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PREFACE 

The National Center for Earthquake Engineering Research (NCEER) was established to expand and 
disseminate knowledge about earthquakes, improve earthquake-resistant design, and implement 
seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis is on 
structures in the eastern and central United States and lifelines throughout the country that are found 
in zones oflow, moderate, and high seismicity. 

NCEER's research and implementation plan in years six through ten (1991-1996) comprises four 
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to 
support projects in the Applied Research area. Element II, Applied Research, is the major focus of 
work for years six through ten. Element III, Demonstration Projects, have been planned to support 
Applied Research projects, and will be either case studies or regional studies. Element IV, 
Implementation, will result from activity in the four Applied Research projects, and from Demonstra­
tion Projects. 

ELEMENT I 
BASIC RESEARCH 

• Seismic hazard and 
ground motion 

• Soils and geotechnical 
engineering 

• Structures and systems 

• Risk and reliability 

• Protective and intelligent 
systems 

• Societal and economic 
studies 

ELEMENT II 
APPLIED RESEARCH 

• The Building Project 

• The Nonstructural 
Components Project 

• The Lifelines Project 

The Highway Project 

ELEMENT III 
DEMONSTRATION PROJECTS 

Case Studies 
• Active and hybrid control 
• Hospital and data processing 

facilities 
• Short and medium span bridges 
• Water supply systems in 

Memphis and San Francisco 
Regional Studies 

• New York City 
• Mississippi Valley 
• San Francisco Bay Area 

ELEMENT IV 
IMPLEMENTATION 

• ConferenceslWorkshops 
• EducationlTraining courses 
• Publications 
• Public Awareness 

Research in the Building Projectfocuses on the evaluation and retrofitofbuildings in regions of moderate 
seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi -rigid frames, and masonry walls 
or infills. The research involves small- and medium-scale shake table tests and full-scale component tests 
at several institutions. Ina parallel effort, analytical models and computer programs are being developed to 
aid in the prediction of the response ofthese buildings to various types of ground motion. 
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Two ofthe short-term products ofthe Building Project will be a monograph on the evaluation oflightly 
reinforced concrete buildings and a state-of-the-art report on unreinforced masonry. 

The risk and reliability program constitutes one of the important areas of research in the Building 
Project. The program is concerned with reducing the uncertainty in current models which characterize and 
predict seismically induced ground motion, and resulting structural damage and system unserviceability. The 
goal ofthe program is to provide analytical and empirical procedures to bridge the gap between traditional 
earthquake engineering and socioeconomic considerations for the most cost -effective seismic hazard 
mitigation. Among others, the following tasks are being carried out: 

1. Study seismic damage and develop fragility curves for existing structures. 
2. Develop retrofit and strengthening strategies. 
3. Develop intelligent structures using high-tech and traditional sensors for on-line and real- time 

diagnoses of structural integrity under seismic excitation. 
4. Improve and promote damage-control design for new structures. 
5. Study critical code issues and assist code groups to upgrade seismic design code. 
6. Investigate the integrity of non structural systems under seismic conditions. 

The report develops the methodology for analytically developing damage probability matrices 
(DPM) for comparison with those proposed by ATC-J3 based on expert opinion surveys. Such 
comparisons are needed to establish a more rational approach to probabilistic damage assessments 
in order to improve building code provisions and to refine cost estimates of earthquake damage. The 
proposed methodology is comprehensive in its dealing with the many complex aspects of prob­
abilistic damage assessment required to accomplish the above task. The application of this 
methodology to common buildingframes of three heights and therefore frequency ranges provides 
an important benchmark set of results. 
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ABSTRACT 

This report presents formulations for developing fragility curves and damage probability matrices 

for reinforced concrete frame structures. Three different classes of reinforced concrete frames, 

based the story heights, are considered. The development of fragility curves and damage 

probability matrices requires the characterization of ground motion and the identification of 

different degrees of structural damage. 

The ground motion characterization parameters used in this report are the spectral acceleration 

and the root mean square acceleration. At a given ground motion parameter, an ensemble of 

ground motions is required for evaluating the conditional probabilities of the different degrees of 

damage. Autoregressive moving average (ARMA) models and Gaussian stationary models with 

modulating functions are used for this purpose. 

The identification of the different degrees of structural damage is carried out based on the 

structural damage models. Models for characterizing the seismic damage to reinforced concrete 

structures are reviewed in this report. The Park and Ang damage index is used in this report for 

the development of fragility curves and damage probability matrices. 

Constrained Monte Carlo simulation techniques are used for evaluating the fragility curves. The 

comparison of the damage probability matrices for the three classes of reinforced concrete frames, 

developed in this study, with those in ATC-13 (1985) shows that the ATC-13 DPM's potentially 

underestimate the damage, particularly at the high intensity levels. Because the existing 

definitions of damage to reinforced concrete structures are found to be inadequate, a new 

technique for identifying different damage states for such structures is presented that considers the 

crack widths and interstory drift ratios. 
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SECTION 1 

INTRODUCTION AND LITERATURE SURVEY 

1.1 Introduction 

Earthquakes can have a seriously negative impact on society by causing human suffering and 

economic losses. Earthquakes affect structures in various ways which include damage to 

structural elements as well as nonstructural, architectural, electrical and mechanical elements. The 

main structural components affected are the components of the lateral load resisting system. 

Nonstructural components include the exterior curtain walls, interior partition walls and 

mechanical and electrical equipment. Nonstructural damage can occur even at low levels of 

ground shaking when there is little or no structural damage. This report is, however, confined to 

evaluating structural damage as a result of earthquakes. 

Reliable damage estimation and rehabilitation decisions require sufficient information on the 

degree of structural damage. Relationships between earthquake ground motion severity and 

structural damage along with seismic site hazard analysis can be used to assess extensive damage, 

collapse casualties and subsequent long term economic losses due to earthquakes. The motion­

damage relationships obtained in the form of probability distributions of damage at specified 

ground motion intensities are usually expressed by means of fragility curves and damage 

probability matrices. The fragility curves and damage probability matrices describe the conditional 

probabilities of reaching different damage states at specified ground motion levels. Currently 

available motion-damage relationships, for different types of buildings, are in the form of damage 

probability matrices (ATC-13, 1985). These matrices are based on expert opinion since actual 

damage data are not available to develop these functions empirically. 

1.1.1 Objectives and Scope 

The objective of this project is to develop a methodology for obtaining relationships between 

ground motion and structural damage to reinforced concrete structures. This involves the 

formulation of motion-damage relationships based on analytical models, in contrast to the 

currently available motion-damage relationships which are subjective in nature. This objective can 

be achieved through the following steps: 

• Identification of suitable ground motion parameters; 

• Identification of different damage states based on suitable structural response parameters; 

• Evaluation of the probability of a concrete structure being in different damage states; 

1-1 



• Parametric study of the motion-damage relationships for different geometric and material 

property variations; 

This study presents the development of motion-damage relationships for reinforced concrete 

moment resisting frames located on firm soils. Damage due to landslides and liquefaction is not 

considered. Only damage due to ground motion is included. The methodology presented in this 

report is illustrated by application to example buildings. Parametric studies are performed to 

assess the effect of geometric and material variations in the performance of concrete frame 

structures. 

1.1.2 Organization of the Report 

The remainder of this section presents a reView of previOUS work on ground motion 

characterization and damage evaluation for reinforced concrete structures. The various 

parameters used to quantify ground motion are first reviewed. Various measures of structural 

damage are then described. Three different classes of reinforced concrete frames, based the story 

heights, are considered. The period range for each class of buildings is identified and is used to 

characterize the ground motion in terms of spectral response. 

Section 2 presents the methodology for performing damage analysis. Various techniques 

available for damage analysis are reviewed and the method used in this study is explained in detail. 

Modified Mercalli intensity, MMI, root mean square acceleration, RMS, and spectral acceleration, 

Sa, are selected as the parameters to characterize the ground motion. The Park and Ang (1984) 

damage index and the modified version of this index (Kunnath et aI., 1992) are selected to identify 

the different damage states. 

Section 3 describes the modeling of uncertainties in system parameters. The uncertainties in 

structural demand and capacities are presented. The uncertainty associated with seismic demand 

is much larger compared to the uncertainties in other loads. Therefore, uncertainties in demand 

are taken into account by considering the uncertainties associated with the characterization of 

ground motion. The uncertainties in the ground motion are considered by incorporating the error 

associated with the Kanai-Tajimi parameters, dynamic amplification factors and the strong motion 

duration. 

The Monte Carlo simulation technique used for evaluating the fragility curves and damage 

probability matrices is described in Section 4. The direct Monte Carlo technique requires a large 
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number of simulation cycles to achieve an acceptable level of confidence in the estimated 

probabilities. The Latin Hypercube sampling technique is used to reduce the number of 

simulation cycles. At a given ground motion level, an ensemble of ground motion time histories is 

required for evaluating the conditional probabilities. Due to the paucity of recorded ground 

motions for the same ground motion level, artificial ground motions are generated. Various 

techniques for the simulation of artificial ground motion are reviewed. Autoregressive moving 

average models (ARMA) and Gaussian stationary models with modulating functions are used for 

this purpose. 

An illustration of the methodology is presented in Section 5. Damage analysis is performed for 

three example buildings. The example buildings include a two-story, a six-story and a thirteen 

story building corresponding to low-rise, mid-rise and high-rise buildings, respectively. The results 

of damage analysis are obtained in the form of damage probability matrices and fragility curves. 

Section 6 summarizes the main conclusions from this project and discusses the scope of future 

work. 

1.2 Review of Previous Work 

Reliable damage estimation and rehabilitation decisions require information on the degree of 

structural damage. The motion-damage relationships are usually expressed by means of fragility 

curves and damage probability matrices. Fragility curves and damage probability matrices 

describe the conditional probability of being in a particular damage state at a given level of ground 

motion. Ground motion characterization and damage state identification are needed for 

evaluating these conditional probabilities. 

Various ground motion parameters that can be correlated to structural damage are first reviewed. 

Then, the different indices available to describe structural damage to reinforced concrete 

structures are discussed. Damage state identification can be carried out based on the structural 

damage indices. 

1.2.1 Ground Motion Characterization 

It is difficult to determine a single parameter that best characterizes the ground motion. Recorded 

time histories, even at the same site, show variations in details. Earthquake ground motion 

amplitude, frequency content, duration and the number of peaks in the time history above a 
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certain amplitude are some of the characteristics important for determining structural response 

and damage. Ground motion amplitude is measured in terms of acceleration, velocity and 

displacement. Frequency content of an earthquake time history is important in identifying the 

amount of energy imparted at different frequencies. The strong motion duration of an earthquake 

time history is the time interval during which most of the energy of that time history is contained. 

Various measures of strong motion duration are presented in the next section. 

Numerous parameters have been used to relate ground motion to the degree of damage sustained 

by a structure. Peak ground acceleration (PGA) has frequently been used as a parameter to 

characterize ground motion. Other parameters include Housner's spectral intensity, Arias 

intensity, root mean square acceleration (RMS), response spectrum and modified Mercalli 

intensity (MMI). 

Root mean square acceleration, response spectrum and MMI are the parameters used to 

characterize ground motion in this study. Although only these three parameters are used in this 

study, other parameters are also discussed for the sake of completeness. 

1.2.1.1 Strong Motion Duration 

Several measures of strong-motion duration have been discussed in the literature. The different 

definitions of strong-motion duration include those by Bolt (1975), Trifunac and Brady (1975), 

McCann and Shah (1980), and Vanmarcke and Lai (1980). The Trifunac and Brady (1975) 

definition of strong motion duration is used in this study as it is based on the concept of 

cumulative energy. The Trifunac and Brady (1975) strong motion duration is the time interval 

required to accumulate 90 percent of the total energy. 

The times Tl and T2 of Trifunac and Brady's definition of strong motion duration can be 

represented by means of the following two equations: 

Tl Td J a2
(t) dt = 0.05 J a 2

(t) dt (1.1) 

o 0 

and 
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T2 Td 

f a2 (t)dt = o.9sf a2 (t)dt (1.2) 

o 0 

where: 

T d total duration of the earthquake 

aCt) ground acceleration at time t. 

Trifunac and Brady's strong motion duration is thus given as: 

(1.3) 

The strong motion duration is needed for evaluating the root mean square acceleration (discussed 

in Section 1.2.1.5). 

1.2.1.2 Ground Motion Amplitude 

The parameters used to describe ground motion amplitude include peak ground acceleration, 

PGA, peak ground velocity, PGV, and peak ground displacement, PGD. As the inertia forces 

depend directly on acceleration, peak ground acceleration is one of the parameters widely used to 

describe the intensity and damage potential of an earthquake at a given site. However, PGA is a 

poor indicator of damage as time histories with the same PGA could be very different in 

frequency content, strong motion duration and energy level, thus causing varying amounts of 

damage. Therefore, PGA represents only a single amplitude and does not incorporate any of the 

other characteristics considered to be important for damage evaluation. 

1.2.1.3 Housner's Spectral Intensity 

Housner (1952) defined a measure for expressing the relative severity of earthquakes in terms of 

the area under the pseudo-velocity spectrum between 0.1 and 2.5 seconds. Housner's spectral 

intensity can be defined by means of the following equation: 

I 
H 

where: 

25 25 f Sv(T,~) dT = 2
1
n f Sa (T,~) T dT 

0.1 0.1 

pseudo-velocity at undamped natural period T and damping ratio ~ 

pseudo-acceleration at undamped natural period T and damping ratio ~. 
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Housner's spectral intensity is thus the first moment of the area of Sa (0.1 ::::; T ::::; 2.5 sec) about 

the Sa axis. This implies that the Housner spectral intensity is larger for ground motions with a 

significant amount of low frequency content. Thus, ground motions with larger Housner spectral 

intensity could cause more damage to tall structures. Housner's spectral intensity, however, does 

not provide information on the strong motion duration. 

1.2.1.4 Arias Intensity 

Arias (1970) defined the intensity, I, of an earthquake as the sum of the energy dissipated (per 

unit weight) by all the structures belonging to the entire population. Thus 

OC) 

I = f E dO) (1.5) 

0 

where: 

E = energy dissipated per unit weight of a structure as a consequence of the motion induced 

on it by an earthquake 

0) frequency of the structure 

Using Parsevaal's theorem, equation l.5 can be written as: 

(1.6) 

where: 

I intensity at zero damping 

a(t) ground acceleration at time t 

T d total duration of earthquake motion 

g acceleration due to gravity 

As can be seen from the definition, Arias intensity provides an estimate of the total energy of an 

earthquake. However, Arias intensity does not incorporate any information on the frequency 

content and strong motion duration of the earthquake. 
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1.2.1.5 Root Mean Square Acceleration 

The root mean square acceleration (RMS) is a parameter incorporating the total intensity and the 

strong-motion duration. RMS is defined as 

1 

Uo ~ [~,[ .2(t) dT (1.7) 

where: 

a o RMS of strong-motion acceleration 

Ts strong-motion duration 

a (t) ground motion acceleration at time t. 

Root mean square acceleration is a measure of the average rate of energy input to the structure. 

However, RMS does not provide any information about the frequency content as it is the sum of 

input power at all frequencies. 

1.2.1.6 Response Spectrum 

The linear elastic response spectrum represents the maximum acceleration, maximum relative 

velocity or maximum relative displacement of a single-degree-of-freedom (SDOF) system 

subjected to a particular ground motion. The spectral acceleration provides an estimate of the 

maximum elastic force that can be developed in an elastic SDOF system. The lower bound of the 

maximum energy input to an elastic SDOF system can be estimated from the spectral velocity as 

follows: 

where: 

E = maximum input energy 

M mass of the SDOF system 

Sv = spectral velocity ordinate at the natural period of the SDOF system 

~ = damping ratio of the SDOF system 
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In this study, the average spectral acceleration in three period bands is used to characterize the 

ground motion for the three classes of reinforced concrete frames. The period ranges for different 

reinforced concrete frame structures are defined as follows: 

(a) 0.1::; T ::; 0.45 sec for low-rise (1-3 stories) 

(b) 0.45 < T ::; 0.85 sec for mid-rise (4-7 stories) 

(c) 0.85 < T ::; 2.5 sec for high-rise (>7 stories) 

1.2.1.7 Modified Mercalli Intensity 

Modified Mercalli intensity (MMI) is based largely on the performance of unreinforced masonry 

buildings, chimneys and some other older construction. The MMI scale is often used to specify 

the severity of ground shaking in a given geographic region. It is also used to describe the 

distribution of damage over a region. The main advantage of the MMI scale is that it has been in 

use for a long time and is familiar to earthquake practitioners. However, its use is subjective and 

differences in interpretation are substantial. 

1.2.2 Measures of Structural Damage 

There are many damage models which characterize the state of reinforced concrete structures 

after earthquakes. The structural damage in reinforced concrete is frequently represented by 

means of various local and global damage indices. These damage indices usually employ the 

concepts of ductility and dissipated energy. Most of the definitions consider damage to individual 

elements and are based on some form of ductility ratio or dissipated energy. Bannon et al. (1981) 

provide the definition for normalized dissipated energy and review the definitions of rotation and 

curvature ductility. The rotation ductility, !le, is the ratio of the maximum rotation, 8max, to the 

rotation at yielding, 8y. The rotation ductility is expressed as follows: 

(1.9) 

Curvature ductility !lq, is defined in a similar way except that rotation, 8, is replaced by curvature, 

<1>. This relationship can be expressed as follows: 

(1.10) 
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The normalized dissipated energy, En, is the ratio of the energy dissipated by inelastic rotation at 

one end of the member to half of the maximum elastic energy stored in the member in anti­

symmetric bending. The normalized dissipated energy is thus given by the following equation: 

t 

f M('t)8d('t) 
= ....:;.0--:-__ _ 

1 
"2 M y8y 

(1.11) 

where: 

t time elapsed since the beginning of loading 

8(d't) the rotation increment of the inelastic spring at one end of the member during the 

time interval between 't and 't + d't 

1.2.2.1 Local Damage Indices 

These indices are used to express the damage sustained by individual elements. Most of the 

damage models first consider the damage to individual structural elements. Global damage is then 

defined as a combination of the damage to individual elements. Two of the definitions of local 

damage which are more widely used for reinforced concrete elements are those proposed by Park 

and Ang (1984) and by Chung, Meyer and Shinozuka (1987). Kunnath et aI., (1992) have 

proposed a modified version of the Park-Ang (1984) damage index which is discussed in Section 

2.2.1. The Park-Ang (1984) and the Chung, Meyer and Shinozuka (1987) damage indices are 

discussed in the following two sections. 

Park and Ang's Local Damage Index 

Park and Ang (1984) proposed a damage index which is a linear combination of the damage 

caused by excessive deformation and that contributed by repeated cyclic loading effect. The Park 

and Ang damage index is expressed as follows: 

(1.12) 

or 

(1.13) 
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where: 
maximum response deformation under an earthquake 

ultimate deformation capacity under monotonic loading 

calculated yield strength 
hysteretic energy per cycle at deformation (3 

non-negative parameters 

amplitude of deformation in each cycle of oscillation 

incremental dissipated hysteretic energy 

The first term in the expression for the damage index (equations 1.12 and 1.13) represents the 

damage due to maximum deformation experienced during seismic loading, and the second term 

represents the damage due to cumulative hysteretic energy dissipation. The load deformation 

terms are shown in figure 1-1, where Opl, Op2, ... , Opn represent the deformation in each cycle. The 

parameter om is the maximum OfOpl, Op2 , ... , opn for all the cycles. The deformation at yield under 

monotonic loading is represented by Oy. The damage index, D, is zero when there is no damage 

and is 1.0 for collapse. 

Load 
p om is the maximum 

of all op 1, op2.... from 
all cycles. 

Deformation 0 

FIGURE 1-1 Definition of om in the Park and Ang (1984) index 
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The ultimate deformation capacity of a member under monotonic loading, ou, is an indicator of 

the ductility capacity of a member. Reinforced concrete members with about the same level of 

yield deformation and about the same axial load can have different ultimate deformation values 

depending on the confinement ratios. The ultimate deformation appears to be more important than 

the yield deformation in predicting damage. 

Chung, Meyer and Shinozuka's Local Damage Index 

Chung, Meyer and Shinozuka (1987) proposed a damage index which combines a modified 

version of Miner's Hypothesis with damage modifiers that reflect the effect of the loading history. 

This index considers the difference in response of members to positive and negative moments and 

is evaluated by the following expression: 

where: 

i 

+ -, 

indicator of displacement or curvature level 
M· - Mfi 

I I = number of cycles to cause failure at curvature level i 
AM· I 

number of cycles actually applied at curvature level i 

damage modifier 

loading and unloading respectively 

The terms Mi, Mfi and AMi are defined in figure 1-2. 

(1.14) 

The effect of loading history is taken into account by damage modifier, a.i, which for positive 

moment loading is defined as: 

where: 

<l>r +<1>:1 
2<1>r 

+ Mij 
k .. == -- = stiffness during theJ·th cycle up to load level i 

IJ <l>r 
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N+ 

kt = \ i kij = average stiffness during Nt cycles up to load level i 
N· . 1 

I F 

Mij = ~1 - (j -1 )i1Mr = moment reached after j cycles up to load level i. 

For negative loading, the damage modifier is defined similarly. 

The damage index definition by Chung et al. does not explicitly account for the damage caused by 

the maximum deformation experienced by the element. 

Moment,M 

Mi - - -
~i 

Mfi 

<Pi 

Curvature , <P 

FIGURE 1-2 Damage index definitions by Chung et al. (1987) 

1.2.2.2 Global Damage Indices 

Global damage indices provide information about the damage to the overall structure. When a 

structure is statically determinate, local damage at the most damaged member is enough to 

determine the damage state of the entire structure. However, a global damage index is required 

for redundant structures. The different types of global damage indices are described in the 

following sections. 
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Park and Ang's Global Damage Index 

Park and Ang's (1984) and the modified Park-Ang (Kunnath et aI, 1992) global damage indices 

are defined as a weighted average of the local damage indices of each element. The weighting 

function for each element is proportional to the energy dissipated in the element. The global 

damage index is thus given by the following equation: 

N 

DT LAiDi (1.16) 
i=l 

where: 

Ai 
E-

= 1 -N--

LEi 
j=l 

N number of elements 

Ei energy dissipated in element i 

In addition to the overall damage index, story-level damage indices can also be obtained. The 

story-level damage indices can be used to identify the story with the highest damage. 

The global damage index, as defined by equation 1.16, does not properly account for the local 

concentration of damage. It is possible for a few structural members of the building to have 

undergone severe damage without the global index reflecting it. 

Chung, Meyer and Shinozuka's Global Damage Index 

Chung et al. (1987) used the damage index from each story to define the global damage index. 

The story damage index is obtained as a weighted average of the local damage indices of all 

elements in the story, with the energy dissipated in the member as the weighting function. The 

story damage index is obtained by the following equation: 

n 
"D~E~ L..J I I 

= .;c.i=--,ol'--__ 
n 

LEf 
i=l 

where: 

(1.17) 
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Df local damage at location i on story k 

Ef energy dissipated at location i on story k 

n number oflocations at which the local damage is computed for story k. 

This definition of the story damage index is similar to the definition of the Park and Ang global 

damage index provided by equation 1.16. However, the local damage indices D j and Df in 

equations 1.16 and 1.17 are different and are evaluated using equations 1.12 and 1.14 

respectively. 

The global damage index is obtained as weighted average of the story damage indices using a 

triangular weighting function with the maximum at the base. Thus, the global damage index is 

given by the following equation: 

(1.18) 

where: 
N+l-k 'h' c: c: k Ik = welg tmg .Lactor .Lor story 

N 

N number of stories 

DiPasquale and Cakmak's Damage Index 

DiPasquale and Cakmak (1990) proposed a damage index which is based on the predominant 

period of the structure. This damage index does not require the averaging of the local damage 

indices. Their index, named Maximum Softening index is given by the following equation: 

(1.19) 

where: 

To initial natural period 

T max maximum natural period of an equivalent linear system 

The Maximum Softening index depends on a combined effect of stiffness degradation and plastic 

deformations. For computing the Maximum Softening index, the response of the structure to 

1-14 



input ground motion must be known. Thus, it is necessary to specify the ground acceleration time 

history and the structural response at various locations of the structure. 

The computation of the Maximum Softening index does not explicitly account for the dissipated 

hysteretic energy and strength degradation. Also, the Maximum Softening index does not provide 

information about the extent of local damage sustained by different members. 

In this study, the Park and Ang damage index is adopted to represent the structural damage. The 

ground motion is chosen to be characterized by root mean square acceleration, spectral 

acceleration and modified Mercalli intensity. Work is currently under way at Princeton University 

to obtain the fragility curves using the Maximum Softening index. 
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SECTION 2 

METHODOLOGY FOR DAMAGE ANALYSIS 

This section presents the methodology for the development of motion-damage relationships for 

reinforced concrete frame structures. Currently available motion-damage relationships are in the 

form of damage probability matrices (ATC-13, 1985). These matrices are based on expert 

opinion since actual damage data are not available to develop them empirically. In this study, a 

method for developing motion-damage relationships based on mechanistic models that relate 

loading to structural damage is formulated. The motion-damage relationships are represented as 

damage probability matrices and fragility curves. 

The fragility curves and damage probability matrices describe the conditional probabilities of 

being in different damage states at specified levels of ground motion. A fragility curve for a 

particular damage state is obtained by computing the conditional probabilities of being in that 

damage state at various levels of ground motion. A plot of the computed conditional probabilities 

versus the ground motion parameter gives the fragility curve for that damage state. The 

conditional probabilities are given as follows: 

(2.1) 

where: 
Pik probability of being in damage state di given the ground motion is Yk 

D damage random variable defined on the damage state vector D = {do, dr, .. , dn } 

Y ground motion random variable 

The identification of the different damage states based on structural response parameters will be 

discussed in Section 2.1. Three ground motion parameters will be used to characterize the 

variable Y. These are the root mean square acceleration, RMS, spectral acceleration, Sa, and the 

modified Mercalli intensity, MMI. The motivation for selecting these parameters was discussed in 

Section 1. 

An alternate representation of fragilities is given by the probabilities of reaching or exceeding a 

specified damage state given a ground motion level. This definition of fragility can be evaluated 

as follows: 
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(2.2) 

The overall methodology for the development of fragility curves and damage probability matrices 

is presented in figure 2-1. The various models for incorporating the uncertainties in structural 

parameters and imposed loads first need to be identified. In this study, the compressive strength 

of concrete and the yield strength of steel are the only parameters treated as the random variables 

affecting the capacity of a structure. The uncertainty associated with dead and live loads is 

considerably smaller compared to the uncertainty in seismic load. In this study, only the 

earthquake load represented through ground motion is modeled as a stochastic Gaussian process. 

The ground motion is assumed to have Kanai-Tajimi (Tajimi, 1960) power spectral density when 

generating ground motions corresponding to a particular RMS. When generating time histories 

for a particular value of spectral acceleration, the dynamic amplification factors are used to obtain 

an ensemble of response spectra corresponding to the given average spectral acceleration. 

Earthquake time histories are then generated corresponding to these response spectra. A detailed 

treatment of the uncertainty in system parameters is presented in Section 3. 

The fragility formulations defined in equations 2.1 and 2.2 are determined by Monte Carlo 

simulation. A large number of simulation cycles are needed to achieve an acceptable level of 

confidence in the estimated probabilities. The Latin Hypercube sampling technique is used to 

reduce the number of simulation cycles. A detailed description of the Monte Carlo simulation 

technique is presented in Section 4. 

Artificial ground motions are generated to obtain an ensemble of time histories for the 

development of the fragility curves and damage probability matrices. Various techniques for the 

generation of artificial time histories are presented in Section 4. Autoregressive moving average 

CARMA) models are used for the generation of artificial time histories when the ground motion is 

characterized by root mean square acceleration. Gaussian stationary models with modulating 

functions are used for the generation of time histories when spectral acceleration is used to 

characterize the ground motion. Damage analysis is carried out for each generated time history. 

Nonlinear dynamic analysis is then carried out to obtain the sample statistics for the ensemble of 

structural response parameters. Nonlinear dynamic analysis is carried out for each generated time 

history. Thus, for an ensemble of artificial time histories, the mean and variance of the structural 
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response parameters are computed. These statistics are used for computing the probabilities of 

the different damage states at a given ground motion level. The structural response parameters 

that can be used include the damage measures discussed in Section 1. In addition, response 

measures like interstory drift ratio and crack width are being investigated. The different response 

measures for identifying the damage states are discussed in Section 2.1. 

A Bayesian approach can be used to update the parameters of the probability distributions of 

damage. The analytical fragility curve parameters can be used to model the likelihood function 

for damage states. The parameters of the prior probability distributions can be obtained from 

subjective information such as that provided in ATC-13 (1985). The likelihood functions and 

prior distributions can be combined to obtain the posterior distributions of damage. The Bayesian 

formulation of fragility curves will be fully developed in a subsequent study. 

2.1 Identification of Damage States 

The analytical development of fragility curves and damage probability matrices reqUlres the 

identification of different damage states based on the structural response parameters. It should be 

possible to relate the different damage to the dollar-loss ratio expressed as proportion of 

replacement value required to repair the building. The dollar-loss ratio can be used to estimate the 

economic loss due to earthquakes. Various studies have been carried out to relate the different 

measures of structural damage discussed in Section 1 to different damage states (Park et aI., 

1987, Hatamoto et aI., 1990, Gunturi, 1992, and Nielsen et aI., 1992). However, these studies do 

not provide any relationship between the dollar-loss ratio and the different damage states. In this 

study, the identification of the different damage states is carried out based on the Park-Ang 

(1984) and the modified (Kunnath et aI., 1992) damage indices. Studies are currently under way 

to identify damage states based on some other response measures which can be related to the 

dollar-loss ratio. 

2.1.1 Damage States Based on Structural Damage Indices 

The different damage states of a building can be identified based on the global damage indices of 

the overall structure discussed as in Section 1. Park et aI. (1987) provide the ranges of the Park 

and Ang (1984) global damage index for three different damage states: Moderate, Severe and 

Collapse. These ranges are shown in table 2-1. Hatamoto et aI. (1990) define four damage states 

based on the Chung, Meyer and Shinozuka (1987) damage index. The four damage states that 
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they consider are: Minor, Repairable, Irrepairable and Unsafe. The ranges of the damage index 

for these four damage states are presented in table 2-11. 

Gunturi (1992) reviews the ranges of the Park and Ang (1984) global damage index for four 

different damage states. The four damage states that are considered are: Minor, Repairable, 

Irrepairable and Collapse. The ranges of the Park and Ang damage index for different damage 

states are presented in table 2-1II. Nielsen et al. (1992) provide the conditional probabilities of 

different damage states given the Dipasquale and Cakmak (1987) Maximum Softening index. In 

this study, Minor damage is assumed to have a range of Park and Ang (1984) damage index from 

0.1 to 0.2. The other damage states have the ranges as suggested by Gunturi. 

TABLE 2-1 Park and Ang's (1984) damage index for different damage states 
as defined by Park et al. (1987) 

Damage State Range of the Park and Ang (1984) index 

Moderate <0.4 

Severe 0.4 - 1.0 

Collapse > 1.0 

TABLE 2-11 Chung, Meyer and Shinozuka's (1987) damage index for different damage 
states as defined by Hatamoto et al. (1990) 

Damage State Range of the damage index 

Minor 0.0 - 0.2 

Repairable 0.2 - 0.5 

Irrepairable 0.5 - 1.0 

Structure Unsafe ?: 1.0 

TABLE 2-ID Park and Ang's (1984) damage index for different damage states 

as defined by Gunturi (1992) 

Damage State Range of the Park and Ang (1984) index 

Minor 0.0 - 0.2 

Repairable 0.2 - 0.4 

Irrepairable 0.4 - 1.0 

Collapse > 1.0 
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The Park-Ang damage index as expressed by equations 1.12 and 2.5 represents a linear 

combination of damage due to maximum deformation and dissipated hysteretic energy. In the 

course of developing the fragility curves, it was found that the dissipated hysteretic energy portion 

of the index is captured by the interstory drift. This aspect is illustrated in Section 5. 

2.1.2 Proposed Damage States Based on Crack Widths and Interstory Drift 

Four damage states are considered to describe the damage to reinforced concrete frame 

structures. These are Minor, Moderate, Severe and Collapse. The method for the identification 

of the Minor and Moderate damage states currently investigated by the authors is based on crack 

width in the elements. The interstory drift ratio can be used for the identification of the Severe and 

Collapse damage states. The Minor and Moderate damage states based on crack widths can 

then be directly related to the dollar-loss ratio. The dollar-loss ratio for the Collapse damage 

state has to equal unity. 

Various techniques for estimating crack width in concrete members are available. Some are based 

on empirical relationships (e.g., Gergely and Lutz, 1968) while others (e.g., Bazant and Oh, 

1983a and 1983b) are based on analytical formulations using the concept of fracture energy. The 

prediction of crack width based on the formulation presented by Oh and Kang (1987) is currently 

being investigated. 

The formulas for the prediction of crack width proposed by Oh and Kang are based on the 

cracking theory developed by Bazant and Oh (1983). Tests on reinforced concrete beams were 

also carried out by Oh and Kang to check the validity of the proposed formulas. The equation 

that gives the best prediction of the maximum crack width in a member is given as: 

W max 
= ao(Es - 0.0002) R (2.3) 

d 

where: 

W max maximum crack width 

d diameter of reinforcing bar 

Es strain in tensile reinforcement 

R h2/h3 
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30 159(~:r + 28{~:J3 
Al effective area of concrete surrounding one reinforcing bar 

ASI average area of one tensile reinforcing bar 

tb concrete cover for tensile reinforcement 

h2 distance from extreme tension fiber to the neutral axis 

h3 distance from the centroid of steel to the neutral axis 

The effect on dynamic loading on the crack widths will be investigated next. Beshara (1993) 

provides a relationship between the dynamic cracking strain and the static cracking strain as a 

function of effective strain rate. In general, the crack widths can be computed based on the 

residual strain in the member after dynamic analysis. 

In the Manual for Repair Methods of Civil Engineering Structures Damaged by Earthquakes 

(1987), it is suggested that cracks with widths in the range of 0.5 rnrn - 0.8 mm can be repaired 

with epoxy injection. It is also suggested in that manual that cracks with widths greater than 0.8 

mm require V-cut before repair. Thus, if the maximum crack width anywhere in the structure is in 

the range 0.5 mm - 0.8 mm, it can be said to be in Minor damage state. This definition of Minor 

damage state implies that the damage can be repaired by epoxy injection. A crack width larger 

than 0.8 rnrn can be defined to be the lower bound of the Moderate damage state. 

The identification of upper and lower bounds of Severe and Col/apse damage states and upper 

bound of the Moderate damage state can be carried out based on the interstory drift ratio. 

Shahrooz and Moehle (1990) use the drift limit suggested in ATC 3-06 (1978) for comparing the 

results obtained for their test structure. ATC 3-06 suggests that interstory ratio of 0.015 would 

probably cause extensive nonstructural damage but ductile concrete elements might be expected 

to be damaged but structurally intact. Ogawa, Elms and Paulay (1988) suggest an interstory drift 

ratio of 0.025 for collapse. These bounds on the interstory drift ratios can be used for identifying 

the upper and lower bounds of Severe and Col/apse damage states, and the upper bound on the 

Moderate damage state. The effectiveness of the interstory drift ratio as a response measure for 

identifying the damage states for high-rise structures still needs to be investigated. For high-rise 

structures, interstory drift may also be due to cumulative rotations of elements in lower stories 

than due to the deformation of the elements in that particular story. The bounds of crack widths 

and interstory drift ratios are summarized in table 2-IV. 
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TABLE 2-IV Definitions of damage states based on maximum crack width 

an dOt t d ·ft f maximum III ers ory rl ra IO 

Dama~e State Range of the response parameter 

Minor 0.5 rnm ~ max. crack width ~ 0.8 mm 

Moderate 0.8 rnm ~ max. crack width 

max. interstory drift ratio ~ 0.015 

Severe 0.015 ~ max. interstorydrift ratio ~ 0.025 

Collapse O. 025 ~ max. interstory drift ratio 

2.2 Damage Analysis 

Several computer programs are available for performing nonlinear dynamic analysis of reinforced 

concrete structures. These include IDARC2D (park et aI., 1987, Kunnath and Reinhorn, 1994) 

and DRAIN-2DX (Prakash and Powell, 1992). These programs are currently limited to the 

analysis of two dimensional structural systems. DRAIN-2DX considers only the development of 

concentrated plasticity at the ends of an element, whereas, IDARC2D is capable of incorporating 

distributed plasticity. In this study, the program IDARC2D is used to perform inelastic dynamic 

analysis. This program also provides the original (1984) or the modified (Kunnath et aI., 1992) 

Park-Ang damage indices at the member level and also for the overall structure. Computer 

programs for nonlinear, three dimensional analysis of structural systems are being developed (e.g., 

DRAIN3D, IDARC3D), but were not available in time for use in this study. 

2.2.1 Structural Modeling in IDARC2D 

In the computer program, IDARC2D, a building is idealized as a series of plane frames linked 

together by transverse beams and rigid links. As only plane frame analysis is performed, the 

torsional moment arising due to the eccentricity between the center of mass and the center of 

rigidity is ignored. 

A frame is modeled using beam, column and transverse beam elements. Beams and columns are 

modeled as continuous equivalent shear-flexure springs. Transverse elements are assumed to 

influence the vertical and rotational deformation of the main beams to which they are attached. 

Transverse elements are modeled using elastic linear and rotational springs. The axial 

deformation in the columns is considered but its interaction with bending moment is not included. 
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IDARC2D (Park et aI., 1987, Kunnath and Reinhom, 1994) uses a three parameter (a, ~ and y) 

model to describe the hysteretic behavior of the structural components. These parameters 

determine the stiffness degradation (a), strength deterioration (~) and pinching (y) for a 

reinforced concrete component. Stiffness degradation is taken into account by setting a point on 

the extrapolated initial stiffness line and assuming that unloading lines target this point until they 

reach the x-axis after which the previous maximum and minimum points are aimed. The location 

of the point depends on the yield strength of the element and the parameter a (figure 2-2). 

Py 

Deformation, 15 

aPy 

FIGURE 2-2 Stiffness degradation in the hysteretic loop 

The rate of strength degradation is specified by the parameter ~ defined as the ratio of the 

incremental damage caused by the increase of the maximum response to the normalized 

incremental hysteretic energy, dE. Thus ~ is defined by the following equation: 

dE 
(2.4) -'---= 

where: 

dOm = incremental maximum response displacement 

The remaining symbols represent the same quantities as in equations 1.12 and 1.13 
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The modified Takeda's hysteretic model is used in this study. The parameters of the modified 

Takeda's model are ex = 2.0, ~ = 0.1 and y is equal to infinity (no pinching). 

IDARC2D (Kunnath and Reinhorn, 1994) uses a modified version of the original Park and Ang 

(1984) damage index defined by equations 1.12 and 1.13. The modified form of the damage 

index (Kunnath et aI., 1992) is expressed by the following equation: 

D = 8 m -8r + 
8u -8 r 

(2.5) 

where: 

8m maximum rotation attained during load history 

8u ultimate rotation capacity of section 

8 r recoverable rotation at unloading 

~ strength degrading parameter 

My yield moment of section 

ET dissipated hysteretic energy 

The global damage indices are computed using weighting factors based on dissipated hysteretic 

energy as defined in equation 1.16. It is assumed that the ranges of the modified Park and Ang 

damage index for the different damage states are the same as those of the Park and Ang (1984) 

damage index defined in Section 2.1.1. 
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SECTION 3 

MODELING PARAMETER RELATIONSHIPS AND RANDOMNESS 

This section presents the various models for incorporating the uncertainties in structural capacities 

and demands. Structural capacities and demands can be characterized by a number of parameters 

which have an important effect on the response statistics and the overall reliability of the system. 

In this study, the uncertainties associated with the structural capacities and the demands on the 

structure are treated independently. The modeling of these uncertainties is presented in the 

following sections. In addition, the relationship between modified Mercalli intensity (MMI) and 

spectral acceleration (SJ is investigated. Such a relationship will be needed in order to combine 

the heuristic damage probability matrices of ATC-13 (1985), for example, with the analytical 

fragility curves developed in this study. 

3.1 Modeling of Uncertainties in Structural Capacity 

The different parameters which affect the capacity of a structure include the compressive strength 

of concrete, the yield strength of reinforcing steel, the hysteretic behavior, the damping ratio, the 

physical dimensions of the different components and the amount of reinforcing steel. In this 

study, it is assumed that there is good quality control during construction so that the uncertainty 

associated with the physical dimensions of the different structural components and the amount of 

reinforcing steel is very small. The effect of the uncertainty in the hysteretic behavior will be 

incorporated by considering different hysteretic models in a subsequent study. In this study, the 

compressive strength of concrete and the yield strength of steel are the only parameters treated as 

the random variables affecting the capacity of a structure. Uncertainties associated with other 

parameters such as the placement of reinforcing steel and the compaction of concrete are not 

considered explicitly. These uncertainties arise due to construction errors. The treatment of 

construction errors is being investigated at present. 

The probability distributions for the concrete and steel strengths suggested by Galambos et al. 

(1982) are used in this study. They suggest a normal probability distribution for the concrete 

strength and a lognormal probability distribution for steel strength. Concrete strength is estimated 

to have a mean of 1.14 times the nominal concrete strength and a coefficient of variation of 0.14. 

The mean strength of steel is taken to be 1.05 times the nominal strength with a coefficient of 

variation of 0.11. For the example buildings considered in this study, the nominal strength of steel 

is 60 ksi. The nominal concrete strength is 4000 psi for the two-story example building, 5000 psi 

for the six-story building, and 3750 psi for the thirteen story building. 
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3.2 Modeling of Uncertainties in Demand Parameters 

The uncertainty associated with dead and live loads is considerably smaller compared to the 

uncertainty in seismic load. In this study, only the earthquake load and consequently the ground 

motion is modeled as a stochastic Gaussian process. The ground motion is assumed to have 

Kanai-Tajimi (Tajimi, 1960) power spectral density when generating ground motions 

corresponding to a particular RMS. The ground motion is characterized by dynamic amplification 

factors when generating time histories for a particular value of the spectral ordinate. The ground 

motion can have different strong motion durations for a particular value of root mean square 

acceleration and spectral acceleration. Thus, the strong motion duration is also considered to be a 

random variable. 

3.2.1 Uncertainties in Kanai-Tajimi Parameters 

The Kanai-Tajimi power spectral density is defined by the following equation: 

S(ffi) = 

where: 

So = intensity of the ideal white noise excitation at the bedrock level 

ffig = predominant ground natural frequency 

~g = effective damping coefficient of the ground 

(3.1) 

The Kanai-Tajimi power spectral density is defined by two random variables ffig and ~g. Lai 

(1982) proposed a gamma probability density function for ~g and a lognormal probability density 

function for ~g. He used 22 rock site records to arrive at the means and standard deviations of ffig 

and ~g. He obtained the mean and standard deviation of ffig as 26.7 rad/sec and 10.6 rad/sec, 

respectively. He also obtained the mean and standard deviation of ~g as 0.35 and 0.14, 

respectively. These distributions are used in this study when generating time histories for a given 

RMS. 

3-2 



3.2.2 Uncertainties in Dynamic Amplification Factors 

The dynamic amplification factors represent the normalized spectral values at specified damping. 

The dynamic amplification factors are obtained as a ratio of the spectral acceleration to the peak 

ground acceleration. In this study, the dynamic amplification factors are obtained at a damping 

ratio of 5 percent of the critical damping. The dynamic amplification factors are used to obtain an 

ensemble of response spectra corresponding to a given average ordinate of spectral acceleration in 

the period range corresponding to each structure class (for example, 0.1 ~ T ~ 0.45 sec for low 

rise reinforced concrete frames). Earthquake time histories are then generated corresponding to 

the response spectra. The procedure for generating time histories for a target response spectrum 

is discussed in Section 4. The firm site records of Lorna Prieta, Morgan Hill and Whittier 

Narrows earthquakes are used for obtaining the parameters of the lognormal distributions of the 

dynamic amplification factors at different periods. The computed mean and standard deviations of 

the dynamic amplification factors are shown in figure 3-1. 
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FIGURE 3-1 Parameters of the dynamic amplification factors for firm sites 
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3.2.3 Uncertainties in Strong Motion Duration 

Trifunac and Brady's (1975) definition of strong motion duration, given by equations 1.1 through 

1.3, is used in this study. The probability distributions of the strong motion duration Ts for firm 
sites given the RMS, fTslRMS ( ts IRMS) , are derived using the firm site data from Lorna Prieta, 

Morgan Hill and Whittier Narrows earthquakes. Only the free-field records are considered in this 

study to avoid possible soil-structure interaction effects. The conditional probability distributions 

of strong motion duration at given RMS are obtained by assuming the RMS and the strong 

motion duration to be jointly lognormally distributed. The distributions of the strong motion 
duration given the RMS are therefore lognormal with parameters A'T and ~~ defined by the 

S s 

following two expressions: 

'2 
~Ts 

where: 

Ts 

ARMS 

Ts 

AT 
s 

~ks 
~is 
p 

strong motion duration 

expected value of In RMS 

strong motion duration 
expected value of In strong motion duration 

variance of In RMS 

variance of In strong motion duration 

correlation coefficient of In RMS and In strong motion duration 

(3.2) 

(3.3) 

The expected value of the strong motion duration, T s, given the RMS can thus be written as: 

(3.4) 

and the variance of T s given the RMS, can be written as: , 
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(3.5) 

where: 

ill = exp[( 1- p2 )~i.J (3.6) 

The dependence of the parameters of the distributions on the distance from the rupture zone is 

taken into account by dividing the recording stations into two groups: one with distance to the 

rupture zone less than 50 km and the other with distance greater than 50 km. Due to the limited 

amount of data available for each group, further subdivision into more groups based on the 

distance from the rupture zone will result in a very small data set and consequently the parameters 

determined from each group will be quite unreliable. Moreover, further subdivision would require 

more simulations which would be economically prohibitive. The data considered for computing 

the parameters for the distributions are presented in tables 3-1 and 3-11. These tables show the 

different recording stations located on firm sites for Lorna Prieta, Whittier Narrows and Morgan 

Hill earthquakes. These tables also show the Trifunac and Brady strong motion duration and the 

corresponding RMS values for the two directions of recorded ground motion at each recording 

station. 

The parameters of the distributions are determined using the method of maximum likelihood. For 

RMS, the parameters are determined using the following two equations: 

n 

Lln(rmsJ 
ARMS = ..:...i=-"l~ __ _ (3.7) 

n 

(3.8) 

where: 

n = number of samples in the data 

The parameters AT and ~T are computed in a similar manner. Figures 3-2 and 3-3 show the 
s s 

plot of the data. As can be seen from these figures, there is a strong negative correlation between 
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TABLE 3-1 Trifunac and Brady's (1975) strong motion duration and RMS values for 

Lorna Prieta, Whittier Narrows and Morgan Hill earthquakes for sites with distances to 

t th 50 k rupl ure zones ess an m. 
SITE NAME EARTHQUAKE AZIMUTH DURATION RMS 

AND NUMBER (sec) (cm/sec2) 

Corralitos - Eureka Canyon Lorna Prieta 360 6.86 163.240 
57007 90 7.98 134.521 

Crystal Springs - Pulgas Lorna Prieta 0 15.12 32.871 
58378 90 16.lO 24.841 

Crystal Springs - Skyline Lorna Prieta 0 16.76 26.600 
58373 90 15.98 30.071 

Gilroy #1 - G.c. Water Tank Lorna Prieta 360 3.70 159.600 
47379 90 6.64 94.680 

Gilroy #6 - San Ysidro Lorna Prieta 90 12.66 44.473 
57383 360 12.98 31.244 

Monterey City Hall Lorna Prieta 0 13.28 18.542 
47377 90 11.96 16.448 

SAGO South Lorna Prieta 261 14.80 18.065 
47189 351 18.84 16.979 

Santa Cruz - UCSC Lorna Prieta 360 9.50 125.522 
58135 90 9.70 108.757 

Saratoga - Aloha Ave. Lorna Prieta 360 9.40 93.345 
58065 90 8.26 86.349 

Stanford Linear Accelerator Lorna Prieta 360 11.62 66.926 
1601 270 12.56 50.524 

Woodside - Fire Station Lorna Prieta 90 15.90 21.274 
58127 0 18.06 18.468 

M1. Wilson Whittier Narrows 90 8.40 41.208 
24399 0 10.08 27.014 

LA-Hollywood Storage Whittier Narrows 90 13.58 25.674 
24303 0 11.62 35.238 

Inglewood Whittier Narrows 90 11.24 41.040 
14196 0 7.84 59.742 

LA-1l6th S1. School Whittier Narrows 360 6.58 86.373 
14403 270 9.52 52.197 

LA - Baldwin Hills Whittier Narrows 90 14.42 32.247 
24157 0 13.62 30.604 

Long Beach Park (14241) Whittier Narrows 90 23.18 lO.467 
Pacoima (24088) Whittier Narrows 90 9.90 32.824 
Ranchoff (23497) Whittier Narrows 90 14.96 12.045 

Corralitos - Eureka Canyon Morgan Hill 310 10.30 22.842 
57007 220 11.52 17.988 

Gilroy #1 - G.C. Water Tank Morgan Hill 320 9.lO 19.161 
47379 230 9.80 17.442 

Gilroy #6 - San Ysidro Morgan Hill 90 6.50 86.931 
57383 0 7.30 54.609 

Gilroy Gavilan College Morgan Hill 67 8.60 19.364 
47006 337 8.54 18.971 
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TABLE 3-II Trifunac and Brady's (1975) strong motion duration and RMS values for 

Lorna Prieta and Whittier Narrows earthquakes for sites with distances to rupture zones 

t th 50 km grea er an . 
SITE NAME EARTHQUAKE AZIMUTH DURATION RMS 

AND NUMBER (sec) (cm/sec2) 

Berkeley - LB Lab Lorna Prieta 90 8.16 32.149 
58471 0 18.22 14.115 

Hayward - CSUH Stadium Lorna Prieta 90 19.30 17.421 
58219 0 19.06 15.371 

Piedmont Jr. High School Lorna Prieta 45 11.98 15.043 
58338 315 11.72 15.667 

Point Bonita Lorna Prieta 297 8.34 24.743 
58043 207 10.08 18.947 

S.F. - Cliff House Lorna Prieta 90 7.26 32.441 
58132 360 10.28 22.420 

S.F. - Diamond Heights Lorna Prieta 90 9.42 25.080 
58130 360 8.78 29.915 

S.F. - Pacific Heights Lorna Prieta 270 11.10 16.557 
58131 360 12.40 13.467 

S.F. - Presidio Lorna Prieta 90 8.56 41.682 
58222 360 10.54 28.719 

S.F. - Rincon Hill Lorna Prieta 90 11.52 18.l73 
58181 360 13.88 14.943 

S.F. - Telegraph Hill Lorna Prieta 90 9.48 16.586 
58133 360 11.46 11.312 

S.S.F. Siera Point Lorna Prieta 205 9.48 21.470 
58539 115 11.68 15.039 

Yerba Buena Island Lorna Prieta 90 8.32 16.986 
58163 360 21.66 6.509 

Vasqpark (24047) Whittier Narrows 0 9.22 12.877 

natural log of RMS and natural log of strong motion duration, Ts. The values of the 

parameters of the distributions are presented in table 3-Ill. 

The spectral acceleration appears to be poorly related to strong motion duration. Figures 3-4 

through 3-6 show the plot of the data and the correlation between the strong motion duration 

and the spectral acceleration in the three period bands. The correlation coefficient between the 

natural logarithm of average spectral acceleration and the natural logarithm of strong motion 

duration is as follows: 

(a) p = -0.5510 

(b) p = -0.3067 

(c) P = -0.1885 

for 0.1 ::; T ::; 0.45 

for 0.45 < T ::; 0.85 

for 0.85 < T ::; 2.5 
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FIGURE 3-2 Correlation between Trifunac and Brady's (1975) strong motion duration 

and the RMS for firm sites with distances to rupture zones less than 50 km. 

FIGURE 3-3 Correlation between Trifunac and Brady's (1975) strong motion duration 

and the RMS for firm sites with distances to rupture zones greater than 50 km. 
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TABLE 3-ID Parameters for the estimation of the mean and the variance of the 

con d' . ItIona strong motion d h RMS uratIon gIven t e 

Parameters 

ARMS 

SRMS 

AT s 

~Ts 

Correl. coeff. PinTs. In RMS 

~ 

3: t 
u 
Il) 
<fl 

.s 
~~ 2.5 

:;:;f 
0 
.~ 

2 S 
Q 
'-" 
Z 
....:l l.5 

1 

3 4 

Distance less than 50 km. Distance greater than 50 km. 

o 
o 

0 

0 

0 

<> 

3.6226 

0.7358 

2.3853 

0.3543 

-0.7070 

y = 3.7474 - 0.2459x 
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FIGURE 3-4 Correlation between Trifunac and Brady's (1975) strong motion duration 

and the average Sa in the period range 0.1-0.45 sec for firm sites 
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A lognormal probability density independent of the spectral acceleration is assumed for the strong 

motion duration when generating time histories for a given spectral acceleration. The parameters 
of the distribution are AT = 2.396 and ~T = 0.331. The comparison of the lognormal 

s s 

distribution with these parameters and the observed distribution is presented in figure 3 -7. 
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FIGURE 3-7 Comparison of the observed and the estimated log normal distribution (P"T 
s 

= 2.396 and ~T = 0.331) of strong motion duration for firm sites. 
s 

3.3 Relationship Between MMI and Spectral Acceleration 

The relationship between the modified Mercalli intensity and the average spectral acceleration in 

each period band is investigated in order to combine the heuristic damage probability matrices of 

ATC-13 (1985), for example, with the analytically obtained fragility curves and damage 

probability matrices using the formulation presented in this study. The relationships between MMI 

and average spectral acceleration for firm sites are developed using the same data as those used to 

develop the ground motion duration probability distribution parameters. The average spectral 

acceleration values of the ground motions recorded on firm sites and the MMI values from these 

earthquakes at the respective recording stations are used to develop these relationships. 
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The "MMI contours along with the station numbers of the recording stations for all four 

earthquakes are shown in figures 3 -8 through 3 -11. The contours are rather approximate having 

been obtained by overlaying the maps with station numbers on the maps with the "MMI contours 

and then tracing out the contours. The data used for regression analysis are presented in table 3-

IV. The average spectral acceleration for the larger of the two horizontal components is used in 

the analysis. 

The average spectral acceleration, in each period range, is assumed to have a conditional 

lognormal probability density function at given values of"MMI. Regression analysis is performed 

between the natural logarithm of the mean of the average spectral acceleration and"MMI. Similar 

regression analysis is performed between the standard deviation of the average spectral 

acceleration and MMI. The regression curves so obtained are used to predict the means and 

standard deviations of the average spectral acceleration at higher "MMI values for which observed 

data are not available. The regression curves for the mean and standard deviation of the average 

spectral acceleration, expressed in cmlsec2 in each period band, are given by the following 

equations: 

IlsalMMI = 8.273 eO.581 MMI for 0.10 ~ T ~ 0.45 (3.9) 

O"SalMMI = 18.703 eO.388 MMI for 0.10 ~ T ~ 0.45 (3.10) 

IlSalMMI 3.098 eO•665 MMI for 0.45 ~ T ~ 0.85 (3.11) 

0" sa IMMI = 6.201 eO.513 MMI for 0.45 ~ T ~ 0.85 (3.12) 

Il sa IMMI 0.352 eO.835 MMI for 0.85 ~ T ~ 2.50 (3.13) 

0" sa IMMI 1.803 eO.526 MMI for 0.85 ~ T ~ 2.50 (3.14) 

The curves representing the median values of spectral acceleration at specified values of"MMI are 

shown in figures 3-12 through 3-14. These figures also show the conditional distributions for 

spectral acceleration, with"MMI in the range 5 to 8. 
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TABLE 3-IV Average spectral acceleration and MMI values for the Lorna Prieta, 

Wh·tt· N d M B·n th k I Ier arrows an organ I ear ~ua es 
Spectral Accel. Spectral Accel. Spectral Accel. 

SITE NAME EARTHQUAKE MMI (O.1:S;T:S;O.45) (O.45<T:S;O.85) (O.85<T:S;2.5) 

AND NUMBER (g) (g) (g) 

Berkeley - LB Lab Lorna Prieta 7 0.218 0.298 0.136 

58471 0.113 0.122 0.073 

Corralitos - Eureka Canyon Lorna Prieta 8 1.509 1.055 0.238 

57007 0.859 1.257 0.290 

Crystal Springs - Pulgas Lorna Prieta 7 0.348 0.307 0.100 

58378 0.205 0.186 0.097 

Crystal Springs - Skyline Lorna Prieta 7 0.217 0.233 0.122 

58373 0.200 0.267 0.174 

Gilroy #1 - G.c. Water Tank Lorna Prieta 7 1.363 0.587 0.188 

47379 0.978 0.349 0.082 

Gilroy #6 - San Ysidro Lorna Prieta 6 0.483 0.237 0.115 

57383 0.318 0.211 0.103 

Hayward - CSUH Stadium Lorna Prieta 6 0.212 0.131 0.056 

58219 0.198 0.101 0.039 

Monterey City Hall Lorna Prieta 6 0.165 0.080 0.028 

47377 0.158 0.102 0.028 

Piedmont Jr. High School Lorna Prieta 7 0.147 0.110 0.055 

58338 0.170 0.150 0.051 

Point Bonita Lorna Prieta 6 0.142 0.171 0.137 

58043 0.162 0.142 0.094 

SAGO South Lorna Prieta 7 0.130 0.196 0.081 

47189 0.136 0.176 0.086 

Santa Cruz - UCSC Lorna Prieta 8 1.157 0.311 0.122 

58135 0.927 0.199 0.060 

Saratoga - Aloha Ave. Lorna Prieta 8 0.756 0.577 0.361 

58065 0.719 0.387 0.219 

S.F. - Cliff House Lorna Prieta 7 0.164 0.192 0.167 

58132 0.158 0.200 0.083 

S.F. - Diamond Heights Lorna Prieta 6 0.233 0.215 0.083 

58130 0.272 0.259 0.047 

S.F. - Pacific Heights Lorna Prieta 7 0.095 0.136 0.101 

58131 0.096 0.109 0.075 

S.F. - Presidio Lorna Prieta 7 0.380 0.407 0.184 

58222 0.251 0.263 0.094 
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TABLE 3-IV (co nt' d) Average spectral acceleration and MMI values for the Lorna 

"I h Prieta, Whittier Narrows and Morgan Hd eart lquakes 
Spectral Accel. Spectral Accel. Spectral Accel. 

SITE NAME EARTHQUAKE MMI (O"1~T~O.45) (O.45<T~O"85) (O.85<T~2"5) 

AND NUMBER (g) (g) (g) 

S.F. - Rincon Hill Lorna Prieta 7 0.130 0.157 0.092 

58181 0.136 0.120 0.063 

S.F. - Telegraph Hill Lorna Prieta 7 0.148 0.122 0.074 

58133 0.123 0.106 0.031 

S.S.F. Siera Point Lorna Prieta 7 0.226 0.156 0.052 

58539 0.135 0.112 0.048 

Stanford Linear Accelerator Lorna Prieta 7 0.653 0.561 0.202 

1601 0.409 0.443 0.265 

Woodside - Fire Station Lorna Prieta 7 0.175 0.184 0.102 
58127 0.144 0.186 0.105 

Yerba Buena Island Lorna Prieta 7 0.131 0.156 0.069 
58163 0.07l 0.070 0.023 

Mt. Wilson Whittier Narrows 6 0.279 0.Q38 0.013 
24399 0.184 0.074 0.022 

LA-Hollywood Storage Whittier Narrows 6 0.207 0.180 0.054 

24303 0.320 0.193 0.059 

Inglewood Whittier Narrows 6 0.422 0.419 0.081 

14196 0.480 0.182 0.031 
LA -116 th St. School Whittier Narrows 6 0.842 0.365 0.077 

14403 0.524 0.431 0.079 

LA - Baldwin Hills Whittier Narrows 6 0.379 0.178 0.037 
24157 0.347 0.l71 0.049 

Long Beach Park (14241) Whittier Narrows 6 0.097 0.095 0.022 
Pacoima (24088) Whittier Narrows 5 0.294 0.184 0.043 
Ranchoff (23497) Whittier Narrows 5 0.073 0.032 0.009 
Vasqpark (24047) Whittier Narrows 5 0.113 0.034 0.005 

Corralitos - Eureka Canyon Morgan Hill 6 0.245 0.212 0.066 
57007 0.204 0.160 0.049 

Gilroy #1 - G.c. Water Tank Morgan Hill 6 0.154 0.045 0.018 
47379 0.124 0.034 0.016 

Gilroy #6 - San Ysidro Morgan Hill 6 0.743 0.584 0.273 
57383 0.535 0.264 0.066 

Gilroy Gavilan College Morgan Hill 6 0.125 0.039 0.019 
47006 0.146 0.041 0.014 
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FIGURE 3-12 Sa-MMI correlation and the probability distributions for spectral 

acceleration averaged over the period range 0.1-0.45 sec, conditional on MMI 
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acceleration averaged over the period range 0.45-0.85 sec, conditional on MMI 
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FIGURE 3-14 Sa-MMI correlation and the probability distributions for spectral 

acceleration averaged over the period range 0.85-2.5 sec, conditional on MMI 

3.4 Development of Damage Probability Matrices 

The fragility curves for the three example buildings are presented in terms of the spectral 

acceleration in Section 5. The relationships between spectral acceleration, in the period range 

relevant period band, and modified Mercalli intensity are used to obtain the damage probability 

matrices from the fragility curves. The formulation for obtaining the damage probability matrices 

is shown as follows: 

PDIMMI[ dlMMI] = f PDIMMI,sJ dIMMI, Sa J. fSaIMMI[saIMMI] dS a (3.15) 
Sa 

where: 
PDIMMI[ dlMMI] probability of being in or exceeding a given damage state at a 

specified MMI 

P DIMMI,Sa [ dIMMI, Sa ] = probability of being In or exceeding a glVen damage state at 

specified MMI and spectral acceleration 
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fSaIMMI[SaIMMI] conditional probability distribution of spectral acceleration at 

specified MMI, obtained by assuming this distribution to be 

lognormal with parameters specified by equations 3.9 through 3.14 

for the three period bands 

In developing the damage probability matrices, it has been assumed that the probability of being in 

or exceeding a given damage state at specified MMI and spectral acceleration is same as the 

probability of being in or exceeding a given damage state at specified spectral acceleration. Thus, 

equation 3.15 can be simplified as 

PDIMMI[ dlMMIJ = f PD1sJ dlsaJ.fSaIMMI[SaIMMI] dSa (3.16) 
sa 

The integral in equation 3.16 is evaluated numerically by assuming the probability of being in or 

exceeding a particular damage state, at a specified spectral acceleration, is constant during a small 

interval of spectral acceleration. An interval of 0.02 cmlsec2 is used in this study. The probability 

of being in a particular damage state, at a specified MMI, is evaluated from the probabilities 

evaluated using equation 3.16. 
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SECTION 4 

MONTE CARLO SIMULATION TECHNIQUE 

The Monte Carlo simulation technique is used for the computation of the fragility curves and 

damage probability matrices defined by equations 2.1 and 2.2. This technique involves the 

generation of artificial ground motion and the simulation of damage to a structure. The overview 

of the Monte Carlo simulation technique is presented in figure 4-1. The direct Monte Carlo 

technique requires a large number of simulation cycles to achieve an acceptable level of 

confidence in the estimated probabilities. The Latin Hypercube technique is used to reduce the 

number of simulation cycles by employing constrained sampling instead of random sampling 

required in the direct Monte Carlo method. 

The first step in the Monte Carlo technique involves the simulation of artificial time histories and 

structural parameters. The probability distributions discussed in Section 3.1 are used for the 

generation of random variables for the structural parameters. The procedure for the generation of 

artificial time histories is shown in figure 4-2. This involves the generation of an ensemble of 

Kanai-Tajimi power spectra for a given RMS. Alternatively, an ensemble of response spectra 

with the same average spectral acceleration, in a prescribed period range, is required. The 

ensemble of Kanai-Tajimi power spectra is obtained by generating random values for the 

parameters ffig and ~g in equation 3.1. The modeling of uncertainties in these parameters was 

discussed in Section 3.2.1. The ensemble of response spectra with the same average spectral 

acceleration is obtained from an ensemble of dynamic amplification factors. The dynamic 

amplification factors are scaled to match the given spectral acceleration. In addition, the random 

variables for the strong motion duration are also generated. The modeling of uncertainties in 

strong motion duration was discussed in Section 3.2.3. Auto Regressive Moving Average 

CARMA) models are used for simulating time histories with a given RMS value. Gaussian 

stationary models with modulating functions are used for generating time histories with a specified 

spectral acceleration. The simulation of artificial ground motion is discussed in detail in Section 

4.1. 

The next step in the Monte Carlo simulation technique involves the random permutations of the 

generated random variables. Non-linear dynamic analysis is then carried out to obtain the sample 

statistics for the fragility curves. 
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FIGURE 4-1 Steps in the Monte Carlo simulation technique 
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FIGURE 4-2 Steps in the simulation of time histories A and B in figure 4-1 
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The generation and the random permutations of the random variables is carried out using the 

Latin Hypercube sampling scheme. The Latin Hypercube sampling scheme involves the selection 

ofN non-overlapping intervals, corresponding to N simulation cycles, such that all intervals have 

the same probability of occurrence. The intervals for a general probability density function are 

shown in figure 4-3. N different values for each random variable in each of the N non­

overlapping intervals are then randomly selected. This is accomplished by generating N uniform 

random numbers between ° and 1 which are transformed to the random numbers in the non­

overlapping intervals using the following equation: 

U m-1 
U = - + 

rn N N 
(4.1) 

where: 

m interval number 

U uniform random number in the range (0,1) 

Urn random number in the mth interval 

Only one generated value falls within each interval because m - 1 < Urn < m The random 
N N 

variables are generated by evaluating the inverse of the cumulative distribution functions at the 

generated values (given by equation 4.1). This inverse transformation can be expressed as 

follows: 

(4.2) 

where: 

Xrn mth generated value for variable X 
Fx? = inverse of the cumulative distribution function for variable X 

The samples are obtained by random permutation of the generated values of all the random 

variables. A procedure for obtaining a random sequence of the generated values of a random 

variable is illustrated by the following shuffling algorithm. 

Let {Xl, x2, . . . , XN} be the initial order of the values generated for random variable X. The 

random sequence r1, r2, ... , rN is produced by the following steps: 

4-3 



2. Generate an integer I uniformly distributed between 1 and m. Interchange rr and rN. 

3. Set m = m-l. Ifm = 1, return r}, r2, ... , rN and exit. Otherwise go to 2. 

The generated values of all the variables are placed in a random sequence. The nth sample is now 

obtained by selecting the nth value of all the random variables. The Latin Hypercube sampling 

technique will be used in this study because of the increase in the efficiency due to the smaller 

number of samples required for obtaining the same accuracy in the simulation results. 

f 

Variable X 

FIGURE 4-3 General probability density function with N intervals used in the Latin 

Hypercube sampling scheme 

4.1 Ground Motion Simulation 

The development of the fragility curves and damage probability matrices requires that ensembles 

of time histories be available at various levels of the ground motion parameters (RMS, Sa or 

MMI). However, there are only a few recorded time histories with the same ground motion 

parameter. Thus, the alternative is to simulate artificial time histories to provide such ensembles 

of ground motion. Several procedures are available for the generation of artificial time histories. 

These include geophysical models, Gaussian stationary models with modulating functions and 

autoregressive moving average (ARMA) models. These models are briefly described in the 

following sections. 

In this study, Gaussian stationary models with modulating functions are used for the generation of 

artificial time histories when spectral acceleration is used to characterize the ground motion. 
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ARMA models are used for the generation of time histories when the ground motion IS 

characterized by root mean square acceleration. 

4.1.1 Geophysical Models 

Several techniques using geophysical models are available for the simulation of earthquake ground 

motions. These include the ray tracing techniques, Green's function techniques and normal mode 

method (Suzuki and Kiremidjian, 1989). It is difficult to simulate long duration and wide-band 

frequency waves with the ray tracing methods. Green's function methods become difficult to 

apply when multilayered earth structure is considered. When the normal mode method is used, it 

is difficult to generate high frequency waves at intermediate and far distances unless large number 

of modes are used. The major difficulty with the normal mode method is the enormous 

computational effort involved in obtaining the normal modes for the earth. 

The geophysical models are thus too complex, computationally involved and regionally 

dependent, thus making it difficult to implement them in this study. 

4.1.2 Gaussian Stationary Models with Modulating Functions 

Gaussian stationary models with modulating functions have been proposed, among others, by 

Shinozuka and Sato (1967), Liu (1970), and Shinozuka and Deodatis, (1991). In Gaussian 

stationary models with modulating functions, the ground motion is expressed as follows: 

X(t) I(t)L An Sin(ront+<I>n) (4.3) 
n 

where: 

An amplitude of the nth sinusoid 

ron frequency of the nth sinusoid 

<l>n phase angle of the nth sinusoid 

I(t) envelope function 

The amplitudes are determined from the power spectral density as follows: 

(4.4) 
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where: 

G( (0) = one sided power spectral density 

G( 00 n )1100 can be thought of as the contribution of the sinusoid with frequency OOn to the total 

power. The nonstationarity is introduced by using an envelope function I(t). SIMQKE (1977) is 

one of the programs which uses this procedure. 

In this study, SIMQKE is used to generate time histories corresponding to a given response 

spectra. The dynamic amplification factors discussed later are used to obtain an ensemble of time 

histories corresponding to a given spectral ordinate. The trapezoidal envelope function is used in 

SIMQKE. The parameters of the envelope function are chosen to satisfy the strong motion 

duration discussed in Section 3.1.2.3. 

4.1.3 ARMA Models 

Autoregressive moving average (ARMA) models are often applied for the generation of artificial 

time histories (e.g., Polhemus and Cakmak, 1981 and Conte et aI., 1990). ARMA models consist 

of a discrete stationary linear transfer function applied to a white noise process. A white noise 

process is a random process in which all frequencies contribute equally to the mean square value 

of the process. A white noise process has an infinite variance due to the contribution of all 

frequencies and is therefore not physically realizable. The autocorrelation and power spectral 

density functions of white noise process Wet) are expressed mathematically by means of the 

following two equations: 

(4.5) 

and 

(4.6) 

where: 

o( 't) Dirac delta function 

<1>0 constant power spectral density of the white noise process 
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A shot noise process with homogeneous Poisson arrival times tends to a Gaussian white noise as 

the mean occurrence rate 'A tends to infinity and (52 tends to zero in such a way that 'A(52 remains a 

constant (Housner & Jennings, 1964). 

A general ARMA model is represented by the following linear equation: 

where: 

ak = a(kAt), k = 0,1,2, ... = a discrete stationary correlated process 

ek = e(kAt) = a stationary discrete white-noise process 

<l>s = autoregressive parameters 

8s = moving average parameters 

(4.7) 

A special case of ARMA models is the stationary ARMA(2, 1) model defined by the following 

difference equation: 

(4.8) 

The ARMA(2, 1) model, with modulating functions to introduce the non-stationarity, is used in 

this study. 

The process a should be stationary and invertible in order to be physically realizable. The 

stationarity conditions ensure that the process a has a finite variance. The stationarity is 

controlled by the autoregressive part only and is achieved when the following conditions are 

satisfied: 

<1>1 + <1>2 < 1 

<1>1 - <1>2 < 1 

1<1>21 < 1 

(4.9) 

The idea of invertibility is illustrated by means of a first order moving average process represented 

by the following equation. 

(4.10) 
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Equation 4.10 can be written in terms of the previous values of ek as shown in the following 

equation: 

(4.11) 

If ak is not to depend on some point in the remote past, 81 must be less than one in absolute value. 

If n is allowed to go to infinity, the last term in equation 3.23 vanishes and ak can be written as an 

infinite autoregressive process with declining weights as shown in the following equation: 

00 

ak = L -8~ ak_n + ek (4.12) 
n=1 

The reason for excluding the non-invertible processes is that they are not physically realizable. In 

a non-invertible process a small perturbation in the distant past can have a tremendous effect on 

the present process ak. 

The parameters of the ARMA(2, 1) model corresponding to the Kanai-Tajimi (Tajimi, 1960) 

stochastic earthquake model (equation 3.1) can be computed from the following equations when 

the system is assumed to be underdamped: 

81 is the solution of: 

where: 

1 
PI = p(L\t) = 2 

where Cs = Cd = 1.0. 

(4.13) 

(4.14) 

(4.15) 

(4.16) 
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The ARMA(2, 1) spectrum is defined for all frequencies smaller or equal to the Nyquist frequency. 

Therefore the following condition should be satisfied: 

R 7t 
0<(0 1-l; :::;-

g g ~t 
(4.17) 

The parameters (Og and l;g are the parameters used to define the Kanai-Tajimi power spectral 

density. 

Thus, the following steps are involved in the generation of artificial time histories using ARMA 

models: 

1. Generation of a stationary discrete white-noise {ek, k = 1, ... , N} where ek is the shot 

noise impulse at time tk-

2. Time modulation of the stationary white-noise by means of the following equation: 

wk = ",(tk ) ek k= 1, ... , N (4.18) 

where: 
",(tk ) = envelope function 

The Shinozuka-Sato (1967) envelope function is used in this study and is defined by 

equation 4.19. 

3. ARMA filtering of the non-stationary white-noise. ARMA (2,1) model given by equation 

3.19 is used in the simulation process. 

4.1.3.1 Simulation of Time Histories with Specified RMS and Duration 

A time history with a specified root mean square acceleration and strong motion duration is 

required for each sample. The procedure for satisfying the desired root mean square acceleration 

and strong motion duration is presented in this section. Artificial time histories corresponding to a 

specified RMS are generated using the ARMA model. The ARMA parameters are computed for 

the Kanai-Tajimi (Tajimi, 1960) power spectral density function. Stationary shot noise is first 

generated which is then made non-stationary by modulating it with a time envelope. The time 
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enveloping function suggested by Shinozuka and Sato (1967) is used in this study. This envelope 

function is given by: 

f3>a>O (4.19) 

The parameters a and f3 in the above function need to be determined to correspond to the known 

strong motion duration. 

Duration Calibration 

The parameters a and f3 of the envelope function can be determined by means of the following 

two equations based on the Trifunac and Brady definition of strong motion duration: 

Td Tl 

0.05 f 1\If(tt dt = f 1\If(tt dt 

o o 

and 
Td T2 

0.95 f 1\If(t)1
2 

dt = f 1\If(tt dt 

o o 

where: 

Tl = start of the strong motion duration 

T2 = end of the strong motion duration 

T s = strong motion duration 

T d = total duration of the motion 

Using equation 4.19, equations 4.20 and 4.21 can be expressed as follows: 

a 2 _ 2af3 + f32 + 4af3e -(a+J3)Td - af3e -2aTd - af3e -2J3Td _ a 2 e -2J3Td _ f3 2e -2aTd _ 

40 af3(a + f3) 

and 

a 2 - 2af3 + f32 + 4af3e -(a+J3)T2 - af3e -2aT2 - af3e -2J3T2 _ a 2e -2J3T2 _ f32e -2aT2 

2af3(a + f3) 
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a 2 _ 2a~ + ~2 + 4a~e -(a,+I3)Td _ a~e -2a,Td _ a~e -213Td _ a 2e -213Td _ ~2e -2a,Td 

40a~(a+~) 

a 2 -2a~+~2 +4a~e-(a,+I3)T2 _a~e-2a,T2 _a~e-2I3T2 _a2e-2I3T2 _~2e-2a,T2 

2a~(a. +~) 

(4.23) 

Applying the conditions that TrTt is a known strong motion duration and a.>~ > 0, equations 

4.22 and 4.23 are solved by a predictor-corrector method for the parameters a and ~. 

The values of a and ~ obtained by solving equations 4.22 and 4.23 would satisfy the given strong 

motion duration if the time history is ergodic. However, in reality, the time history is not ergodic. 

Therefore, iterations are performed in the neighborhood of the values of a and ~ until the 

duration of the generated ground motion is within 0.01 sec of the desired duration. 

RMS Calibration 

The ARMA parameters are computed for the Kanai-Tajimi (Tajimi, 1960) power spectral density 

function using equations 4.13 through 4.15. The procedure to determine the variance of the 

shot noise process, ek in equation 4.8, is presented in this section. 

Let X(t) represent the stationary filtered process obtained after ARMA filtering and yet) be the 

process obtained after X(t) is modulated by the enveloping function. Thus 

Y(t) = \jI(t) X(t) (4.24) 

The Arias intensity, I of the final process yet) is given by 

(4.25) 

where: 

T d = total duration of the simulated process 

The expected value of the Arias intensity can be written as follows: 
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Td Td 

E[I] = f E[y2(t)~t = f cr~dt (4.26) 

o 0 

Since yet) is a process with zero mean, E[ y2] = cr}. 

It can be shown (Nigam, 1983) that 

(4.27) 

where: 

cr~ = E[X2(t)] 

Equations 4.26 and 4.27 can be combined to yield: 

Td Td 

E[I] = f E[ \II(t)X(t)]2dt = cri f 1\II(t)1
2
dt (4.28) 

o 0 

The variance crx can be related to the expected value ofRMS based on equations 1.7 and 4.28. 

To a first order approximation for the expected values, the relationship between the two 

parameters is expressed as follows: 

E[RMSJ 

or 

crx = E[RMS] 
Td 

0.9 f 1\II(t)1
2 

dt 

o 

where: 

T d = total duration of the simulated process 

Ts = Trifunac-Brady strong motion duration 
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A factor of 0.9 is used in equation 4.29 as the Trifunac-Brady definition of strong motion is the 

time interval to accumulate 90 percent of the total energy. 

The variance of the stationary, filtered process X(t) can be related to the variance of the input 

shot noise process by means of the following equation: 

= (1-<i>2)(1+si)-2<PIS l a 2 
(1+<i>2) «1-<i>2)2-<i>i e 

(4.31) 

where: 

a; = variance of the shot noise process 

ARMA parameters 
= variance of the stationary filtered process X(t) 

The value of the variance of the shot noise process, a~, has to match the expected value of RMS. 

This value is determined by solving equations 4.30 and 4.31 simultaneously. It is obvious that 

using this value of variance of the shot noise process wi11lead to the RMS being satisfied only in 

the ensemble mean. 

In order to match the desired root mean square acceleration, the process generated by using the 

calculated value of a~ needs to be modified. Let the generated process be denoted by Y1(t) and 

its root mean square acceleration by RMS1. The ratio of the desired RMS to RMS 1 is then used 

to scale the amplitudes of the time history Y1(t) to yield Yet). The resulting time history yet) has 

the desired strong motion duration and root mean square acceleration. 

4.2 Damage Simulation 

The computer program IDARC2D, Inelastic Damage Analysis of Reinforced Concrete Frame -

Shear Wall Structures, (Park et aI., 1987, Kunnath and Reinhorn, 1994) is used for nonlinear 

structural dynamic analysis. IDARC2D (Park et aI., 1987) and IDARC2D (Kunnath and 

Reinhorn, 1994) evaluate the original Park-Ang (1984) and modified damage index (Kunnath et 

aI., 1992) respectively, for each member as well as the overall structure. Nonlinear dynamic 

analysis is carried out for each generated time history. Thus, for an ensemble of artificial time 

histories, the statistics of the Park-Ang index are computed. 
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At each ground motion level, a lognormal distribution of the Park-Ang damage index is assumed. 

The parameters of the distribution are obtained from the ensemble mean and variance of the Park­

Ang index. The probabilities of the different damage states at a specified ground motion level are 

then evaluated by computing the probabilities of the Park-Ang damage index lying within the 

ranges for the different damage states specified in table 2-III. 
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SECTION 5 

IMPLEMENTATION OF THE METHODOLOGY 

This section presents the results of damage analysis of three example buildings: two, six, and 

thirteen story buildings. The buildings are considered for the illustration of the methodology for 

the development of fragility curves and damage probability matrices. The two, six and thirteen 

story buildings correspond respectively to low-rise, mid-rise and high-rise reinforced concrete 

moment resisting frames in ATC-13 (1985). These buildings were selected for their plan and 

elevation regularity and thus can be considered to represent the "average" behavior of buildings in 

the respective structural classes. 

The results of damage analysis at gIven ground motion levels are presented as conditional 

probabilities of being in different damage states. The ground motion is characterized by root mean 

square acceleration, average spectral ordinate and modified Mercalli intensity (MMI). The 

original Park and Ang (1984) and the modified version of the Park-Ang (Kunnath et aI., 1992) 

damage indices are used to identify the different damage states as discussed in Section 2. The 

results of the damage analysis are presented as damage probability matrices and fragility curves. 

The relationships between spectral acceleration and MMI, obtained in Section 3, are used to 

obtain the damage probability matrices from the fragility curves for the three example buildings. 

The formulation for obtaining the damage probability matrices from fragility curves was presented 

in Section 3.4. The damage probability matrices for the three example buildings, so obtained, are 

compared to those in ATC-13 (1985). 

5.1 Description of the Two-Story Building 

The building is rectangular in plan with sides measuring 109'-9" and 91'-5 112". The plan of the 

building is shown in figure 5-1. The building has six equal bays along the long direction and five 

equal bays along the short direction. The lateral load resisting system of the building consists of 

perimeter moment frames. 

The structure is analyzed for earthquake forces to be resisted by the frames along the short 

direction( frames A and B in figure 5-1). The elevation of the frames is shown in figure 5-2. As 

the properties of the beams and columns of the frames in the two directions are similar, 

earthquake forces along the short direction are considered to be critical to the damage of the 

building. The properties of the beams and columns in frames A and B are shown in table 5-1. 
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FIGURE 5-1 Typical floor plan of the two story building 

TABLE 5 I P - rope rt" fb les 0 earns an d I " f co umns III rames A dB" fi an III 19ure 5 1 -
Properties Beams Columns 

Dimensions 16" x 30" 25" x 25" 

Main Reinforcement 3 in2 (B); 6 in2 (T) 7.8 in2 (S); 11.4 in2 (F) 

Concrete strength 4 ksi 4 ksi 

Steel strength 60 ksi 60 ksi 

- - _ 8t _ nd T top, B bottom, F 1 story, S 2 story 
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FIGURE 5-2 Elevation of frames A and B in figure 5-1 

5.1.1 Fragility Curves 

Results are obtained for the ensemble mean and variance of the Park and Ang damage index at 

different ground motion levels. The program 1DARC2D (Park et at, 1987, Kunnath and 

Reinhorn, 1994) is used to obtain the damage index for each time history. Two ground motion 

parameters are used to characterize the ground motion for the two story building. These are root 

mean square acceleration (RMS) and average spectral acceleration in the period range 0.1-0.45 

sec. An interval of O.lg between the average spectral acceleration values and 25 cmlsec2 between 

RMS values is used for the generation of artificial time histories. One hundred artificial ground 

motions are generated at each value ofRMS and spectral acceleration. A time step of 0.002 sec 

was used during the nonlinear time history analysis. The mean and the variance of the strong 

motion duration are estimated at the mean RMS (equations 3.4 and 3.5). IDARC2D (Park et at, 

1987) and IDARC2D (Kunnath and Reinhorn, 1994) are used when the ground motion is 

characterized by RMS and spectral acceleration respectively. 

The statistics of the original Park and Ang (1984) and modified (Kunnath et at, 1992) damage 

index obtained by simulation are presented in tables 5-11 and 5-111 respectively. Table 5-11 shows 

the statistics when the ground motion characterized by root mean square acceleration. Table 5-111 

presents the statistics for the damage index when the ground motion is characterized by average 

spectral acceleration. 

Lognormal distribution with parameters given in tables 5-11 and 5-1II are used to compute the 

conditional probabilities of being in different damage states at each value of the ground motion 

parameter. Figures 5-3 through 5-5 present the fragility curves obtained by plotting these 
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conditional probabilities against the corresponding values of the ground motion parameter. These 

figures show the simulated results as well as the fitted fragility curves. These fitted fragility 

curves are obtained by arbitrarily fitting lognormal distribution functions to the simulation results. 

Figures 5-3 and 5-4 are the fragility curves associated with root mean square acceleration, figure 

5-3 for sites with distances to rupture zone less than 50 km and figure 5-4 for sites with distance 

greater than 50 km. The parameters of the lognormal distribution functions shown in figures 5-3 

and 5-4 are shown in table 5-IY. Figure 5-5 presents the fragility curves associated with the 

average spectral acceleration in the period range 0.1-0.45 sec. The parameters of the lognormal 

distribution functions shown in figure 5-5 are shown in table 5-V. 

TABLE 5-II Mean and standard deviation of the damage index at the mean value of 

RMS (in cm/sec2) for the two stol1'_ building 

Mean Damage Index for distance < 50 Km. Damage Index for distance> 50 Km. 

RMS Mean Standard Deviation Mean Standard Deviation 

25 0.0421 0.0236 0.0405 0.0231 

50 0.0743 0.0311 0.0728 0.0338 

75 0.1142 0.0606 0.0991 0.0508 

100 0.1506 0.0755 0.1354 0.0665 

125 0.1927 0.1099 0.1697 0.1022 

150 0.2408 0.1141 0.1934 0.0937 

175 0.2837 0.1721 0.2361 0.1246 

200 0.3370 0.1986 0.2867 0.1716 

225 0.3938 0.2382 0.3479 0.2529 

250 0.4269 0.2302 0.3636 0.2291 

275 0.4941 0.2964 0.4108 0.2796 

300 0.5153 0.2949 0.4299 0.2677 

325 0.6154 0.3937 0.4834 0.2718 

350 0.6522 0.4103 0.5283 0.3409 

375 0.7733 0.4980 0.6206 0.4010 

400 0.8401 0.5101 0.6574 0.4121 

425 0.8836 0.5414 0.6843 0.4987 

450 0.9654 0.5867 0.7241 0.4955 

475 0.9737 0.6390 0.8422 0.6739 

500 1.1422 0.7303 0.8901 0.5681 
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TABLE 5-ill Mean and standard deviation of the maximum story damage index for 

I I hOd 0 1 0 45 t h bOld ° spectra acce eratIOn m t e peno range . - . sec or t e two story UI mg 

Average spectral acceleration (g) Mean Park-Ang damage index 
Standard Deviation of 

Park-Ang damage index 

0.1 0.010 0.005 

0.2 0.022 0.007 

0.3 0.039 0.015 

0.4 0.066 0.023 

0.5 0.103 0.036 

0.6 0.124 0.037 

0.7 0.160 0.049 

0.8 0.190 0.065 

0.9 0.227 0.091 

l.0 0.250 0.086 

1.1 0.300 0.117 

1.2 0.320 0.120 

1.3 0.372 0.150 

1.4 0.439 0.200 

1.5 0.481 0.225 

l.6 0.484 0.236 

1.7 0.506 0.210 

l.8 0.565 0.240 

l.9 0.585 0.183 

2.0 0.655 0.228 

2.1 0.670 0.250 

2.2 0.684 0.266 

2.3 0.700 0.278 

2.4 0.750 0.302 

2.5 0.843 0.320 
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FIGURE 5-3 Simulated and fitted fragility curves for the two story building for sites with 

distances to rupture zones less than 50 km. 
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FIGURE 5-4 Simulated and fitted fragility curves for the two story building for sites with 

distances to rupture zones greater than 50 km. 
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TABLE 5 IV P - f h I arameters 0 t e ognorma I d' t 'b f f . fi IS rI U .on unctIOns III leu res 5 3 d 5-4 - an 

Damage Parameters for distance < 50 Km. Parameters for distance> 50 Km. 

State MedianRMS O"ln(RMS) MedianRMS O"ln(RMS) 

Minor 75.0 0.46 82.0 0.52 

Moderate 140.0 0.46 170.0 0.55 

Severe 265.0 0.45 325.0 0.55 

Collapse 510.0 0.41 650.0 0.53 

TABLE 5 V P - t arame ers 0 fth I e oenorma I d' t 'b f f f . fi IS rl u .on unc IOns III Ieure 5-5 

Damage State Median Sa(g) O"ln(Sa) 

Minor 0.52 0.25 

Moderate 0.90 0.25 

Severe 1.45 0.30 

Collapse 3.10 0.30 
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FIGURE 5-5 Simulated and fitted fragility curves for the two story building with ground 

motion characterized by spectral acceleration in the period range 0.1-0.45 sec. 
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5.1.2 Damage Probability Matrix 

The fragility curves developed in Section 5.1.1, and the relationship between spectral acceleration 

in the period range 0.1 ::::; T ::::; 0.45 sec and modified Mercalli intensity are used to obtain the 

damage probability matrices. The formulation for obtaining the damage probability matrices was 

discussed in Section 3.4. The probabilities of being in a particular damage state, at a specified 

MMI, are presented as a damage probability matrix in table 5-VI. 

The damage probability matrices of ATC-13 (1985) were transformed to correspond to the 

damage states used in this study. The transformed damage probability matrices for ductile and 

non-ductile reinforced concrete frames are presented in tables 5-VII and 5-VIII respectively. It is 

observed that the damage probability matrices of ATC-13 are confined to a narrow band whereas 

the damage probability matrix from this study has a larger band width. Also, the damage 

probability matrices of ATC-13 show much less damage even at higher levels ofMML 

TABLE 5-VI Damage probability matrix for the two sto~ buildin! 

MMI V VI VII vm IX X XI XII 

No Damage 97.1 88.9 63.2 20.9 l.2 

Minor 2.4 8.9 26.3 38.7 13.2 0.4 

Moderate 0.5 1.8 8.1 26.9 34.8 7.8 0.1 

Severe 0.4 2.3 12.9 44.6 54.9 13.0 0.3 

Collapse 0.1 0.6 6.2 36.9 86.9 99.7 

TABLE 5-VII Damage probability matrix for low-rise, ductile moment resisting frames 

ATC-13,1985) 

MMI VI VII VIII IX X XI XII 

No Damage 2.5 

Minor 97.5 100.0 99.6 63.2 7.3 0.1 

Moderate 0.4 36.8 92.7 99.9 99.5 

Severe 0.5 

Collapse 
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TABLE 5-VIII Damage probability matrix for low-rise, non-ductile moment resisting 

frames (ATC-13,1985' 

MMI VI VII VIII IX X XI XII 

No Damage 2.9 

Minor 97.1 99.0 37.5 2.5 0.4 

Moderate l.0 62.5 97.5 99.2 85.4 42.1 

Severe 0.4 14.6 57.9 

Collapse 

5.2 Description of the Six-Story Building 

The second example structure is a six story building with reinforced concrete moment resisting 

frames. The building is again rectangular in plan with sides measuring 192' and 80'. The plan of 

the building is shown in figure 5-6. The building has five equal bays along the short direction and 

twelve equal bays along the long direction. Again, as the properties of the beams and columns of 

the frames in the two directions are similar, earthquake forces along the short direction are 

considered to be critical to the damage of the building. The elevation of the frames, A and B in 

figure 5-6, used for analysis is shown in figure 5-7. The typical properties of the beams and 

columns in frames A and B are shown in table 5-IX. 

TABLES IX P - rope rt· les 0 fb earns an d co urnns III rarnes . f an In Igure A dB· fi 5-6 

Properties Beams Columns 

Dimensions 18" x 34" 30" x 30" 

Concrete strength 5 ksi 5 ksi 

Steel strength 60 ksi 60 ksi 

5.2.1 Fragility Curves 

Results are obtained for the ensemble mean and variance of the modifed Park and Ang (Kunnath 

et ai., 1992) damage index at different ground motion levels. The program IDARC2D (Kunnath 

and Reinhorn, 1994) is used to obtain the damage index for each time history. The ground motion 

parameter used for obtaining the fragility curves is the average spectral acceleration in the period 

range 0.45-0.85 sec. Root mean square acceleration is not used for characterizing the ground 

motion as it does not embody any ground motion characteristics critical to a specific class of 

structures. One hundred artificial ground motions are generated at each value of average spectral 

acceleration. A time step of 0.002 sec was used during the nonlinear time history analysis. 
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FIGURE 5-6 Typical floor plan of the six story building 
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FIGURE 5-7 Elevation of frames A and B in figure 5-6 

The statistics of the modifed Park and Ang damage index obtained by simulation are presented in 

table 5-X. Lognormal distribution with parameters given in table 5-X are used to compute the 

conditional probabilities of being in different damage states at each value of the ground motion 

parameter. Figure 5-8 presents the fragility curves obtained by plotting these conditional 

probabilities against the corresponding values of the ground motion parameter. The simulated as 

well as the fitted fragility curves are shown in figure 5-8. The fitted fragility curves are obtained 

by arbitrarily fitting lognormal distribution functions to the simulation results. The parameters of 

these functions are shown in table 5-Xl. 
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TABLE 5-X Mean and standard deviation ofthe maximum story damage index for the six 

t b °ld o sory UI mg 

Average spectral acceleration (g) Mean Park-Ang damage index 
Standard deviation of Park-

An2 dama2e index 

0.1 0.020 0.005 

0.2 0.043 0.016 

0.3 0.065 0.028 

0.4 0.095 0.046 

0.5 0.121 0.055 

0.6 0.153 0.098 

0.7 0.179 0.116 

0.8 0.210 0.146 

0.9 0.235 0.168 

l.0 0.275 0.198 

1.1 0.303 0.205 

l.2 0.337 0.245 

1.3 0.376 0.240 

1.4 0.421 0.228 

1.5 0.451 0.285 

l.6 0.463 0.283 

l.7 0.533 0.338 

l.8 0.576 0.390 

1.9 0.629 0.397 

2.0 0.685 0.461 

TABLE 5 XI P - t arame ers 0 fth I e ognorma Istrl uhon unctIOns m Igure I dO °b 0 f o fi 5-8 

Damage State Median Sa(g) <J1n(Sa) 

Minor 0.50 0.50 

Moderate 0.90 0.45 

Severe 1.55 0.48 

Collapse 3.30 0.50 
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FIGURE 5-8 Simulated and fitted fragility curves for the six story building with ground 

motion characterized by spectral acceleration in the period range 0.45-0.85 sec. 

5.2.2 Damage Probability Matrix 

The fragility curves developed in Section 5.2.1, and the relationship between spectral acceleration 

in the period range 0.45 ::::; T ::::; 0.85 sec and modified Mercalli intensity are used to obtain the 

damage probability matrices. The formulation for obtaining the damage probability matrices was 

discussed in Section 3.4. The probabilities of being in a particular damage state, at a specified 

MMI, are presented as a damage probability matrix in table 5-XII. 

The damage probability matrices of ATC-13 (1985) were transformed to correspond to the 

damage states used in this study. The transformed damage probability matrices for ductile and 

non-ductile reinforced concrete frames are presented in tables 5-XIII and 5-XIV, respectively. It 

is observed that the damage probability matrices of ATC-13 are confined to a narrow band 

whereas the damage probability matrix from this study has a larger band width. Also, the damage 

probability matrices of ATC-I3 show much less damage even at higher levels ofMMI. 
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TABLE5-Xll Dama~ e ~robability matrix for the six stOI: buildim 

MMI V VI vn vm IX X XI xn 

No Damage 98.6 93.7 77.5 44.3 12.3 1.1 

Minor l.2 5.2 16.4 30.8 24.8 5.8 0.3 

Moderate 0.2 0.9 4.7 16.9 3l.4 21.3 3.7 0.1 

Severe 0.2 1.3 7.2 25.6 44.2 27.5 4.7 

Collapse 0.1 0.8 5.9 27.6 68.5 95.2 

TABLE 5-XllI Damage probability matrix for mid-rise, ductile moment resisting frames 

(ATC-13, 1985) 

MMI VI vn VIII IX X XI XII 

No Damage 0.3 

Minor 99.7 99.8 9l.8 46.7 9.0 

Moderate 0.2 8.2 53.3 91.0 100.0 99.6 

Severe 0.4 

Collapse 

TABLE 5-XIV Damage probability matrix for mid-rise, non-ductile moment resisting 

frames (ATC-13, 1985 

MMI VI VII VIII IX X XI XII 

No Damage 0.3 

Minor 99.7 97.2 33.6 l.9 0.2 

Moderate 2.8 66.4 98.1 98.5 73.6 28.4 

Severe 1.3 26.4 71.2 

Collapse 0.4 

5.3 Description of the Thirteen-Story Building 

The third example structure is a thirteen story building with reinforced concrete moment resisting 

frames. The building is rectangular in plan with sides measuring 189' and 72'. The plan of the 

building is shown in figure 5-9. The building has two equal bays along the short direction and 
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seven equal bays along the long direction. Again, as the properties of the beams and columns of 

the frames in the two directions are similar, earthquake forces along the short direction are 

considered to be critical to the damage of the building. The elevation of the frames (A and B in 

figure 5-9) used for analysis is shown in figure 5-10. The typical properties of the beams and 

columns in frames A and B are shown in table 5-XV. 

TABLES XV P - rope rf les 0 fb earns an d co urnns III rarnes . f an III l~ure A dB· fi 5-9 

Properties Beams Columns 

Dimensions 
18" x 39" (Frame A) 36" x 24" (Exterior) 
24" x 33" (Frame B) 36" x 36" (Interior) 

Concrete strength 3.75 ksi 3.75 ksi 

Steel strength 60 ksi 60 ksi 

5.3.1 Fragility Curves 

Results are obtained for the ensemble mean and variance of the modified Park and Ang (Kunnath 

et aI., 1992) damage index at different ground motion levels. The program IDARC2D (Kunnath 

and Reinhorn, 1994) is used to obtain the damage index for each time history. The ground motion 

parameter, used for obtaining the fragility curves, is the average spectral acceleration in the period 

range 0.85-2.5 sec. Root mean square acceleration is again not used for characterizing the 

ground motion as it does not include any ground motion characteristics important for a specific 

class of structures. One hundred artificial ground motions are generated at each value of average 

spectral acceleration. A time step of 0.002 sec was used during the nonlinear time history 

analysis. 

The statistics of the modified Park and Ang damage index obtained by simulation are presented in 

table 5-XVI. Lognormal distribution with parameters given in table 5-XVI are used to compute 

the conditional probabilities of being in different damage states at each value of the ground motion 

parameter. Figure 5-11 presents the fragility curves obtained by plotting these conditional 

probabilities against the corresponding values of the ground motion parameter. The simulated as 

well as the fitted fragility curves are shown in figure 5-11. The fitted fragility curves are obtained 

by arbitrarily fitting lognormal distribution functions to the simulation results. The parameters of 

these lognormal distribution functions are shown in table 5-XVII. 

5-15 



Frame A 

" " " " II II II II 
II II II II 
II II II II 

" II FrameB II II 

II II II II 
II II II II 
II II II II 
II II " II 
II II FrameB II II 

II " " " " II II " II " " II 

" " II " " II FrameB II II 

II " " " II II " II 

" " " II 
II II II II 
II II FrameB II II 

II II 1\ II 

" " II II 
II II II II 
II II II II 
II II FrameB II " II " " II 

" II " II 

" " " " II II " II 
II II FrameB II II 

II II " II 

" " II " II " " II 

" II II II 
II II Frame All " 

FIGURE 5-9 Typical floor plan of the thirteen story building 
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TABLE 5-XVI Mean and standard deviation of the maximum story damage index for the 

th'rt t b 'Id' I een s ory UI Illg 

Average spectral acceleration (g) Mean Park-Ang damage index 
Standard deviation of Park-

Ang damage index 

0.1 0.013 0.005 

0.2 0.033 0.017 

0.3 0.056 0.022 

0.4 0.089 0.045 

0.5 0.117 0.058 

0.6 0.134 0.060 

0.7 0.180 0.101 

0.8 0.199 0.089 

0.9 0.224 0.094 

1.0 0.271 0.161 

1.1 0.302 0.164 

1.2 0.326 0.165 

1.3 0.345 0.164 

1.4 0.385 0.231 

1.5 0.429 0.239 

1.6 0.463 0.269 

1.7 0.505 0.285 

1.8 0.525 0.320 

1.9 0.564 0.309 

2.0 0.617 0.318 

TABLE 5 XVII P - t arame ers 0 fth I e ognorma I d' t 'b t' fi f , fi IS n u .on une IOns III Igure 5-11 

Damage State Median Sa(g) <J1n(Sa) 

Minor 0.49 0.37 

Moderate 0.89 0.43 

Severe 1.58 0.41 

Collapse 2.80 0.30 
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FIGURE 5-11 Simulated and fitted fragility curves for the thirteen story building with 

ground motion characterized by spectral acceleration in the period range 0.85-2.5 sec. 

5.3.2 Damage Probability Matrix 

The fragility curves developed in Section 5.3.1 and the relationship between spectral acceleration, 

in the period range 0.85 ::;; T ::;; 2.5 sec, and modified Mercalli intensity are used to obtain the 

damage probability matrices .. The formulation for obtaining the damage probability matrices was 

discussed in Section 3.4. The probabilities of being in a particular damage state, at a specified 

MMI, are presented as a damage probability matrix in table 5-XVIII. 

The damage probability matrices of ATC-13 (1985) were transformed to correspond to the 

damage states used in this study. The transformed damage probability matrices for ductile and 

non-ductile reinforced concrete frames are presented in tables 5-XIX and 5-XX respectively. It is 

observed that the damage probability matrices of ATC-13 are confined to a narrow band whereas 

the damage probability matrix from this study has a larger band width. Also, the damage 

probability matrices of ATC-13 show much less damage at higher levels ofMMI. 
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TABLE5-xvm Damage probability matrix for the thirteen stoIY building 

MMI V VI VII VIII IX X XI XII 

No Damage 100.0 99.1 99.0 86.9 30.3 0.6 

Minor 0.1 0.9 11.0 44.2 14.3 0.2 

Moderate 0.1 2.0 21.9 40.6 3.7 

Severe 0.1 3.6 39.9 23.3 0.1 

Collapse 4.6 72.8 99.9 

TABLE 5-XIX Damage probability matrix for high-rise, ductile moment resisting frames 

(ATC-13, 1985) 

MMI VI VII vm IX X XI XII 

No Damage 

Minor 100.0 100.0 83.6 27.6 3.1 0.4 0.1 

Moderate 16.4 72.4 96.9 99.2 96.4 

Severe 0.4 3.5 

Collapse 

TABLE 5-XX Damage probability matrix for high-rise, non-ductile moment resisting 

frames (A TC-13, 1985 

MMI VI VII VIII IX X XI XII 

No Damage 0.1 

Minor 99.9 91.5 32.2 3.0 

Moderate 8.5 67.8 97.0 94.1 61.7 12.5 

Severe 5.9 38.3 84.3 

Collapse 3.2 

5.4 Comparison of Results 

The fragility curves for the three example buildings, developed in Sections 5.1.1, 5.2.1 and 5.3.1, 

are associated with the average spectral acceleration in three different period bands. Thus, it is 

difficult to directly compare the relative vulnerabilities of the three buildings using the fragility 

curves. The comparison of the damage probability matrices for the three buildings reveals that the 

vulnerabilities of the buildings decrease with height. The damage probability matrices for 

concrete moment resisting frames in ATC-13 (1985) suggest an increase in vulnerability of 
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moment resisting frames with height. TheP-delta effect, not considered in this study while 

performing the nonlinear dynamic analysis, could partially explain the trend observed in this study. 

It is anticipated that consideration of the P-delta effect will produce results that have the same 

trend as those in ATe-13, as this effect will increase the damageability of the structures with 

height. 

The fragility curves and damage probability matrices, for the three classes of reinforced concrete 

frames, developed in this study are obtained using a representative building in each class. In order 

to obtain more general results, additional example buildings in each class need to be analyzed. 

The average value of the spectral acceleration, obtained over a period band, is used to 

characterize the ground motion for the three classes of reinforced concrete frames. However, the 

spectrum is likely to vary considerably over the period band. Thus, buildings with natural periods 

close to the edges of the period bands will show different behavior compared to those buildings 

whose natural periods are away from the edges. This effect will be more pronounced for the 

high-rise structures as the period band is large and the dynamic amplification factors, shown in 

figure 3-1, vary considerably at the two bounds of the band. 

5.5 Comments on Damage Measures 

In this study, the measures of damage that have been used are the original Park-Ang (1984) and 

the modified (Kunnath et aI., 1992) damage indices. Another possible measure of structural 

damage is the interstory drift ratio. In this section, the simulation results obtained in this study are 

used to compare these two measures of damage for the three example buildings. 

Figures 5-12 through 5-14 present the relationships between the mean maximum Park-Ang story 

damage indices and the mean maximum interstory drift ratios for the three example buildings. 

Linear relationships are observed between these two parameters for all three buildings. The Park­

Ang damage index as expressed by equations 1.12 and 2.5 represent a linear combination of 

damage due to maximum deformation and dissipated hysteretic energy. However, figures 5-12 

through 5-14 suggest that the contribution of the hysteretic energy dissipation part of that index is 

captured by the interstory drift. 
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6.1 Summary 

SECTION 6 

SUMMARY AND FUTURE WORK 

This study demonstrates that generic fragility curves and damage probability matrices can be 

generated using simulation methods. Various ground motion characterizations along with the 

different structural damage indices are reviewed. Root mean square (RMS) acceleration, average 

spectral acceleration in three different period bands corresponding to low, mid and high rise 

concrete frames, and modified Mercalli intensity are used as the ground motion characterizations. 

The original (1984) and the modified (Kunnath et aI., 1992) Park-Ang damage indices are used to 

characterize the structural damage. 

The program IDARC2D (Park et aI., 1987, Kunnath and Reinhorn, 1994) is used for the inelastic 

dynamic analysis and the computation of the Park and Ang damage index. The computation of 

the fragility curves and the damage probability matrices requires an ensemble of time histories for 

specified ground motion parameters. The Latin Hypercube sampling technique is used to reduce 

the number of samples required in the ensemble. 

Various techniques for the simulation of ground motion are briefly reviewed. In this study, time 

histories are generated using Gaussian stationary models with modulating functions, and ARMA 

models. Gaussian models are used for the generation of time histories corresponding to a 

specified spectral acceleration. Trapezoidal modulating functions are used to introduce the 

nonstationarity. ARMA models are used for the generation of time histories associated with a 

Kanai-Tajimi (Tajimi, 1960) power spectral density. The nonstationarity in the time domain is 

incorporated using the Shinozuka-Sato (1967) envelope function. The parameters of the 

envelope are chosen so as to produce a time history with the required RMS. 

As examples of the approach considered in this study, fragility curves and damage probability 

matrices are developed for buildings corresponding to low, mid and high rise structures. The 

buildings selected include two, six and thirteen story structures which were selected for their plan 

and elevation regularity so at to represent "average" behavior of buildings in their respective 

structural classes. However, it is difficult to generalize the fragility curves and the damage 

probability matrices, obtained in this study, as those corresponding to "average" low, mid and 

high rise frames. More example buildings in each category are required to generalize the results. 
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The Park and Ang damage index is used to identify the different damage states. Another possible 

measure of structural damage is the interstory drift ratio. The relationships between the mean 

maximum Park-Ang story damage indices and the mean maximum interstory drift ratios, for the 

three example buildings, are investigated. Linear relationships are observed between these two 

parameters for all three buildings. The original (1984) and the modified (Kunnath et al., 1992) 

Park-Ang damage indices, as expressed by equations 1.12 and 2.5 respectively, represent a linear 

combination of damage due to maximum deformation and dissipated hysteretic energy. However, 

linear relationships between the Park-Ang index and the interstory drift ratio suggest that the 

contribution of the dissipated hysteretic energy to the global damage index based on Park and 

Ang is captured by the inter-story drift component of the equation. 

The P-delta effect is not considered, in this study, while performing the nonlinear dynamic 

analysis. This effect will increase the damageability of the structures with height. Thus, it is 

expected that consideration of the P-delta effect will produce results that have the same trend as 

that in ATC-13 (1985). 

The average value of the spectral acceleration, obtained over a period band, is used to 

characterize the ground motion for the three classes of reinforced concrete frames. However, this 

may not be a very good parameter when individual buildings are considered. 

6.2 Future Work 

The validity of the fragility curves and damage probability matrices, developed in this study, still 

remains to be assessed. Ideally, such curves and matrices should be developed from observed 

damage data. However, such data are very limited and usually not in the proper format to 

generate these curves and matrices. 

The variations in the fragility curves due to plan and elevation irregularities need to be 

determined. The program IDARC2D (Park et al., 1987, Kunnath and Reinhorn, 1994) is 

incapable of performing a three dimensional analysis. Thus, a procedure for incorporating plan 

irregularity needs to be investigated. Also, the P-delta effect will be included while performing 

the nonlinear dynamic analysis. 

An enormous computational effort is required in evaluating the fragility curves through 

simulation. Procedures for obtaining the fragility curves with reduced computational effort need 

to be investigated. Techniques for combining expert judgment with simulation results also need 
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to be investigated. The Bayesian technique is an approach to update the parameters of the 

distributions of the damage measure with the simulation results. A brief overview of the Bayesian 

technique is provided in Appendix A. The damage states given in ATC-13 (1985) will be 

correlated to the Park and Ang damage index. This correlation will be used to obtain "prior" 

estimates of the parameters of the probability distributions of the Park and Ang damage index at 

various levels of ground motion for the different classes of moment resisting reinforced frames 

defined in ATC-13. The parameters of the probability distributions of the Park and Ang damage 

index at various levels of ground motion, developed using the methodology presented in this 

study, will be used to evaluate the likelihood functions in the Bayesian updating technique. 

Gunturi (1992) provides some preliminary information on the correlation between the monetary 

loss used to define the damage states in ATC-13 and the structural damage indices. The posterior 

distributions of the parameters will be determined and used to update fragility curves and damage 

probability matrices. 
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APPENDIX A 

BAYESIAN TECHNIQUE 

Bayes' theorem provides an approach for updating subjective knowledge with experimental 

results. If the experimental outcome is a set of observed values Xl, X2, ... , Xn, from a population 

X with underlying probability density function fx(x) , the parameters of the distribution, 

represented by the vector 0, are revised in light of the experimental results by the following 

expressIon: 

r" (0) = 

where 

f' (0) = prior density function of E> 

f" (e) = posterior density function of 0 

e = {81, 82, ... ,8m } 

(A.I) 

The prior density incorporates all prior knowledge about the unknown parameters. The prior 

knowledge can be in the form of subjective information. Equation 8.1 can be written as: 

where 

k normalizing constant~ II l ~) fx(x, I e)) f' (e) de r 
n 

L(X I 0) = likelihood function= IT fx (xi I 0) 
i=l 

A-I 

(A.2) 



The likelihood function is proportional to the probability of making specific observations, X = xi, 

given the values 0 of the parameters. The initial belief about the stochastic behavior of the 

parameters of the distributions is thus updated using the observations. 

Considerable mathematical simplification can be achieved if the distributions of the parameters are 

appropriately chosen with respect to the underlying random variable X. Such pairs of 

distributions are known as conjugate distributions. By choosing prior distributions that are 

conjugate of the distribution of the underlying random variable, one thereby obtains convenient 

posterior distributions, which are usually of the same mathematical form as the prior. 

The uncertainty associated with parameters 0 is combined with the inherent variability of the 

underlying random variable, X, to obtain the total uncertainty associated with X. Using the total 

probability theorem, the posterior probability density function of X is expressed as follows: 

f" x(x) = f K L(XI0 )fx(x 10) f' (0) d0 

e 

This approach will be used in the next phase ofthe study. 
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