtained from the test data given in Table 2 with the corresponding response 

curves obtained from simulated data corresponding to mean, mean plus one standard 

deviation, and mean minus one standard deviation as shown in Figure 16 and 17.  The 

statistical variation of stress-strain curve and damage variable of concrete in compression 

from the test data matches well with the response from simulated data. Similar results were 

obtained for tension case but are not presented for the sake of brevity.  
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5. SUMMARY AND CONCLUSIONS 

This paper focuses on characterization of uncertainty in the material strength parameters and 

the corresponding variability in the material constitutive model as well as damage variables.  

A method is proposed to identify and quantify the uncertainties in the important parameters 

of a concrete constitutive model using the basic strength parameters, which can be 

incorporated in a fragility framework.  The summary and conclusions of this study can be 

enumerated as: 

1. Concrete damage plasticity model is reviewed with the purpose of identifying 

material constitutive model parameters that play a significant role in probabilistic 

risk assessment of reinforced concrete structure.  

2. For the fragility analysis purposes the constitutive material parameters like 

dilatancy angle and stiffness recovery factors in tension and compression can be 

treated as constants of the material model, which control the size and shape of the 

response loops under cyclic and dynamic loading conditions.  

3. Stress-strain curves in compression and tension with corresponding damage 

variables for Monte Carlo simulations can be evaluated using closed-form 

expressions given by Maekawa-Okamura model (1983) (for compression 

hardening/softening) and Izumo-Okamura model (1989) (for tension stiffening). 

The material uncertainty characterization method discussed here is incorporated in a 

companion paper describing fragility framework based on the hybrid approach for the risk 

assessment of reinforced concrete shear walls in nuclear power plant structures. 
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Table 1 – Parameters of Concrete Damaged Plasticity Model 

Model Parameters 

Concrete Plastic Damage Model 

 Dilation Angle   

 Flow Potential   

 Viscosity Parameter   

Concrete Compression Hardening 

Model 
 Yield stress c in uniaxial compression 

 Inelastic strain in
c in uniaxial compression 

Concrete Tension Stiffening Model 

 Remaining direct stress after cracking t  
in  

uniaxial tension 

 Direct cracking strain ck
t  in uniaxial tension 

Concrete Compression Damage 

Variable 

 Tension stiffness recovery factor tw  

  Compressive damage variable cd  defined with 

respect to inelastic strain in
c  

in uniaxial 

compression 

Concrete Tension Damage Variable 

 Compression recovery factor cw  

 Tensile damage variable td   defined with 

respect to direct cracking strain ck
t  

in uniaxial 

tension 
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Table 2 – Material test data available from static cyclic and dynamic test conducted on box 

and cylinder shaped reinforced concrete shear walls under JNES/NUPEC program (1994-

2000). 

Concrete Property  Comp. Strength  Comp. Strain  Young's Modulus  Test  

Specimen '
cf  (MPa) 

max, peak  () 
0E (GPa)  

1 38.6  2033  29.3  Dynamic  

2 34.4  2207  26.6  Dynamic  

3 37.5  1928  30.7  Dynamic  

4 41.3  2060  30.7  Static  

5 39.7  2022  30.7  Static  

6 34.9  1817  32.0  Static  

7 31.0  1579  32.0  Static  

8 34.3  1896  31.9  Static  

9 31.8  1544  32.2  Static  

10 36.0  1964  28.5  Static  

11 35.9  2027  28.4  Static  

12 30.7  1970 31.6 Static  

13 29.2  1950 30.8 Static  

14 33.2  2003 32.8 Static  

15 34.9  2027 33.7 Static  

16 34.8  2026 33.6 Static  

17 37.4  2063 34.9 Static  

18 37.8  2068 35.0 Static  

19 37.2  2060 34.8 Static  

STDEV 3.2 161.8 2.3  

Mean  35.3   1960.2 31.6  

COV  0.090 0.083 0.073  
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Table 3 – Material test data available from static cyclic and dynamic test conducted on box 

and cylinder shaped reinforced concrete shear walls under JNES/NUPEC program (1994-

2004). 

Concrete Property  Comp. Strength  Comp. Strain  Young's Modulus  

Specimen '
cf  

(MPa) 
max, peak  () 

0E (GPa) 

1 30.04 1693.53 27.82 

2 40.56 1693.53 27.82 

3 40.56 2226.47 27.82 

4 40.56 2226.47 35.38 
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Figure 1 – Drucker-Prager hyperbolic plastic potential function in meridional plane used for 

concrete plasticity damage model 
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Figure 2 – Initial yield function in plane stress space used for concrete damage plasticity 

model  
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Figure 3 – Response of concrete to uniaxial loading in compression  
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Figure 4 – Response of concrete to uniaxial loading in tension 
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Figure 5 –Concrete damage plasticity model and its relevant parameters 
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Figure 6 – Potential function for the concrete damage plasticity model used by Onate, 1988 

and Lubliner 1989 
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Figure 7 – Single element simulation under uniaxial monotonic compressive loading:  Effect 

of variation in dilation angle 
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Figure 8 –Single element simulation under uniaxial cyclic shear loading: Effect of variation 

in dilation angle 
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Figure 9 – Single element simulation under uniaxial monotonic shear loading: Effect 

variation in dilation angle 
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Figure 10 – Single element simulation under uniaxial cyclic shear loading: Effect of variation 

in tension and compression recovery factors 
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Figure 11 –Single element simulation under uniaxial cyclic shear loading: Effect of variation 

in characteristic strength of concrete 

-8

-6

-4

-2

0

2

4

6

8

-6.0E-04 -4.0E-04 -2.0E-04 0.0E+00 2.0E-04 4.0E-04 6.0E-04

CASE 1

CASE 2

- Lower Stength  

- Higher Strength 

12 
(MPa) 


12

 



66 

 
 

Figure 12 – Single element simulation under uniaxial cyclic shear loading: Effect of variation 

in strain at peak strength of concrete 
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Figure 13 – Single element simulation under uniaxial cyclic shear loading: Effect variation in 

elastic modulus of concrete 
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Figure 14 – Variation in compressive stress-strain curved from Maekawa-Okamura (1983) 

model for 150 sample sets 
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Figure 15 – Variation in compression damage variable for 150 sample sets 
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Figure 16 – Comparison of compressive stress-strain response from test data and simulation 
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Figure 17 – Comparison of compressive damage variable from test data and simulation 
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PART III 

INFLUENCE OF UNCERTAINTY IN MATERIAL PARAMETERS ON FRAGILITY 

OF CONCRETE SHEAR WALLS 
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1. INTRODUCTION 

In a seismic risk analysis of a reinforced concrete structural system in nuclear power plants, it 

is important to identify seismic vulnerability of its components subjected to various damage 

states and failure modes.  In widely practiced traditional approaches (Kennedy et al., 1980; 

EPRI, 1994; EPRI, 2002; ANS, 2003), the vulnerability of a concrete structure is represented 

in the form of fragility curve accounting for a multitude of uncertainties related to parameters 

like seismic hazard, structural characteristics, soil-structure interaction, and site conditions 

along with ultimate seismic capacity (which represents only one damage state) of the 

concrete structure.  In principle, the development of the fragility curve according to the 

existing methodologies requires a synergistic use of professional judgment, quasi-static 

analysis consistent with the design code, utilization of damage data associated with past 

earthquakes and empirical studies conducted on similar structures, and dynamic seismic 

response based on the numerical simulations.  However under typical seismic loading, at 

structural level, concrete undergoes various damage states like tensile cracking, compressive 

failure, stiffness degradation and recovery of degraded stiffness due to closing of previously 

formed cracks, and at material level it exhibits strain hardening and softening under 

compression and brittle-fracture under tension.  The material parameters which control the 

characteristic behavior of concrete at structural and material level are not considered in the 

fragility evaluation; only variations in basic strength parameters such as elastic modulus, 

compressive strength of concrete and yield strength of steel are considered.  This underlines a 

need for a framework for seismic fragility evaluation of concrete structural systems, which 

can incorporate variations and uncertainties, at both structural and material level.   
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Ideally, evaluation of accurate fragilities with respect to different failure modes and 

damage states should be based on experimental results.  However, experimental evaluation of 

fragility curves is cost intensive.  A hybrid approach is often employed which is based on 

numerical simulations of large scale finite element (FE) models which are validated using 

limited experimental results (Komura et al., 1989; Shinozuka and Kishimoto, 1989; Gracia 

and Soong, 2003; Ju et al., 2011).  The validated models are then used to conduct multiple 

nonlinear analyses by considering uncertainties in the material properties as well as in the 

earthquake ground motion.  While using experimentally validated FE models to evaluate the 

fragilities, it is imperative to identify and consider the uncertainties in the material properties 

and corresponding variation in the parameters of material constitutive models.  Only a 

limited number of simulation-based fragility evaluation studies in the existing literature 

consider the effect of uncertainty in material properties particularly for concrete structural 

systems.  Almost all the studies that consider uncertainties in the concrete material properties 

rely solely on the variation of strength parameters such as elastic modulus, compressive 

strength of concrete and yield strength of steel.  Uncertainties in the parameters 

corresponding to the material constitutive models are generally not considered.  The 

procedure to identify and consider the important material level parameters in a concrete 

constitutive model like damage plasticity model is described in a companion paper (Syed and 

Gupta, 2012). 

While the companion paper focuses on consideration of uncertainties in the concrete 

constitutive model, this paper focuses on the development of fragility framework and 

illustrates the application of the framework to a low-rise box-shaped shear wall in a nuclear 
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power plant.  At the same time, this paper also illustrates the significance of considering 

uncertainty in material constitutive model parameters for the purpose of evaluating the 

fragility of shear walls.  To illustrate this, simulations are conducted by treating the 

fundamental material properties and corresponding material constitutive model parameters as 

constant as well as statistical variables. A simulation based Monte Carlo (MC) study is 

conducted on the response estimated from nonlinear time history analysis of experimentally 

validated FE models.  The capacity is calculated based on design code for different 

performance limit state criteria based on maximum shear force and maximum shear strains. 

 The description of the proposed framework for the seismic fragility evaluation is 

provided in Section 2.  The box-shaped reinforced concrete shear walls, which were tested 

under the JNES/NUPEC program in Japan (1994 – 2000) are used to demonstrate the 

application of seismic fragility framework in Section 3.  This section also presents the finite 

element modeling of box-shaped shear wall and its validation with experimental results.  

Section 4 presents the modeling of uncertainties and variations considered in the material 

properties as well as the earthquake ground motions used for nonlinear time history analyses.  

In order to illustrate the influence of material constitutive model parameters on the fragility 

of shear walls, simulations are conducted on the FE model by considering fundamental 

material properties as constants as well as statistical variables.  The statistical variation of the 

material test data from various element tests, diagonal cyclic loading tests, multi-directional 

simultaneous cyclic loading tests, and shaking table tests of box and cylinder walls can be 

found in many different publications (Habasaki et al., 1999; Kitada et al., 1999; Hiroshi et 

al., 2001; Kusama et al., 2003; Shirai et al., 2003; Ono et al., 2003; Kitada et al., 2004; Torita 
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et al., 2004; Xu et al., 2007).  A brief description of the suite of time histories selected for 

this study is also presented in this section.  Another important aspect of the framework 

proposed is related to the evaluation of capacities and is described in detail in Section 5.  In 

Section 5, the results from nonlinear time history analysis are used to estimate the demand of 

the box-shear wall and compared with the capacity calculated from the design codes ACI 349 

(2001) and ASCE/SEI 43(2005) for the purpose of fragility assessment of the wall.  Section 5 

also presents illustrates the change in fragility due to uncertainty in material properties. 

2. FRAMEWORK FOR SIMULATION BASED FRAGILITY ASSESSMENT 

The framework for seismic fragility assessment of reinforced concrete shear walls is 

proposed in this section, which considers uncertainty in not only fundamental material 

properties but also their influence on the uncertainty in the constitutive model of concrete.  

Figure 1 summarizes the key parameters of the nonlinear concrete damage plasticity model 

proposed by Lubliner et al., (1989) and later modified by Lee and Fenves (1998).  The basis 

for this figure and detailed discussion on the characterization of uncertainty in the material 

strength parameters and the corresponding variability in the material constitutive model as 

well as damage variables is presented in a companion paper (Syed and Gupta, 2012).  A total 

of six individual parameters are identified as the basic fundamental parameters to evaluate 

the complete damage plasticity based constitutive model as well as the closed-form 

expressions for stress-strain relationship and the associated damage variables in compression 

and tension.  These six parameters are the nominal compressive strength of concrete ( '
cf  ), 

peak strain at the maximum compressive strength ( max, peak ), modulus of elasticity of 
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concrete ( 0E  ), dilation angle (ψ), weights assigned to tension recovery factor (wt) and 

compression recovery factor (wc).  Of these six parameters, the first three, '
cf , max, peak  and 

0E  are fundamental material strength related parameters (material parameters) which are 

often obtained experimentally.  These three parameters also govern the characterization of 

the constitutive model as well as the closed-form expressions (Syed and Gupta, 2012).  

Figure 2 gives a flowchart for the framework proposed in this paper.  The framework 

is based on using experimentally validated finite element models.  As seen in Figure 2, an 

uncertainty in the material properties is specified in terms of a few fundamental material 

strength parameters.  These parameters are then used in conjunction with the closed-form 

expressions proposed by Maekawa and Okamura (1983) and Izumo and Okumara (1989) to 

evaluate corresponding variability in the stress-strain curves and the damage variables for the 

damage in compression as well as tension.  The variability in the stress-strain curves and the 

damage variables is then used to characterize the uncertainty in the damage plasticity based 

constitutive model for concrete.  This methodology can then be implemented within a finite 

element based simulation framework to evaluate fragility by conducting non-linear time 

history analyses of the experimentally validated FE model.  An important aspect of the 

fragility assessment is the effect of uncertainty in the earthquake ground motion.  Typically, a 

suite of earthquake time histories is selected for conducting the nonlinear analyses. Selection 

of the suite of time histories can either be site specific or generic depending upon the 

problem.  The total number of possible analyses by considering the variation in even a few 

material level parameters and all the time histories selected for fragility assessment can be 
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quite large.  This can make the fragility assessment impractical especially if each individual 

time history analysis takes significant computational resources and time.  As shown in Figure 

2, a Monte Carlo (MC) simulation helps in reducing the number of such analyses by using a 

different but independently simulated set of material parameters in each of the different time 

history analysis.  

3. BOX-SHAPED SHEAR WALL SYSTEM 

3.1 Description  

The proposed framework is applied to rectangular box-shaped shear wall system tested under 

JNES/NUPEC program in Japan (Habasaki et al., 1999; Kitada et al., 1999; Hiroshi et al., 

2001; Kusama et al., 2003; Shirai et al., 2003; Ono et al., 2003; Kitada et al., 2004; Torita et 

al., 2004; Xu et al., 2007).  This box-wall system has a clear height of 1000 mm and a length 

of 1500mm with a thickness of 75 mm as shown in Figures 3 and 4.  The experimental test 

specimen consists of four parts: shear walls, upper slab, base slab and an extra block weight 

on top of upper slab (used in shake table test only).  A vertical preload is applied on top of 

upper slab such that the resulting axial stress at the bottom of shear wall is equal to 1.47 

MPa. Two layers of rebars of size D6 are provided with spacing of 70mm in both horizontal 

and vertical directions, resulting in a reinforcement ratio of 1.2%. 

3.2 Finite Element Model and Validation with Experimental Results 

A finite element (FE) model of the box-wall system is developed and validated against cyclic 

static and shake table laboratory tests.  The concrete shear wall is modeled using a 4-noded 

general purpose, fully integrated shell element.  The top slab (loading slab), bottom slab 
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(base slab) and additional weight on the top (used only in dynamic analysis) are modeled 

using an 8-noded brick element.  Reinforcement bars in the wall are modeled as rebar layers 

in the shell elements.  The bond between rebar and concrete is assumed to be perfect.  

Additional embedded layers of shell elements are used at the interface connecting the 

loading/base slab and wall to provide the anchorage rebar layers. In the laboratory 

experiments of box-wall system it was desired that all the nonlinear action takes place in the 

shear wall and that the base slab and loading slab remain linear.  In order to simulate this real 

life experiment scenario, the material model used for loading and base slab is an elastic 

isotropic concrete model to ensure rigid behavior and the shear wall shell elements are 

modeled using concrete damage plasticity model.  A bilinear elastic-plastic material model is 

used for steel rebars.  Nonlinear time history analysis is carried out on the FE model in two 

steps: (1) static dead weight analysis under gravity such that an axial stress of 1.47MPa 

results at the base of shear wall, (2) an acceleration time history input is applied to the bottom 

of the base slab.  Figure 5 shows the force displacement curves for multiple loading cycles as 

evaluated for finite element analysis and laboratory experiment for one the specimen.  As 

seen in this figure, there is some difference in the shape of the loops between the two sets of 

results.  However, such differences are well within the acceptable range for such complex 

analyses.  It is more important to note that the similarities between the two sets of curves are 

remarkable.  The original linear behavior and the subsequent behavior in nonlinear loop 

along with the degree of softening are quite similar and sufficient for fragility evaluation.  
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3.3 Application of Seismic Fragility Framework to box wall system 

The seismic fragility framework proposed in Section 2 is applied to the box-wall system. In 

order to assess the seismic fragility of box-wall system, it is necessary to evaluate the 

probabilities of failure at different PGA levels.  The first step in a Monte-Carlo simulation is 

to probabilistically characterize the various kinds of uncertainties in material as well as 

earthquake loading of experimentally validated finite element model.  The characterization of 

uncertainty in the earthquake loading and material properties for this framework is discussed 

in Section 4.  Multiple nonlinear time history analyses are conducted on the "earthquake 

load-structure system".  Each analysis is a representation of an ensemble of thirty different 

earthquake time histories and structural models with mean material property at different PGA 

levels.  All the 30 acceleration time histories are scaled to 5 different PGA levels - 0.5g, 1.0g, 

1.2g, 1.5g and 2.0g to conduct a total of 150 time-history analyses for evaluating the fragility 

curve.  To study the effect of uncertainty in parameters corresponding to material constitutive 

model in the fragility assessment, another set of 30 nonlinear time-history analyses are 

conducted at each PGA level (total of 150 additional analyses) by considering material 

properties as statistical variables.  A statistically summary of the variables corresponding to 

the material properties is given in Table 1.  In each time-history analysis, the maximum base 

shear is measured to represent the structural response (demand) and compared with the 

capacities calculated from simplified code expression given in ACI and ASCE/SEI design 

codes (ACI 349, 2001 and ASCE/SEI 43, 2005).  The structure is considered to be 

“damaged” or “failed” if the maximum base shear from a time-history analysis at a given 
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PGA exceeds the corresponding ultimate capacity calculated from ACI 349 (2001) and 

ASCE/SEI 43 (2005).  

4. MODELING UNCERTAINTIES IN MATERIAL AND GROUND MOTION   

4.1 Material  

A total of six individual parameters are identified as the basic fundamental parameters to 

evaluate the complete damage plasticity based constitutive model as well as the closed-form 

expressions for stress-strain relationship and the associated damage variables in compression 

and tension.  These six parameters are the nominal compressive strength of concrete ( '
cf ), 

peak strain at the maximum compressive strength ( max, peak ), modulus of elasticity of 

concrete ( 0E ), dilation angle (ψ), weights assigned to tension recover factor (w
t
) and 

compression recovery factor (w
c
).  Of these six parameters, the first three '

cf , max, peak , and 

0E  are fundamental material strength related parameters (material parameters) which are 

often obtained experimentally.  In addition to these six parameters, yield and ultimate 

strength of steel can also be considered as two additional fundamental material strength 

parameters.  However, the degree of uncertainty in steel related strength parameters is much 

less compared to the corresponding strength parameters in concrete.  Moreover, the data from 

large-scale experimental test on this box-shear wall (Habasaki et al., 1999; Kitada et al., 

1999; Hiroshi et al., 2001; Kusama et al., 2003; Shirai et al., 2003; Ono et al., 2003; Kitada et 

al., 2004; Torita et al., 2004; Xu et al., 2007) shows significant cracking in concrete but does 

not indicate any yielding of steel bars.  Therefore, we do not consider these two parameters 
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as random variables for the purpose of this study. Ellingwood et al., (1982), Tabsh and 

Aswad, (1997), and Hueste et al., (2004) are only a few of many studies that provide 

information on the variability of concrete strength especially for different grades of concrete 

(light weight concrete, normal weight concrete and high strength concrete) and for different 

applications such as bridges, columns, frames, high rise buildings and shear walls.  These 

studies show that mean and standard deviation of concrete strength can be significantly 

different for different applications.  In this study, we collected material test data for the box-

shaped reinforced concrete shear wall that was tested under JNES/NUPEC program in Japan 

(1994 – 2000).  The statistical variation of the material test data from various element tests, 

diagonal cyclic loading tests, multi-directional simultaneous cyclic loading tests, and shaking 

table tests of box and cylinder walls can be found in many different publications (Habasaki et 

al., 1999; Kitada et al., 1999; Hiroshi et al., 2001; Kusama et al., 2003; Shirai et al., 2003; 

Torita et al., 2003; Ono et al., 2004; Kitada et al., 2005; Xu et al., 2007) and is summarized 

in Table 2.  

Once the random variables needed for consideration of uncertainty in this study are 

identified and statistical uncertainty in their values is characterized using existing 

experimental data,  a Monte Carlo simulation can be conducted to evaluate the corresponding 

variation in the stress-strain curves and the damage variables.  As shown in the companion 

paper, the statistical variation of stress-strain curve and damage variable of concrete in 

compression from the test data compares well with the response from simulated data.  These 

results are not presented in this paper for the sake of brevity.  
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4.2 Ground Motion Uncertainty 

A key aspect of the fragility assessment is to consider the effect of uncertainty in the ground 

motion excitation.  The effect of an uncertainty in ground motion is evaluated by considering 

a suite of earthquake time histories in the analysis.  For a particular site, the ground motions 

characteristics are specified based on the source mechanism, path attenuation and site effects 

of seismic activity.  A set of actual earthquake records that correspond to similar ground 

motion characteristics can then be selected to create a suite of time histories needed in the 

fragility analysis.  In the nuclear power plant designs, a detailed probabilistic hazard 

assessment of the site is used to define a Uniform Hazard Spectrum, which serves as the 

design basis earthquake for the given site.  In such cases, artificial time histories compatible 

with the Uniform Hazard Spectrum are used to conduct the fragility assessment.  In general, 

the selection of ground motion time histories in a fragility assessment does not have any 

specified standards and the process depends on the choice of the designers and acceptance by 

the regulators.  The objective of this study is to simply evaluate the relative differences in the 

fragility assessment due to a consideration of the uncertainty in the concrete’s constitutive 

model.  Therefore, selection process of time histories is not critical as long as the same suite 

of time histories are used for both the cases – with and without an uncertainty in the material 

properties and the associated constitutive model.  We use a total of 30 time histories 

compatible with the Uniform Hazard Spectrum for a given site in Japan.  The Uniform 

Hazard Spectrum is shown in Figure 6.   
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5. FRAGILITY ASSESSMENT FOR BOX-SHAPED SHEAR WALL 

The definition of limit state plays a significant role in the assessment of fragility 

curves due its direct effect on evaluation of shear wall performance.  For a given level of 

peak ground acceleration, the structural fragility with respect to a particular limit state is 

defined as the conditional probability that the structural response D exceeds the structural 

capacity C.  It can be shown that the conditional limit state probability  Pf may be written 

as: 

      
0

1r D Cf
P P C D F r f r dr



 
 

     
(1)  

where  DF  is the cumulative probability distribution of D and  Cf  is the probability 

density function of C.  The fragility curve for a particular limit state can be constructed by 

evaluating  Pf at different levels of PGA.   

5.1 Ultimate Capacity of Box-wall System  

Many of the simplified methods used to estimate the ultimate capacity of low rise shear walls 

have been primarily correlated with the results of single-element shear wall tests in which the 

walls were subjected to one-directional loading in the plane of the wall.  These simplified 

methods for single shear wall are based on guidelines in Design Codes ACI 349(2001) and 

ASCE/SEI 43 (2005).  The guidelines for the single shear wall can be applied to box-shaped 

shear wall by treating the two parallel faces as one i.e. by increasing the thickness of the wall 

in lateral direction.  Detailed assessment of box-shaped shear walls tested under 
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JNES/NUPEC as per ACI and ASCE/SEI Design Codes is given in NUREG-6925 (2006).  

According to special provisions for walls provided in ACI 318 (2011) and ACI 349 (2001), 

Chapter 11, Section 11.10, the nominal shear capacity ( NV ) of the wall can be calculated 

from the following equations: 
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where CV
 
is the nominal shear strength provided by concrete, SV

 
is the nominal shear 

strength provided by steel, 
'

cf  is compressive strength of concrete, t  is wall thickness, wl  is 

length of wall, 0.8 wd l   as per ACI 349 (2001) Section 11.10.4, uN  and uM are factored 

axial force and moment at the cross section of wall respectively, vA  is area of the horizontal 

reinforcement within distance s2, spacing of horizontal reinforcement and yf  is the yield 

strength of reinforcement.   
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 Another set of provisions are provided in ACI 349 (2001) in Chapter 21, Section 21.6 

for Structural Walls.  These guidelines provide requirements applied to structural walls that 

are part of seismic lateral load resisting system.  Section 21.6.1indicates that for shear walls 

with aspect ratio w

w

h

l
of less than 2.0 (hw is the height of the wall), the provisions of 21.6.5 - 

Shear Strength, can be waived. However, for purposes of comparison with Chapter 11 of the 

Code, the nominal shear strength provided by Section 21.6.5 will be calculated.  According 

to Section 21.6.5, the nominal shear strength NV
 
can be determined from the following 

equations: 

  '
cv c c n yNV A f f    (7)  

 '10 cp cNV A f  (8)  

where cvA  is the net cross sectional area of the horizontal wall segment, cp wA tl is the cross 

sectional area of the horizontal wall segment, c varies linearly from 3.0 for  1.5w

w

h

l
  to 

2.0 for 2.0w

w

h

l
  and n  

is the ratio of shear reinforcement on a plane perpendicular to 

plane of cvA .  By comparing the above equations based on ACI 349 (2001) Chapter 11 and 

Chapter 21, it is clear that the ultimate shear capacity estimates are different.  ACI 349 

(2001) Chapter 21 provisions does not account for the normal axial load applied on the cross 

section of the shear wall.  The other differences are the length of the wall for effective shear 

area and shear limit. 
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 Capacity of the low-rise shear wall structures can also be calculated based on 

empirical method developed by Barda et al., (1976) and adopted by ASCE/SEI 43 (2005) 

Design Code.  The ultimate capacity uV of the reinforced concrete shear wall is given by the 

following equations: 

 u cu suv v v   (9)  

 su v yv f  
(10)  
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l l t

 
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 

     (11)  

 u u wV v d t    (12)  

 

where cuv is shear capacity contribution from concrete (expressed as stress), suv is shear 

capacity contribution from steel reinforcement (expressed as stress), 
'

cf  is concrete 

compressive strength, wh  is wall height, wl  is wall length, uN  is normal (bearing) load, yf  is 

yield strength of reinforcing steel,  t is wall thickness, v  is vertical steel reinforcement ratio.  

 For the material samples considered in Table 1 for the nonlinear time-history 

analyses, capacity distributions are obtained for statistical varied and mean values of material 

level parameters.  The capacity is usually modeled by lognormal distribution (Ellingwood 

and Hwang, 1985; Jaw and Hwang, 1988).  ACI and ASCE/SEI capacity estimates and the 

lognormal parameters (median,C  and standard deviation, C ) are given in the Table 3 and 4 

respectively.  
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  C ,  CC LN   (13)  

  ' = , , , ,c c t ys sC C f E f f E  (14)  

5.2 Demand from Nonlinear Time History Analysis 

To statistically analyze the nonlinear time-history analyses, maximum shear forces obtained 

from each of the 30 samples at each PGA level are considered to be lognormally distributed. .  

.  

   ,  DD LN D   (15)  

  The parameters for the lognormal distribution fit (median, D  and standard deviation, D ) 

can be determined from the sample mean and sample coefficient of variation (COV).  

Statistical summary of response data at all the PGA levels considered is presented in Table 5.   

5.3 Simulations Results 

In the simplest form, the performance function  G   for a structure can be defined in terms of 

maximum force experienced by structure under the seismic load, compared against its 

capacity as expressed in Equation (16).   

  ,G C D C D   (16)  

 

The demand is calculated from the nonlinear time history analyses and capacity can be 

estimated using the guidelines given in the design codes such as ACI 349 (2001) and 

ASCE/SEI 43 (2005).  The results from the Monte Carlo simulations of structural models 
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with random and mean material properties based on the performance function in Equation 

(16) are presented in Table 6.   

5.4 Maximum Shear Force Criteria 

The probability of failure can be calculated using the cumulative probability distribution of 

the maximum shear force obtained from the thirty nonlinear time-history analyses, with 

corresponding capacity estimation from ACI-349 Chapter 11 and Chapter 21 (2001) and 

ASCE/SEI 43 (2005).  The percentage difference in the estimated probability of failure from 

the simulations considering mean and statistically varied material parameters is as shown in 

Table 7.   

 Monte Carlo analysis is carried out to find the distribution of probability of failure,
 

for maximum shear force criteria using the simulation results considering mean and 

statistically varied material properties.  1000 x 1000 random samples are generated from the 

lognormal parameters of C and D, obtained in the previous section, at a particular PGA level.  

These samples are conditionally evaluated with the performance criteria C D  to obtain the 

distribution of probability of failure.  The comparison of distribution of probability of failure 

considering the material properties parameters as constants and statistical variables is shown 

in Figure 7 and 8 at PGA levels of 1.0g and 1.5g, respectively.  It is clearly evident that 

distribution of probability of failure is significantly different when the responses are 

evaluated considering the material properties as constants and statistical variables..   
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 5.5 Maximum Shear Strain Criteria 

The probability of failure  Pf  can also be calculated based on response measured in terms of 

maximum shear strains observed in the nonlinear time-history analyses.  The shear strain 

capacity distribution as reported for shear wall structures tested in Japan, is assumed to 

follow lognormal distribution with mean 0.536% and Coefficient of Variation (COV) of 0.24 

based on the guidelines provided by JNES (1994 - 2000).  Maximum shear strains are 

obtained from the nonlinear time history simulations considering material properties as 

constants and statistical variable, and compared with the shear strain capacity to find the 

probability of failure.  Table 8 shows a comparison of percent difference in  Pf
for constant 

and statistically varied material property simulations.  Figure 9 and 10 shows the comparison 

of distributions for probability of failure from simulations of constant and statistically varied 

material property simulations based on maximum shear strain criteria.  As seen in these 

figures, the distribution of probability of failure at each PGA level is significantly different. 

6. SUMMARY AND CONCLUSION 

In this study, a hybrid approach is used for fragility assessment in which a large scale finite 

element model of RC box-shaped rectangular shear wall system is validated against the 

quasi-static cyclic tests.  This validated model is then used for nonlinear time-history 

analyses at different PGA levels.  The summary, conclusions and observations of this study 

are enumerated as follows: 

 1. A framework is proposed for evaluating the fragilities for the RC shear walls 

structure, which incorporates uncertainty in the material model parameters and the 
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corresponding uncertainty in the material constitutive model.  Uncertainty and randomness in 

the earthquake loading is considered through an ensemble of spectrum compatible time 

histories.  

 2. The time history analyses are carried out using mean as well as random material 

properties at five different PGA levels varying between 0.5g and 2.0g.  The response at each 

PGA level for both mean and random material properties are observed to be log normally 

distributed. 

 3. The response from nonlinear time history analyses are compared with the capacity 

estimates from ACI 349-01 Chapter 11, ACI 349-01 Chapter 21 and ASCE/SEI 43-05. The 

limit state probabilities for the cases of mean and random material properties were found to 

be different. 

 4. At each PGA level, the limit state probabilities are evaluated using the empirical 

cdfs and Monte Carlo technique.  Although the response form the two sets of analyses with 

constant and statistically varied material level parameters, are close with a maximum percent 

difference of 32%, their individual distributions of failure are much different.  This shows 

that uncertainties in the material strength parameters and the constitutive model need to be 

considered in a fragility assessment.   
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Table 1 – Statistics of material properties of concrete used in nonlinear time-history analyses 

PGA (g) 

Elastic Modulus 

 0E  (GPa) 

Compressive Strength  
'

cf  (MPa) 

Compressive Strain 

max, peak () 

Mean COV Mean COV Mean COV 

0.5 30.70 0.0599 35.98 0.0689 1946.45 0.0847 

1.0 31.04 0.0762 36.11 0.0716 1906.23 0.0745 

1.2 30.73 0.0548 36.03 0.0699 1920.36 0.0757 

1.5 30.11 0.0589 35.47 0.0653 1998.72 0.1054 

2.0 30.65 0.0616 36.39 0.0662 1917.16 0.0732 
 

 

Table 2 – Material test data available from static cyclic and dynamic test conducted on box 

and cylinder shaped reinforced concrete shear walls under JNES/NUPEC program (1994-

2004). 

Concrete Property  Comp. Strength  Comp. Strain  Young's Modulus  

Specimen '
cf  (MPa) max, peak  () 

0E (GPa) 

STDEV 3.2 161.8 2.3 

Mean  35.3 1960.2 31.6 

COV  0.090 0.083 0.073 
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Table 3 – Statistics of capacity estimates at different PGA level 

PGA (g) 

ACI 349-01 

(Chapter 11) 

ACI 349-01 

(Chapter 21) 

ASCE/SEI 43-05 

 

D  D  D  D  D  D  

0.5 896.07 30.606 1120.09 38.257 1379.96 23.668 

1.0 897.65 31.988 1122.07 39.985 1381.19 24.738 

1.2 896.66 31.399 1120.82 39.249 1380.42 24.282 

1.5 889.71 29.159 1112.14 36.449 1375.04 22.550 

2.0 901.13 29.736 1126.42 37.171 1383.88 22.996 

 

 

Table 4 – Lognormal parameters for capacity at different PGA level 

PGA (g) 

ACI 349-01 

(Chapter 11) 

ACI 349-01 

(Chapter 21) 

ASCE/SEI43-05 

 

C  C  C  C  C  C  

0.5 6.7975 0.0339 7.0206 0.0339 7.2297 0.0171 

1.0 6.7992 0.0355 7.0223 0.0355 7.2305 0.0179 

1.2 6.7981 0.0351 7.0212 0.0351 7.2300 0.0176 

1.5 6.7904 0.0329 7.0135 0.0329 7.2261 0.0164 

2.0 6.8031 0.0329 7.0263 0.0329 7.2325 0.0166 
 

Table 5 – Statistics of Maximum Shear Force at different PGA level 

PGA 

(g) 

Material: Mean Estimates Material: Statistical Variation 

Maximum Shear 

Force 

Lognormal 

Parameters 

Maximum Shear 

Force 

Lognormal 

Parameters 

D  D  D  D  D  D  D  D  

0.5 534.37 19.608 6.2804 0.0364 541.12 23.75 6.2927 0.0436 

1.0 911.05 58.379 6.8126 0.0643 919.25 54.83 6.8218 0.0601 

1.2 1019.37 87.106 6.9261 0.0850 1050.22 74.44 6.9543 0.0716 

1.5 1280.35 82.810 7.1528 0.0653 1265.09 79.62 7.1410 0.0634 

2.0 1577.80 76.674 7.3627 0.0484 1526.23 102.01 7.3283 0.0680 
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Table 6 – Summary number of failures from results of time history analysis based on 

different capacity limits 

Number of Failures  

PGA 

(g)  

Material: Statistical Variation Material: Mean Estiamtes 

ACI 349 

(Chap 11) 

ACI 349 

(Chap 21)  

ASCE/SEI43-

05 

ACI 349 

(Chap 11) 

ACI 349 

(Chap 21) 

ASCE/SEI43-

05 

0.5  0 0 0 0 0 0 

1.0  23 0 0 20 0 0 

1.2  29 7 0 29 6 0 

1.5  30 29 2 30 29 4 

2.0  30 30 29 30 30 30 

 

Table 7 – Probability of failure calculation from empirical cdf of random and mean material 

property response 

PG

A 

(g) 

Material: Statistical 

Variation 
Material: Mean Estimates % difference 

ACI 349 

(Chap 11) 

ACI 349 

(Chap 21) 

ASCE/SEI43-05 

 

ACI 349 

(Chap 11) 

ACI 349 

(Chap 

21) 

ASCE/SEI43-

05 

 

ACI 349 

(Chap 

11) 

ACI 349 

(Chap 

21) 

ASCE/SEI43-

05 

 

0.5 0 0 0 0 0 0 - - - 

1.0 0.656 0 0 0.667 0 0 1.67 - - 

1.2 1.000 0.138 0 0.967 0.200 0 3.45 31.05 - 

1.5 1.000 0.960 0.091 1.000 0.967 0.133 0 0.69 31.67 

2.0 1.000 1.000 0.903 1.000 1.000 1.000 0 0 9.67 
 

Table 8 – Probability of failure calculation from empirical cdf of random and mean material 

property's maximum shear strain response 

PGA (g) 
Maximum Shear Strain 

Material: Statistical Variation Material: Mean Estimates % difference 

0.5 0 0 - 

1.0 0.002433 0.001433 69.77 

1.2 0.042667 0.031067 37.34 

1.5 0.459733 0.362533 26.83 

2.0 0.922567 0.919133 0.37 
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Figure 18 –Concrete damage plasticity model and its relevant parameters 
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Figure 19 – Framework for seismic fragility analysis based on hybrid approach 
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Figure 20 – Dimensions of box-shaped shear wall system used in Multi axial Cyclic Test 
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Figure 21 – Dimensions of box-shaped shear wall system used in Shake Table test 
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Figure 22 – Comparison of simulation and experimental results of specimen SB-B-01 
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Figure 23 – Uniform Hazard Response spectrum 
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Figure 24 – Distribution of probability of failure with mean and random material properties 

response and ACI349 capacity estimate at PGA level of 1.0g 
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Figure 25 – Distribution of probability of failure with mean and random material properties 

response and ASCE/SEI43 capacity estimate at PGA level of 1.5g  
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Figure 26 – Distribution of probability of failure with mean and random material properties 

maximum shear strain response at PGA level of 1.2g 

  

0

20

40

60

80

100

120

0 0.02 0.04 0.06 0.08

Criteria: Shear Strain 

PGA = 1.2g  
Material: Mean Estimates

Material: Statistical Variation

 
fP ff p

fP



109 

 

 

Figure 27 – Distribution of probability of failure with mean and random material properties 

maximum shear strain response at PGA level of 1.5g 
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1. INTRODUCTION 

In the past decade, significant efforts have been made in nuclear industry to develop risk-

informed and performance-based regulations for the Seismic Probabilistic Risk Assessment 

(SPRA) of nuclear power plants (NPP).  The key step in SPRA of a NPP is evaluation of 

seismic fragilities of its structures, systems and components (SSCs).  In the SPRA 

framework, the seismic fragility curve describes the relationship between an Engineering 

Demand Parameter (EDP) like Peak Ground Acceleration (PGA) and the corresponding 

probability of failure as characterized by a specified limit state, exceedence criteria or 

performance function. 

In nuclear engineering practice, the most commonly used approach to evaluate 

structural fragilities is based on design factor of safety with respect to a design earthquake 

(Reed et al., 1994).  The methodology uses a lognormal model (Kennedy et al., 1980; EPRI, 

1994; EPRI, 2002; ANS 2003) which assumes a lognormal distribution for the acceleration 

capacity of the structure.  The lognormal fragility function is used in nuclear and civil 

industry for simplicity and ease of use.  Examples include reinforced concrete flexural 

members and connections (Beck et al., 2002; Aslani, 2005; Pagni and Lowes, 2006), 

suspended ceilings (Badillo-Almaraz et al., 2006), building-service equipment (Reed et al., 

1991) and estimated building collapse by Incremental Dynamic Analysis (Cornell et al., 

2005).  It has a long history of usage in seismic risk analysis, both for energy facilities 

(Kennedy and Short, 1994) and ordinary buildings (Kircher et al., 1997).  For the nuclear 

structures, “acceleration capacity” of a structure is defined by the level of PGA that the 
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structure can safely withstand without any damage and is equal to the Design Basis 

Earthquake (DBE) level of PGA multiplied by a Safety Factor (Fs).  The median and the 

logarithmic standard deviations of Fs are calculated from design code equations, past studies, 

experience data and expert judgment.  

In recent years, USNRC has adopted a risk based acceptance criteria for new 

Standard Plant designs (1993), which requires that all new plant designs must demonstrate a 

safety factor of 1.67 over the 1% probability of failure (F1%) on the core damage fragility 

curve (Kennedy, 2007), i.e. the probability of Core Damage in the nuclear power plants 

(NPP) should be less than 1% in the event of an earthquake whose PGA is 1.67 times the 

DBE level.  This criterion necessitates that fragility of NPP structures be determined with 

adequate accuracy especially in low probability regions (tail) of the fragility curve.  

However, the conventional approach relies heavily on data from past studies and expert 

judgment, which may not always be available for newer structural systems being designed 

for future NPPs.  Moreover, the logarithmic standard deviations for the model recommended 

by the industry professionals tend to be on the conservative side leading to a fairly wide band 

for the confidence intervals of the median fragility curve and therefore, larger variability in 

the fragility estimates.   

In order to minimize the width of the confidence bands in the tail region, we need 

additional fragility data.  In such cases, many researchers use experimental test results, 

empirical damage data, incremental dynamic analyses and numerical simulations to develop 

sophisticated structural fragility models.  Shinozuka et al. (2000) utilized bridge damage data 
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from 1995 Kobe earthquake to estimate the parameters of the lognormal fragility model 

using Maximum Likelihood Estimation (MLE) methods.  Zentner (2010) used a similar 

approach to obtain the parameters for the fragility of a reactor coolant system from numerical 

simulations.  Kircil and Polat (2006) used incremental dynamic analyses to develop capacity 

models for the mid-rise Reinforced Concrete frame buildings and suggested regression 

relationships between fragility parameters and the number of storeys in the building.  

Carausu and Vulpe (1996) proposed a fragility estimation method for seismically isolated 

NPP structures by deriving bi-linear regression relationship using data on input Peak Ground 

Velocity (PGV) values and maximum displacements of the isolation layer. Mehrdad and Der 

Kiureghian (2001), Ramamoorthy et al. (2006), Choe et al. (2008) and Huang et al. (2010) 

suggested developing complex probabilistic models for predicting the strengths ("Capacity") 

and responses ("Demand") for a variety of reinforced concrete structural systems using 

experimental data and finite element simulations.  The above methods for direct statistical 

estimation of the fragility parameters can be quite effective for evaluating component level 

fragilities where experimental and field data are abundant.   

Another important aspect of seismic performance assessment of NPPs is the need for 

probabilistic relationship between component damage and engineering demands for different 

performance functions.  The definition of limit states and performance functions play a 

significant role in the construction of fragility curves due their direct effect on evaluation of 

structural performance.  Performance functions are often based on structural response 

parameters like maximum load (force), maximum deformation, maximum strain and 

maximum drift ratio.  The fragility curve depends on the response parameter used to define 
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the performance function.  Procedures for seismic performance assessment of buildings have 

been developed in the ATC-58 project and ATC 2007.  These procedures use fragility curves 

that are defined using structural response parameters.  The procedures in the draft ATC-58 

guidelines cannot be used directly for performance assessment of NPPs because the 

methodology does not accommodate accident sequences, event trees and fault trees but 

provides the robust technical basis needed to develop an alternative procedure for seismic 

probabilistic risk assessment for NPPs.  However in the SPRA framework, it is the system-

level fragilities of large structural systems that are of prime interest.  Experimental testing for 

fragility data on large-scale systems is cost-intensive, and in most cases impractical thereby 

imposing a limitation on the amount of data that can be collected.  Moreover, the fragility 

models at the component-level cannot always be extended in a straight-forward manner to 

the system-level (Shinozuka et al., 2000).   

For large structural systems, a reliable way to compute structural fragility is to use 

Monte-Carlo simulations involving multiple time history analyses of an experimentally 

validated Finite Element (FE) model of the structure (Komura et al., 1989; Shinozuka and 

Kishimoto, 1989; Garcia and Soong, 2003; Syed et al., 2012).  In this approach, the structural 

properties of the individual components and their failure mechanisms are studied in detail 

through careful testing.  The validated models are then integrated into the large-scale finite 

element model of the complete system.  The Monte-Carlo based approach allows 

consideration of uncertainties in the physical variables, modeling non-linearity, inter-

dependencies between various structural parameters and stochastic models for earthquake 

excitations.  Multiple time history analyses are conducted at various levels of PGA to 



115 

evaluate the fragility values.  An important drawback of the Monte-Carlo based approach is 

that it requires a substantial number of dynamic analyses to accurately predict fragility in the 

low-probability region.  A single time-history analysis may require excessive computational 

time for any large-scale, non-linear finite element model.  Thus, a trade-off becomes 

necessary between the required accuracy of the fragility estimates and the total number of 

analyses that can be completed in a reasonable manner.   

In this paper, we propose a framework based on Bayesian Inference techniques to 

update preliminary estimates of the fragility curves based on different performance functions.  

The purpose is to improve the confidence in establishing the USNRC specified criteria of F1% 

= 1.67 mentioned earlier.  Bayesian Inference is a powerful statistical technique to combine 

existing or "prior" knowledge with newly available data for improving the process of 

generating additional data.   

 Gardoni et al. (2002) presented a Bayesian framework to develop multi-

variate probabilistic capacity and demand models and applied it to Reinforced concrete 

bridge components.  Straub and Der Kiureghian (2008) employed Bayesian methods to 

update the fragility models of electrical sub-station equipment to account for the statistical 

dependence between empirical observations of seismic performance.  Koursourelakis (2010) 

suggested a Bayesian framework to develop fragility surfaces by simultaneously considering 

four different ground motion intensity parameters instead of just the PGA and applied it to 

geotechnical problems.  Many other researchers have used Bayesian approaches to update 

and develop the probabilistic capacity and demand models using experimental data or time 
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history analyses for a variety of structural systems such as Reinforced Concrete (RC) 

structural walls (Mehrdad and Der Kiureghian, 2001), RC bridge components (Gardoni et al., 

2002; Zhong et al., 2009), RC frames (Ramamoorthy et al., 2008), wood frame structures 

(Pei et al., 2009), power plant equipment (Yuichi et al., 2005) and multi-storey buildings (Bai 

et al., 2011). While a median fragility curve can converge with the availability of only 

limited additional data, this paper illustrates that the corresponding confidence bands 

associated with aleotary uncertainties can still be significantly wide i.e. accurate evaluation 

of a design quantity such as F1% with respect to an acceptable criterion requires much more 

data. 

Bayesian methods provide the flexibility to incorporate different types of data 

(experimental, empirical and numerical) into a single fragility model and to draw reliable 

inferences even with limited data.  We present a detailed procedure in which we start with 

the initial fragility estimates based on the conventional lognormal approach (EPRI, 1994; 

EPRI, 2002; ANS, 2003) as "prior" information.  Next, the results of a relatively small 

number of time history analyses conducted at various PGA levels are used to evaluate the 

updated or "posterior" fragility curves.  It is shown that the Bayesian framework, even with a 

relatively small amount of time-history analyses data, is quite effective in constructing 

fragility curves based on different performance functions.   

 In this paper, Section 2 introduces the concept of seismic fragility of large-scale 

structural systems.  Section 3 discusses the modeling of uncertainty in various material and 

loading parameters for accurately conducting the time-history simulations.  This is illustrated 
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using the example of a Reinforced Concrete (RC) Box-shaped shear wall.  Section 4 outlines 

the Bayesian framework for integrating and updating existing fragility estimates with time-

history analyses data.  Section 5 demonstrates the application of Bayesian framework of 

Section 4 for the Reinforced Concrete (RC) Box-shaped shear wall example.  Section 6 

demonstrates the application of the Bayesian framework to develop fragility curves for 

performance functions based on force, deformation and shear strains.   

2. SEISMIC FRAGILITY 

Seismic structural fragility  fP  is defined as the probability of a structure reaching a limit 

state (.)G as a function of some measure of seismic intensity  such as. Peak Ground 

Acceleration (PGA) or Spectral Acceleration (Sa).  Mathematically, it is often expressed as  

     |0(.)  GPPf  (1)  

where the damage state )(G is function of the vector  k ..., 21
 
in which k ..., 21

are the random variables representing material, modeling, and loading uncertainties for the 

structure.  In its most simplistic form, the damage state (.)G  is often described by a function 

of at least two variables as:  

 DCDCG ),(  (2)  

where C represents the capacity of the structure corresponding to the specified failure criteria 

and D denotes the response demand on the structure at a given ground motion intensity .  

So, the fragility can be expressed as: 
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     |0 DCPPf  (3)  

The capacity C (or “Strength”) of a structure is typically evaluated from material 

properties and other strength parameters like compression strength and yield stress.  The 

demand, D (or “Load”) at any given ground motion intensity  is a function of modeling and 

analysis variables like finite element models, ground motion histories, damping and soil-

structure interaction. In a seismic fragility analysis, Equation (3) is evaluated by accounting 

for uncertainty in all the significant capacity and demand variables for the structure. 

2.1 Fragility: Log-normal model  

Current state of practice in the nuclear industry (Reed and Kennedy, 1994; EPRI, 1994; 

EPRI, 2002; ANS, 2003) considers that the acceleration capacity, A of a structure can be 

modeled as follows: 

 RUmaA    (4)  

where ma  is the median acceleration capacity of the structure and R  denotes the inherent 

randomness of the capacity about the median and R  denotes the uncertainty in our 

knowledge of the median capacity itself.  The R  and U  are modeled as log-normally 

distributed random variables with a median of unity and log-standard deviations of R  and 

U  respectively.  Using the relationship in Equation (4), the fragility curve corresponding to 

a confidence level α can be derived as follows: 
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The Equation (5) is used to construct confidence bands of fragility curves. The median 

fragility curve is given by 
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Furthermore, Kennedy et al. (1980) simplified the fragility estimation by expressing 

the acceleration capacity, A as a product of safety margin factors and the PGA of the design 

earthquake, design : 

   designiFA    (7)  

The various factors iF  represent different safety margin factors accounting for 

conservatism and uncertainty in the design variables like capacity, ground motion, damping, 

soil-structure interaction, modal combination, response spectrum and modeling.  Each iF  is 

characterized as a log-normal variable with a median value of iF̂  and logarithmic-standard 

deviations 
i

R and
i

U .  Thus, the parameters for the fragility curve of Equation (5) i.e. ma , 

R  and U  can be evaluated more simply as: 
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The EPRI (1994, 2002) approach usually results in large width of confidence bands 

associated with the median fragility curves.  This is predominantly due to the fact that the 

values of the safety margins, iF̂ ,
i

R  and 
i

U  are often based on expert judgment and 

professional experience data available for similar structural systems.  Consequently, the 

approach yields highly conservative estimates of structural fragility where adequate 

experimental or experience data may not be available.  For certain small-scale structural 

components, one can use experimental, actual performance or numerical data to develop 

more robust fragility models.  For large-scale structural systems, extending the component 

reliability models is not straightforward especially when dynamic interaction between 

various sub-systems is significant.  In such cases, Monte-Carlo simulations with multiple 

time history analyses of experimentally validated FE models offer a suitable though highly 

inefficient approach for calculation of structural fragilities. 

2.2 Fragility: Simulations based approach 

The first step in a simulation based approach is to probabilistically characterize the different 

kinds of uncertainties in the material, modeling, and loading variables of the experimentally 

validated finite element model.  Multiple time history analyses are then conducted at 

different levels of ground motion intensities - k ...,, 21 by considering variability in the 
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physical parameters.  Based on the responses of the structure from all the analyses conducted 

at a given PGA level j , the fragility  jfP  corresponding to a limit state (.)G is computed 

as  

    
 

kjn
n

G
GPP j

j

j

jjf ...1;0;
|0(.)1

|0(.) 



 

  (9)  

where 1(.) is the indicator function and jn  is number of simulations conducted at PGA level 

j .  The k levels of ground motion intensities k ...,, 21  must be carefully chosen to allow 

an accurate evaluation of fragility function across the complete region of PGA values. 

3. UNCERTAINTY MODELING IN A FRAGILITY FRAMEWORK 

In this section, we address various considerations in modeling of uncertainties in ground 

motion and material parameters using an illustrative example of a Reinforced Concrete box-

shaped structural shear wall (Habasaki et al., 1999; Kitada et al., 1999; Hiroshi et al., 2001; 

Kusama et al., 2003; Shirai et al., 2007).  It is desired to evaluate the seismic fragility of this 

structure subjected to unidirectional earthquake excitations.  The box-wall system has a clear 

height of 1000 mm and a length of 1500 mm with a thickness of 75 mm as shown in Figure 

1.  The experimental test specimen consists of four parts: shear walls, upper slab, base slab 

and an extra block weight on top of upper slab (used in shake table test only).  A vertical 

preload is applied on top of upper slab such that the resulting axial stress at the bottom of 

shear wall is equal to 1.47 MPa.  Two layers of rebars with D6@70 mm in both horizontal 

and vertical directions are provided, resulting in a reinforcement ratio of 1.2%.   
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 A finite element (FE) model of the box-wall system is developed and validated 

against cyclic static and shake table laboratory tests.  The concrete shear wall is modeled 

using a 4-noded general purpose, fully integrated shell element.  The top slab (loading slab), 

bottom slab (base slab) and additional weight on the top (used only in dynamic analysis) are 

modeled using an 8-noded brick element.  Reinforcement bars in the wall are modeled as 

rebar layers in the shell elements.  The bond between rebar and concrete is assumed to be 

perfect.  Additional embedded layers of shell elements are used at the interface connecting 

the loading slab or base slab and wall to provide the anchorage rebar layers.  In the laboratory 

experiments of box-wall system it was desired that all the nonlinear action takes place in the 

shear wall and, loading and top slab behaves perfectly linear.  In order to simulate this real 

life experiment scenario, the material model used for loading and base slab is an elastic 

isotropic concrete model to ensure rigid behavior and the shear wall shell elements are 

modeled using concrete damage plasticity model.  A bilinear elastic-plastic material model is 

used for steel rebars.  Nonlinear time history analysis is carried out on the FE model in two 

steps: (1) static dead weight analysis under gravity such that an axial stress of 1.47 MPa 

results at the base of shear wall, (2) an acceleration time history input is applied to the bottom 

of the base slab.   

3.1 Uncertainty in Ground-Motion  

The effects of uncertainty in ground motion is considered by selecting a suite of earthquake 

time histories whose characteristics are specified according to a particular site based on the 

source mechanics, path attenuation and effects of site’s seismic activity.  In the nuclear 
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power plant designs, a detailed Probabilistic Seismic Hazard Assessment (PSHA) of the site 

is used to define a Uniform Hazard Spectrum (UHS), which serves as the design basis 

earthquake for a given site.  In such cases, an ensemble of artificial time histories compatible 

with the site design spectrum may be used to represent variability in ground-motion.  In 

general, the selection of ground motion time histories in a fragility assessment does not have 

any specified standards and the process depends on the choice of the designers and 

acceptance by the regulators.  The input spectra used for the RC box-shaped shear wall is 

presented in Figure 2 and is defined as per UHS anchored to a PGA of 0.6g.   

3.2 Uncertainty in Material Constitutive Model 

Consideration of uncertainties in material properties and their constitutive models for FE 

simulations requires a detailed study to identify the critical parameters of the constitutive 

model and to characterize the uncertainties in these parameters.  For example, concrete is a 

highly heterogeneous material whose response to static and dynamic loads depends not only 

on its individual constituent materials but also on their interaction with each other, exhibiting 

high degree of nonlinearity in both tension and compression.  Crack initiation and 

propagation is not a sudden occurrence like in metals or glass but it is through continuous 

formation of micro-cracks.  The formation of micro-cracks causes localization and 

redistribution of strains (softening behavior) and stiffness degradation in both tension and 

compression.  The procedure to identify and consider the important material level parameters 

in a concrete constitutive model such as the damage plasticity model is described in detail by 
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Syed and Gupta (2012).  This study identified a total of six individual parameters to define 

the complete damage plasticity based constitutive model:  

 Nominal compressive strength of concrete ( '
cf ), 

 Peak strain at the maximum compressive strength ( max, peak ),  

 Modulus of elasticity of concrete ( 0E ),  

 Dilation angle (ψ),  

 Tension recover factor (w
t
)  

 Compression recovery factor (w
c
). 

Of these six parameters, the first three - '
cf , max, peak , and 0E  are fundamental material 

strength related parameters which are usually obtained directly from experimental data.  

These three parameters also govern the characterization of the constitutive model as well as 

the closed-form expressions for concrete stiffness degradation and damage behavior.  For the 

purpose of this study, we collected material test data for the box-shaped reinforced concrete 

shear wall that was tested under JNES/NUPEC program in Japan (1994-2000).  The 

statistical variation of the material test data from various element tests, diagonal cyclic 

loading tests, multi-directional simultaneous cyclic loading tests, and shaking table tests of 

box and cylinder walls has been collected from various sources (Habasaki et al., 1999; Kitada 

et al., 1999; Hiroshi et al., 2001; Kusama et al., 2003; Shirai et al., 2003; Torita et al., 2003; 

Ono et al., 2004; Kitada et al., 2005; Xu et al., 2007).  The parameters can be considered as 

Gaussian random variables with the properties as specified in Table 1. Syed and Gupta 
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(2012) present a detailed study to suggest that dilation angle, tension recovery factor and 

compression recovery factor can be treated as model constants once FE simulation results are 

validated against the experimental data.   

The accuracy in estimating the probability of failure from a simulation-based 

approach depends significantly on the number of analyses jn at PGA level j  as well as the 

value of k (levels of ground motion intensities).  In a large-scale structural system with a 

large number of DOFs such as the reinforced concrete box-shaped shear wall, each time-

history analysis can require significant computational resources.  Therefore in system-level 

structural fragility estimation problems, a trade-off exists between the required accuracy of 

the fragility estimates and the total number of analyses - 



k

j

jsim nN
1

.  

Next, we present a Bayesian approach that is intended to update the fragility curves 

using the results from time history simulations of large-scale FE models.  To do so, it is often 

practical to use preliminary estimates from conventional or existing approaches and update 

the fragility estimates by performing a limited number of time history analyses to achieve 

desired accuracy.  More specifically, the Bayesian framework updates the initial fragility 

curves as evaluated by the conventional (EPRI, 1994; EPRI, 2002; ANS, 2003) approach 

(called “prior fragility”).  It uses the results from time history simulations to develop new 

fragility curves (called “posterior fragility”) of large-scale systems.  
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4. BAYESIAN FRAMEWORK FOR UPDATING STRUCTURAL FRAGILITY 

4.1 Bayesian Inference 

In general, the structural fragility    Θ; fPf 
 
depends on a vector of random variables

 T...., 21 Θ .  Let us consider that our current knowledge of Θ  can be represented by a 

joint density function  ..., 21

' Θf .  This joint density function  ..., 21

' Θf  is often referred to 

as “prior” information, which is obtained using existing data and professional expertise.  Any 

new data either from experimental or numerical studies can be represented by a vector of m 

observations -  Tmyyy ..., 21y .  The Bayes Theorem can be used to update our knowledge 

of the random parameters using the new data y  to obtain the “posterior” information 

 yΘ |..., 21

'' f  as 
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 (10)  

In Equation (10),  y|..., 21 L  is often referred to as the “Likelihood function” of the 

random parameters.  In the next section, we present a detailed methodology for updating the 

structural fragility curves using additional data.   

4.2 Methodology for Updating Structural Fragility 

In this paper, we use the two-parameter lognormal fragility model (Kennedy et al., 1980) 

presented in Section 2 which can be written as follows: 
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where P denotes the peak ground acceleration (PGA) level and 
T

r

T a ],~[],[ 21  Θ

represents the median and logarithmic standard deviation of the acceleration capacity of the 

structure. In this model, the median fragility curve is evaluated by integrating with respect to

a~  and r : 

     rrA
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f dadaf
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 







 



~,~

~lnln
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where  rA
af

r

,~
,

~


 is the joint density function describing the uncertainty of our knowledge 

of the random parameters a~ , r in the model. 

4.2.1 Prior Information 

To begin with, we assume a distribution for the joint density function  rA
af

r

,~
,

~


 which 

represents the “current state of knowledge” about the parameters - a~ , r . If A
~

and
r are 

independent, then the joint density function is simply the product of individual density 

functions of A
~

 and
r .  The  rA

af
r

,~'

,
~


 is called the “prior” distribution of the random 

parameters i.e.    rA
aff

r

 ,~, '

,
~21

'


Θ . The prior information can be obtained by using the 

EPRI (1994, 2002) method or previous fragility analyses of similar structures. According to 

EPRI (1994, 2002), the prior distribution for a~  is given by assuming a lognormal 
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distribution with a median value of ma  i.e.    ;log~ ~ umamedianNa   where u  is the 

logarithmic standard deviation representing the uncertainty in the value of a~ . 

4.2.2 Likelihood Function 

A Bayesian framework seeks to update the “state-of-knowledge” of the parameters - a~ , r  

i.e. we obtain an informative density function as we gather more data from experiments or 

numerical simulations.  The fragility data y  is typically expressed in terms of the number of 

times ir  that the damage has been observed out of the total number of structural specimens 

in  analyzed or tested at a given PGA level i .  If  i PGA  ,  analyses,  failures i i iy n r   

denotes the fragility data at PGA = i , the likelihood function  ir yaL |,~   is given by a 

binomial distribution corresponding to ir  failures out of 
in  specimens with a failure 

probability p given by the prior distribution  rif aP  ,~;
'

: 

 

     

  

      iii rn

rif

r

rif

rifi

ririir

aPaP

aPrnBinomial

arnPayPyaL















,~;1,~;

,~;pfailures;  analyses, 

,~|failures  analyses, ,~||,~

''

'

i

i

 (13)  

Since, the experiments or numerical simulations conducted at all k PGA levels are 

independent of each other, the likelihood function  y|,~
raL   corresponding to the total 

available fragility data  Tkyyy ..., 21y at the k PGA levels k ...,, 21 is simply the product 

of all individual likelihood functions: 
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 (14)  

4.2.3 Posterior Distribution 

The likelihood function evaluated using Equation (14) and the prior density function 
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 can be used to determine the posterior distribution  rA
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,
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variables - ra ,~  as  
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4.2.4 Updated Fragility Curve 

The updated median fragility curve  y|
''
fP  can be obtained by integrating out the random 

parameters once again using the posterior density function: 
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The integrations involved in evaluating the proportionality constants in Equations (14) – (15) 

are often formidable even using numerical techniques.  Therefore, the likelihood function 

 y|,~
raL  and the posterior density  y|,~''

,
~ rA

af
r




 are typically evaluated using a special 

class of computational algorithms called Markov Chain Monte Carlo (MCMC) methods 

(Winkler, 2003; Congdon, 2006). 
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5. BAYESIAN UPDATING OF RC BOX SHAPED SHEAR WALL FRAGILITY 

5.1 Evaluation of Prior Fragility Curve 

The structural fragility curve for the Reinforced Concrete Box-shaped shear wall shown in 

Figure 1 is evaluated using EPRI (1994, 2002) and can be used as “prior” information in the 

Bayesian framework.  Table 2 shows the various response variables and their corresponding 

median safety factors and log standard deviation for randomness and uncertainty considered 

for the box-shaped shear wall.  Similarly Table 3 gives the median safety factors and log 

standard deviations for capacity variables.  The parameters of the resultant lognormal 

fragility curve – ma , R  and U are summarized in Table 4 which was determined using 

Equation (8) as:  

 

 

 

ln

1.259 ; 0.261

  ~ log ;  0.269 

m

f

r

m r

m u

a
P

a g

a N median a










  
  

   
 
 
 

 

 

 

(17)  

Figure 3 gives the median fragility curve  fP  using Equation (6) and the 90% confidence 

bands based on Equation (5). 

5.1.1 Input Variables for Time-History Simulations 

Two input variables are typically considered in any time-history simulation:  



131 

(i)    Tk ...21 , a vector of k PGA levels at which the time-history analyses 

have to be conducted; 

(ii)    TknnnN ...21 , a vector denoting the number of analyses in  to be conducted at 

the i
th

 PGA level i .  

Consequently, any design plan P for the time-history simulations can be characterized 

in terms of the input variables as  N,P .   

5.2 Data from Time History Simulations 

In this example, n = 30 acceleration time-histories all scaled to the same PGA level 

consistent with the design response spectra of Figure 2 are considered.  All the 30 

acceleration histories were scaled to k = 5 different PGA levels 0.5g, 1.0g, 1.2g, 1.5g and 

2.0g to conduct a total of 150 time-history analyses for fragility data.  The input variables for 

the illustrative example can be listed as 

In each time-history analysis, the maximum base shear is compared with the ACI 349 

Chapter 21 (2001) design base shear at the corresponding PGA level.  The structure is 

assumed to have been “damaged” or “failed” if the maximum base shear from a time-history 

analysis at a given PGA exceeds the corresponding design base shear.  Table 5 presents the 

results from the time history simulations. 
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5.3 Updated Fragility Curves 

5.3.1 Prior Information 

The prior knowledge on the random parameters a~ , r  is evaluated from the ERPI (1994) 

approach.  The median capacity a~  follows a lognormal distribution whose parameters are 

presented in Equation (20).  Although the EPRI (1994, 2002) method does not directly 

specify any variability in the logarithmic standard deviation r , a uniform distribution within 

± 15% of its mean value of 0.269 is assumed.   
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 (18)  

Following the procedure of Section 3 and using the data in Table 5, we can obtain the 

posterior densities of a~ and r  as shown in Figures 4 and 5. 

5.3.2 Mean Fragility Curves 

The mean posterior fragility curve can be calculated using the Mean Squared Error (MSE) 

risk criteria, which states that the Bayes estimates of a~ and r are given by the respective 

posterior means. Equation (19) presents the expression for evaluating the mean posterior 

fragility curve  "F  using the MSE Bayesian predictors mâ  and
r̂ .   
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(19)  

 

Table 6 compares the values of the posterior means and standard deviations with that of the 

prior.  Figure 6 plots the prior and the updated median posterior fragility curves.  It can be 

observed that the posterior fragility curve is very close to the fragility 
 fP

 of Table 5.    

6. FRAGILITY CURVES FOR DIFFERENT PERFORMANCE FUNCTIONS 

The performance level of a reinforced concrete structure can be expressed in terms of 

response quantities such as maximum shear force, maximum shear deformation or drift ratio 

and maximum shear strains.  In order to evaluate fragility for a given performance function, 

both capacity and demand should be defined in terms of same response quantity.  The 

performance levels or limit states can be defined qualitatively (FEMA 273, 1997; Rossetto 

and Elnashai, 2003) or quantitatively (ASCE/SEI 43, 2005, IBC 2012, Park et al., 1985; 

FEMA 273, 1997; Mosalem et al., 1997).   

In this section, Bayesian updating discussed in Section 5 is used to quantify the 

fragility curves for performance functions based on maximum shear, maximum drift ratio 

and maximum shear strains as measured from nonlinear time history simulations of 

experimentally validated FE models.  The fragility curve based on EPRI (1994, 2002) 
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methodology, which is used as a “prior” for Bayesian updating is based on maximum shear 

force.  The capacity is calculated using design code equation of ACI 349 (2001) or 

ASCE/SEI 43 (2005) and the demand is measured as the maximum force that the shear wall 

resists in nonlinear time history analyses.  Ideally, the “prior”, which is defined in terms of 

median capacity, a~  and log standard deviation, r , for updating the fragility curves 

corresponding to performance functions based on maximum drift ratio or shear strain should 

utilize definitions of capacity and demand in terms of maximum drift ratio or shear strain, 

respectively.  However, due to lack of availability of an established methodology to define 

the lognormal parameters of prior based on maximum drift ratio or shear strain, same prior 

with lognormal parameters derived for force based criteria can be used for Bayesian 

updating.   

6.1 Bayesian Updating of Fragility Curve based on Maximum Shear Force 

The capacity for box-shaped shear wall can be estimated from the design code equations and 

guidelines provided in ASCE/SEI 43 (2005) and Chapter 11 and 21 of ACI 349 (2001).  A 

brief summary of the number of failures observed in analysis data based on different capacity 

limits are provided in Table 7.  Table 8 compares the values of the posterior means and 

standard deviations after updating, with corresponding prior values for performance function 

based on maximum shear force.  Figure 7 plots the prior and the updated median posterior 

fragility curves.  As mentioned in the earlier section, it can be observed that the 
posterior 

fragility curve for various capacities is very close to the fragility curve  fP  of Table 7 from 

simulations reflecting the strong influence of the data. 
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From Table 8, it can be observed that the median acceleration capacities and the log 

standard deviation for randomness associated with the posterior fragility curve are 

significantly different from those associated with the prior fragility curve.  The lower median 

acceleration capacities for the performance criteria based on capacities of ACI 349 (2001) is 

attributed to the lower capacity estimated compared to that of ASCE/SEI 43 (2005).  The 

resulting log standard deviation for randomness after updating are lower than that of 

corresponding log standard deviation of prior, thus the posterior fragility are steeper than 

prior curve as shown in Figure 7.  From this figure, it is apparent that the fragility estimate 

based on conventional approach (EPRI, 1994; EPRI, 2002; ANS, 2003) is more conservative 

than the fragility estimate based on ASCE/SEI 43 (2005). 

6.2 Bayesian Updating of Fragility Curve based on Maximum Inter Story Drift Ratio 

In general, the response parameter for deformation is the maximum inter story drift (ISD) 

ratio, which can be directly related to the structural damage and inelastic behavior.  The limit 

states based on deformation can be obtained through a set of pushover analyses of the 

prototype structure and identifying the limiting condition such as cracking of concrete, 

yielding of reinforcement, maximum concrete strain, and ultimate capacity.  ASCE/SEI 43 

(2005) provides the allowable drift ratio limit and corresponding damage levels for squat 

shear walls as shown in Table 9.  Four damage levels (A, B, C and D) are defined based on 

the maximum allowable drift ratios of 0.75%, 0.6%, 0.4% and 0.4% respectively. 
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The performance function for shear deformation based on maximum inter story drift 

for low-rise shear wall can be mathematically expressed as follows 

 simxyxysimxyxyG ,lim,,lim, ),(    (20)  

where ,limxy  represents the maximum ISD as defined in Table 8, and simxy,  represents the 

maximum inter story drift, measured from nonlinear time history analysis.  Failure is 

considered to occur when simxy,  exceeds ,limxy .  A summary of the number of failures based 

on maximum inter story drift limits for corresponding damage levels are provided in Table 

10 at different PGA levels.  Table 11 compares the values of the posterior means and 

standard deviations with that of the prior for performance function based on maximum shear 

force.  Figure 8 plots the prior and the updated median posterior fragility curves for various 

damage levels based on maximum inter story drift.   

 From Table 11, it can be observed that the median acceleration capacities and log 

standard deviation for randomness of updated fragility curves for Limit State C and D are 

equal and lower than the corresponding lognormal parameters of updated fragility curve for 

Limit State A and B.  Thus, as shown in Figure 8, the fragility curve corresponding to Limit 

State C and D is to the right of fragility curve corresponding to Limit State A and B.  Also, 

all the updated fragility curves are to the right of prior curve (based on conventional 

approach).  Hence, based on this observation it can be inferred that the conventional 

approach provides more conservative estimates of fragility compared to the fragility 

estimates based on maximum inter story drift ratio. 
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6.3 Bayesian Updating of Fragility Curve based on Maximum Shear Strain 

The fragility curve can also be defined in terms of shear deformation based on maximum 

shear strains observed in the nonlinear time-history analyses.  The shear strain capacity 

distribution for shear wall structures tested in Japan is considered to follow lognormal 

distribution with mean 0.536% and coefficient of variation (COV) of 0.24 based on the 

guidelines provided by JNES/NUPEC (1994-2000).  Maximum shear strains are obtained 

from the nonlinear time history simulations and compared with the shear strain capacity to 

find the probability of failure.  As we know the overall distribution of maximum shear strain 

over the PGA values, we can evaluate the probability of failure directly by using the concept 

of reliability at each PGA level.  From the probability of failures a back calculation can be 

done to know the number of failures at each PGA level, which can be used in Bayesian 

fragility model to get more accurate fragility curve.  Table 12 shows the probability of failure 

evaluated at each PGA level.  Figure 9 plots the prior and the updated median posterior 

fragility curves based on maximum shear strain.   

6.4 Comparison of Fragility Curves Based on Different Performance Functions 

The fragility curves estimated using different performance functions are compared in Figure 

10.  It can be observed that the median acceleration capacities based on shear strain criteria is 

the lowest, while the median acceleration capacity based on inter story drift ratio is the 

highest.  According to ASCE/SEI 43 (2005), the allowable drift for Limit State A which 

corresponds to significant damage or collapse is less than the drift at the ultimate strength by 

a factor of 0.25 and the fragility is controlled by the ultimate strength rather than the drift.  
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The fragility estimates based on drift capacities should be more conservative than those 

based on the ultimate capacity.  It is shown in Figure 10, that the median acceleration 

capacities estimated for all the four drift limit states are higher than the median acceleration 

capacity estimate based on maximum shear force criteria.  However, the fragility based on 

maximum shear force and maximum drift criteria provides less conservative estimates of 

median acceleration capacity compared to the criterion based on maximum shear strain.  

Therefore, the shear strain based capacity must be considered while evaluating the strength of 

structure for fragility estimation. 

7. SUMMARY AND CONCLUSIONS 

In recent years, USRNC’s risk based acceptance criteria for new Standard Plant designs 

requires that the probability of core damage in the Nuclear Power Plant (NPP) should be less 

than 1% even for an earthquake whose Peak Ground Acceleration (PGA) is 1.67 times the 

design PGA for the nuclear plant (i.e. F1% = 1.67).  Such a criterion requires that the fragility 

curves have a high degree of confidence especially in the low probability regions.  The 

conventional approach is excessively conservative and gives wide confidence intervals 

associated with the median fragility curves.  Incorporation of experimental and numerical 

data can be used to reduce the confidence intervals.  One way to calculate the fragility curve 

is by a Monte-Carlo (MC) simulation involving multiple time history analyses of an 

experimentally-validated Finite Element (FE) model of the structure.  A simulation based 

approach while being very effective, requires a significantly large number of time-history 

analyses at different PGA levels, making it highly inefficient and impractical in some cases.  
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Therefore, a trade-off exists between required accuracy/width of the confidence intervals and 

the number of time-history analyses that can be completed in a reasonable time-frame.   

In this paper, we present a Bayesian framework which efficiently updates the existing 

or “prior” estimates of fragility obtained from the conventional approaches by using the 

results from multiple time-history analyses to determine the “posterior” structural fragility 

curves.  Using an example of a Reinforced Concrete Box-shaped shear wall, it is illustrated 

that the Bayesian framework can be a powerful tool to develop the fragility curves based on 

different performance functions and the conclusions are enumerated as: 

1. For each of the performance function the median acceleration capacities are 

significantly different from the median acceleration capacity based on conventional 

approach.   

2. The fragility estimates based on maximum inter story drifts are more conservative 

compared to the fragility estimates based on maximum shear force. 

3.  The conventional approach for evaluating fragility curve is based on ultimate 

strength of the structure. However, the fragility estimates based on maximum shear strain 

criteria is less conservative compared to the fragility estimates based on maximum shear 

force and drift ratios.  Hence, the shear strain based capacity must be considered while 

evaluating the strength of structure for fragility estimation. 
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Table 1 – Statistics of strength parameters of concrete constitutive model from experimental 

tests on shear walls under JNES/NUPEC program (1994-2000). 

Concrete Property  Comp. Strength  Comp. Strain  Young's Modulus  

Specimen '
cf  

(MPa) 
max, peak  () 

0E (GPa) 

STDEV 3.2 161.8 2.3 

Mean  35.3 1960.2 31.6 

COV  0.090 0.083 0.073 

 

Table 2 – Response variables considered in evaluation of seismic fragility (EPRI, 1994; 

EPRI, 2002) 

Response Variable 

Median 

Demand 

Factor (F) βr βu 

Remarks 

If 

considered 

in Analysis? 

Ground Motion     

- Earthquake response spectrum 

shape 
1.0 0.20 0.00 No 

-Horizontal direction peak response 1.0 0.13 0.00 No 

-Vertical component response 1.0 0.00 0.00 No 

Damping 1.0 0.00 0.05 No 

Modeling     

-Frequency 1.0 0.00 0.15 Yes 

-Mode Shape 1.0 0.00 0.05 Yes 

-Torsional Coupling 1.0 0.00 0.05 Yes 

Mode Combination 1.0 0.05 0.00 Yes 

Time History Simulation 1.0 0.00 0.05 Yes 

Foundation-Structure Interaction     

- Ground Motion Incoherence 1.0 0.00 0.00 No 

- Vertical spatial variation of ground 

motion 
N/A N/A N/A No 

-SSI Analysis 1.0 0.00 0.00 No 

Earthquake Component 

Combination 
N/A N/A N/A No 

        Combined           1.0           0.2437    0.1803 



147 

Table 3 – Capacity variables considered in evaluation of seismic fragility (EPRI, 1994; EPRI, 

2002) 

Capacity Variable 

Median 

Demand 

Factor (F) 

βr βu Remarks 

If considered 

in Analysis? 

Strength 2.053    

Concrete Compressive Stress (incl. 

aging) 
 0.0068 0.00 Yes 

Steel reinf. Yield stress  0.09 0.00 No 

shear equation  0.00 0.20 No 

Inelastic energy Absorption 1.022 0.0243 0.0022 Yes 

                      Combined     2.0979        0.0935      0.2000 

 

Table 4 – Combined fragility parameters for RC box-shaped shear wall (EPRI, 1994; EPRI, 

2002) 

Parameter 
Median Demand Factor 

(F) 
βr βu 

Demand 1.0 0.2437 0.1803 

Capacity 2.0979 0.0935 0.200 

Am = Fc*Frs*DBE 2.0979*0.6g = 1.2587g 

βc  (combined) 0.3647 

 

Table 5 – Results of the time history simulation for fragility based on shear capacity (ACI 

349, 2001) 

 gPGA i,  No. of simulations 

( in ) at PGA = i  

No. of failures, ri 
 

i

i

if
n

r
P   

0.5 30 0 0 

1.0 30 0 0 

1.2 30 7 0.233 

1.5 30 29 0.967 

2.0 30 30 1.000 
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Table 6 – Posterior Means and Standard Deviations of the Random Parameters - a~  and r  

Parameter  Prior Posterior 

a~  
Mean, mâ  1.259 1.286 

Standard 

Deviation 
0.261 0.0279 

r  
Mean, 

r̂  0.261 0.116 
Standard 

Deviation 
0.023 0.024 

 

Table 7 – Results of the time history simulation for fragility based on shear capacity (ACI 

349, 2001 and ASCE/SEI 43, 2005) 

PGA 

(g)  

ACI 349 

(Chapter 11) 

ACI 349 

(Chapter 21) 

ASCE/SEI 43-05 

No. of 

failures, ri 
 

i

i

if
n

r
P   No. of 

failures, ri 
 

i

i

if
n

r
P   No. of 

failures, ri 
 

i

i

if
n

r
P   

0.5  0 0 0 0 0 0 

1.0  23 0.767 0 0 0 0 

1.2  29 0.967 7 0.233 0 0 

1.5  30 1.000 29 0.967 2 0.067 

2.0  30 1.000 30 1.000 29 0.967 

 

Table 8 – Posterior Means and Standard Deviations of the Random Parameters - a~  and r  

for fragility curves based on maximum shear force 

Parameter Prior 

Posterior 

ACI 349- 

Chapter 11 

ACI 349 

Chapter 

21 

ASCE/SEI 

43-05 

a~  
Mean, mâ  1.259 0.856 1.286 1.709 

Standard 

Deviation 
0.261 0.043 0.028 0.043 

r  
Mean, 

r̂  0.261 0.214 0.116 0.115 
Standard 

Deviation 
0.023 0.037 0.024 0.024 
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Table 9 – Definition of Limit States based on inter story drift ratios for squat structural wall 

(ASCE/SEI 43, 2005) 

Limit State Allowable Drift 

(%) 

Damage Level 

A 0.75 
Significant Damage: Large permanent 

distortion or short of collapse 

B 0.60 
Repairable Damage: Moderate 

permanent distortion 

C 0.40 
Minimal Damage: Limited permanent 

distortion 

D 0.40 
No Damage: Essentially elastic 

behavior 

 

Table 10 – Results of the time history simulation for fragility based on maximum inter story 

drift ratio  

PGA 

(g)  

Limit State A Limit State B Limit State C Limit State D 

No. of 

failures, 

ri 

 
i

i

if
n

r
P   No. of 

failures, 

ri 

 
i

i

if
n

r
P   No. of 

failures, 

ri 

 
i

i

if
n

r
P   No. of 

failures, 

ri 

 
i

i

if
n

r
P   

0.5 0 0 0 0 0 0 0 0 

1.0 0 0 0 0 0 0 0 0 

1.2 0 0 0 0 0 0 0 0 

1.5 0 0 0 0 1 0.033 1 0.033 

2.0 3 0.1 7 0.233 18 0.6 18 0.6 
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Table 11 – Posterior Means and Standard Deviations of the Random Parameters - a~  and r  

for fragility curves based on maximum inter story drift ratio 

Parameter Prior 

Posterior 

Limit State A Limit State B Limit State C Limit State D 

a~  
Mean, mâ  1.259 2.6160 2.3785 1.9650 1.9650 

Standard 

Deviation 
0.261 0.2177 0.1618 0.0785 0.0785 

r  

Mean, 
r̂  0.261 0.2283 0.2284 0.1964 0.1964 

Standard 

Deviation 
0.023 0471 0.0495 0.0378 0.0378 

 

Table 12 – Results of the time history simulation for fragility based on maximum shear strain 

PGA 

(g)  

Maximum Shear 

Strain 

No. of 

failures, ri 
 f iP   

0.5  0 0 

1.0  0 0.002433 

1.2  1 0.042667 

1.5  14 0.459733 

2.0  28 0.922567 
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Table 13 – Posterior Means and Standard Deviations of the Random Parameters - a~  and r  

for fragility curves based on maximum shear strain 

Parameter Prior Posterior 

a~  
Mean, mâ  1.259 1.554 

Standard 

Deviation 
0.261 0.047 

r  
Mean, 

r̂  0.261 0.187 
Standard 

Deviation 
0.023 0.028 
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Figure 1 – Box-shaped shear wall system 
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Figure 2 – Uniform Hazard Response Spectrum 
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Figure 3 – Fragility Curve for the Box-type shear wall structure (EPRI, 1994; EPRI, 2002) 
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Figure 4 – Prior and Posterior densities of a~  
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Figure 5 – Prior and Posterior densities of r  
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Figure 6 – Comparison of prior and updated median fragility curves 
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Figure 7 – Comparison of prior and updated median fragility curves for performance based 

on maximum shear force 
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Figure 8 – Comparison of prior and updated median fragility curves for performance based 

on maximum inter story drift ratio limits 
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Figure 9 – Comparison of prior and updated median fragility curves for performance based 

on maximum shear strain 

 

  

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2 2.5 3

P
ro

b
a
b

il
it

y
 o

f 
F

a
il

u
re

 P
f(

a
) 

PGA (g) 

Shear Strain

Criteria

EPRI(Prior)

Analysis Data



161 

 

Figure 10 – Comparison of updated median fragility curves for different performance 

functions 
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PART V 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

FOR FUTURE RESEARCH 
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1. SUMMARY AND CONCLUSIONS 

This dissertation presents a framework for evaluating seismic fragilities of reinforced 

concrete structures like shear walls in nuclear power plants.  A hybrid approach is proposed 

that is based on using large scale experimentally validated finite element models to evaluate 

the fragility considering the uncertainties and randomness in the material properties as well 

as seismic loads.  A methodology is proposed to identify and characterize the parameters of 

concrete constitutive model such as damage-plasticity model.  A Bayesian technique is 

proposed to update the existing fragility curves using the data obtained from nonlinear time 

history analyses.  Fragility curves are developed for different performance criteria that 

corresponds to multiple damage limit states based on different engineering design parameters 

like maximum shear force, maximum shear deformation, maximum inter story drift ratio and 

maximum shear strains. This dissertation is organized primarily into three manuscripts that 

focus on describing the following aspects of the proposed framework:  

 Evaluation of probability of failure using nonlinear time history analyses of 

experimentally validated finite element models. 

 Robustness to handle the uncertainties associated with the parameters of concrete 

constitutive model like damage-plasticity model and not just material strength 

properties. 

 Reduction in the number of nonlinear time history analyses by using a Bayesian 

updating methodology to obtain the updated fragility estimates. 
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 Ability to account for the different damage states and failure modes in evaluation of 

fragility curves. 

The summary and conclusions of each topic are discussed below in detail. 

1.1 Seismic Fragility of RC Concrete Shear Walls in Nuclear Power Plant: A 

Framework for Consideration of Uncertainty in Concrete Constitutive Model 

In the Seismic Probabilistic Risk Assessment (SPRA) framework for nuclear power plants, 

the risk of damage in a structural system is described by a "fragility curve".  A fragility curve 

gives the probability that the structure could exceed a specified limit-state at a particular level 

of earthquake intensity such as Peak Ground Acceleration (PGA).  According to the 

guidelines of USNRC, the current state of practice in nuclear industry is to evaluate the 

fragility of structures using a semi empirical method based on simplifying assumptions.  

Results obtained from design, analysis, test data, experience data, and professional expertise 

are used to evaluate the structural fragilities using a lognormal model.  This methodology 

does not account for different damage states and failure modes.  Evaluating structural 

fragilities exclusively based on experiments is impractical and cost intensive.  The proposed 

framework overcomes this limitation by using a hybrid approach, in which large scale finite 

element models are developed and validated against the limited experimental data.  These 

validated models are then used to conduct Monte-Carlo simulations involving multiple 

nonlinear time history analyses by considering uncertainties in the material constitutive 

model and seismic loading. 
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A method is proposed to identify and quantify the uncertainties in the important 

parameters of a concrete constitutive model using the basic strength parameters, which can 

be incorporated in a fragility framework based on the hybrid approach. The following are the 

main conclusions of this study: 

1. Results from the numerical experiments on the 4 – noded shell element shows that 

the uncertainty must be considered in peak strength of concrete, modulus of 

elasticity, maximum strain at the peak strength of concrete and damage variables. 

For the fragility analysis purposes the constitutive material parameters like 

dilatancy angle and stiffness recovery factors in tension and compression can be 

treated as fixed parameters of the material model, as changes in these parameters 

are found to be representative of a change in grade of concrete and reinforcing 

steel rather than an uncertainty in the constitutive model.   

2. Stress-strain curves in compression and tension together with corresponding 

damage variables needed to permit a comprehensive consideration of uncertainty 

in constitutive model can be evaluated using closed-form expressions given by 

Maekawa-Okamura (for compression hardening/softening) and Okamura-Izumo 

(for tension stiffening). 

1.2 Significance of Uncertainty in Material Constitutive Model on Fragility Estimates 

The proposed hybrid approach allows us to evaluate the relative significance of uncertainties 

in the concrete constitutive model on the structural fragility.  Two sets of analyses are 

conducted for this purpose, one by considering mean values of material property estimates 
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and second by considering the material level parameters as statistical variables.  The 

probabilities of failures are independently evaluated for two different performance functions 

based on maximum shear force and maximum shear strains.  The capacity of the shear wall 

structure are evaluated as per the design guidelines of ASCE/SEI 43 (2005) and ACI 349 

(2001) and compared with the demand obtained from two sets of numerical results.  The 

important conclusions from this study are: 

 1. The maximum shear force and shear strain response for each set of analysis 

conducted using the mean and statistically varied material level parameters are close, the 

distribution of probability of failure are significantly different not only for the maximum 

shear force and shear strain criteria but also at each PGA level. 

 2.  The percentage difference between the probabilities of failure estimated for the 

two sets of analyses conducted using constant and statistically varied material level 

properties are as high as 32% for a given PGA level.  This shows that uncertainties in the 

material strength parameters and the constitutive model need to be considered in a fragility 

assessment.    

1.3 A Bayesian Framework for Updating Performance based Structural Fragility using 

Time History Analyses 

We present a Bayesian framework which efficiently updates the existing or “prior” estimates 

of fragility obtained from the conventional approaches by using the results from multiple 

time-history analyses to determine the “posterior” structural fragility curves.  Using an 

example of a Reinforced Concrete Box-shaped shear wall, it is illustrated that the Bayesian 
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framework can be a powerful tool to develop the fragility curves based on different 

performance functions.  The performance level of the structure are expressed in terms of 

response quantities such as maximum shear force, maximum shear deformation or drift ratio 

and maximum shear strains.  The following are the main conclusions of this study: 

1. For each of the performance function the median acceleration capacities are 

significantly different from the median acceleration capacity based on conventional 

approach.   

2. The fragility estimates based on maximum inter story drifts are more conservative 

compared to the fragility estimates based on maximum shear force. 

3.  The conventional approach for evaluating fragility curve is based on ultimate 

strength of the structure. However, the fragility estimates based on maximum shear strain 

criteria is less conservative compared to the fragility estimates based on maximum shear 

force and drift ratios.  Hence, the shear strain based capacity must be considered while 

evaluating the strength of structure for fragility estimation. 

2. RECOMMENDATIONS FOR FUTURE RESEARCH 

The research presented in this dissertation is a first step to develop solutions and tools to 

various issues that arise in the modeling, planning, set-up and execution of probabilistic 

simulations in the context of evaluating seismic risk on engineering structures. Based on the 

experience gained in conducting this research, a few recommendations for future work in this 

area are summarized below. 
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1. Consideration of Epistemic Uncertainties: Effectiveness of Bayesian framework 

can be improved by including the capability to incorporate epistemic uncertainties i.e. 

explicit consideration of reliability / confidence level of the new data source along 

with the fragility data being used to update the prior estimates of fragility. 

2. Evaluating Composite Fragility Curves: The fragility curve significantly depends 

on the performance level criteria chosen for risk assessment.  Composite fragility 

curve should be developed considering performance function encompassing different 

damage levels and failure modes. 

3. Estimating Capacities considering Different Performance Criteria: A key factor 

in determining the fragility parameters is to be able to estimate the capacity with 

greater certainty.  Apart from the capacities based on strength as defined by design 

codes, capacities based on different performance criteria such as shear strain based 

must also be considered. 

4. Uncertainty Propagation: A key factor in determining the total computational effort 

in conducting probabilistic seismic simulations is the nature of uncertainties in 

various parameters of Finite Element (FE) or engineering analysis model as well as 

the randomness in the loading on the system. It is important for us to recognize as far 

as possible the nature of uncertainty present in every parameter of the model and also 

the effect of that uncertainty on the overall reliability of the design. Moreover, trying 

to account for uncertainty in every parameter of the model can be computationally 

limiting as Monte-Carlo methods generally require a large number of simulations for 

convergence. Typically, the properties of the random variables used to describe 



169 

various parameters are obtained from existing real-life data and past studies, but 

sometimes the data can insufficient and inconclusive. In order to minimize the 

computational complexity, understanding the relative significance of uncertainties in 

various parameters within the same model can help us identify the most influential 

random variables and subsequently, simplify the probabilistic model.  


