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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination of knowledge about earthquakes, the improvement of earthquake-resistant
design, and the implementation of seismic hazard mitigation procedures to minimize loss of lives
and property. The emphasis is on structures and lifelines that are found in zones of moderate to
high seismicity throughout the United States.

NCEER's research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

• Existing and New Structures
• Secondary and Protective Systems
• Lifeline Systems
• Disaster Research and Planning

This technical report pertains to Program 1, Existing and New Structures, and more specifically
to reliability analysis and risk assessment.

The long term goal of research in Existing and New Structures is to develop seismic hazard
mitigation procedures through rational probabilistic risk assessment for damage or collapse of
structures, mainly existing buildings, in regions of moderate to high seismicity. This work relies
on improved definitions of seismicity and site response, experimental and analytical evaluations
of systems response, and more accurate assessment of risk factors. This technology will be
incorporated in expert systems tools and improved code formats for existing and new structures.
Methods of retrofit will also be developed. When this work is completed, it should be possible to
characterize and quantify societal impact of seismic risk in various geographical regions and
large municipalities. Toward this goal, the program has been divided into five components, as
shown in the figure below:

Program Elements:

I Seismicity, Ground Motions I
and Seismic Hazards Estimates I

+
I Geotechnical Studies, Soils Iand Soil-Structure Inleraction

+
I System Response: I

Testing and Analysis I

+
I Reliability Analysis I

and Risk Assessment I 1

Expert Systems

iii

Tasks:
Eanhquaka Hazards Eslimat8ll,
Ground MOlicn Ell1lmates.
N_ Ground MOllon Instrumentalion,

Eanhquaka & Ground MOlicn Data Base.

Site Response Estimates,
Largs Ground Delormatlon Estimates,

Soi~Slrueture Interaction.

Typical Structures and Critical Structural Corrponenls:

Tesling and Analysis;

Modern.Analytlcal Toois.

Vulnerability Analysis.

Reliability Analysis,

Risk Assessment,

Code Upgrading.

Architectural and Structural Design.

Evalualion 01 Exlsling Buildings.



Reliability analysis and risk assessment research constitutes one of the important areas of Exist
ing and New Structures. Current research addresses, among others, the following issues:

1. Code issues - Development of a probabilistic procedure to determine load and resistance
factors. Load Resistance Factor Design (LRFD) includes the investigation of wind vs.
seismic issues, and of estimating design seismic loads for areas of moderate to high
seismicity.

2. Response modification factors - Evaluation of RMFs for buildings and bridges which
combine the effect of shear and bending.

3. Seismic damage - Development of damage estimation procedures which include a global
and local damage index, and damage control by design; and development of computer
codes for identification of the degree of building damage and automated damage-based
design procedures.

4. Seismic reliability analysis of building structures - Development of procedures to evalu
ate the seismic safety of buildings which includes limit states corresponding to service
ability and collapse.

5. Retrofit procedures and restoration strategies.
6. Risk assessment and societal impact.

Research projects concerned with reliability analysis and risk assessment are carried out to
provide practical tools for engineers to assess seismic risk to structures for the ultimate purpose
of mitigating societal impact.

This study shows that parameter-based global damage indices can be related to local stiffness
degradation through operations ofaveraging over the body volume. The relationship obtained is
applied to the case of numerical simulations of damage events as well as to the case of actual
structures tested on shaking tables. Some results are also presented, relating parameter-based
global damage indices to averages in space and in time of the local plastic strain. The relation
ship between local and global damage variables is also considered from an empirical point of
view. Based on the analysis of a database of structures, a relationship between the apparent
softening (global variable) of the structure and the interstory ductility (local variable) has been
established. A set offragility curves, relative to structural limit states, have thus been defined.
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Abstract

Global damage indices based on equivalent modal parameters are defined. A structure

exhibits a nonlinear behavior when it experiences a damaging earthquake.

Nonetheless a time variant equivalent linear structure can be defined. An algorithm

for the estimation of the modal parameters of a linear structure has been developed

and implemented. Global damage indices are then defined from the vibrational

parameters of the equivalent linear structure considered.

In Continuum Mechanics-based damage models, effects of the growth and

coalescence of microcracks are accounted for through the definition of an internal or

local damage variable. Damage to engineering materials essentially results in a

decrease of the free energy stored in the body, with consequent degradation of the

material stiffness. Strength degradation is also observed when plastic deformation

occurs.

It is shown that parameter-based global damage indices can be related to local

stiffness degradation through operations of averaging over the body volume. The

relationship obtained is applied to the case of numerical simulations of damage events

as well as to the case of actual structures tested on shaking tables. Some results are

also presented, relating parameter-based global damage indices to averages in space

and in time of the local plastic strain.

The relationship between local and global damage variables is also considered from

an empirical point of view. Based on the analysis of a database of structures, subjected

to simulated eanhquake loads on the shaking table of the University of lllinois at

Urbana-Champaign, a relationship between the apparent softening (global variable) of

the structure and the interstory ductility (local variable) has been established. A set of

fragility curves, relative to structural limit states, have thus been defined, providing

the probability of exceedance of a given limit state as a function of the maximum

softening.
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SECTIO!" 1: INTRODUCTION

1.1. Definition of a Global Damage State

Most research in the field of damage assessment has dealt with the analysis of simple

structural elements. The application of these techniques to the post eanhquake

analysis of existing structures is limited by the scarcity of data available in the field

regarding the history of stress and strain for simple elements. In order to obtain such

detailed information, in fact, a great number of instruments must be installed on the

structure. Funhem10re, when a cenain degree of redundancy is present in the

structure, local features of damage may not be very important in detennining which, if

any, repair actions should be carried out. Some average or global measures of damage

may, in this case, be as useful to engineers as detailed information. Therefore, for the

purpose of post-earthquake reliability assessment, it is convenient to define a global

damage state for a structure that has experienced an earthquake. An intuitive

approach is to define global damage as a combination of the damage at each point of

the structure. The definition of "point" depends on the structural model that is chosen

for the analysis. If the structure is modeled as an assemblage of beams in two or three

dimensions, there will be (coo) 1 points for which a damage state must be defined. If a

complete 3-dimensional model is used, there will be (00)3 points to be considered.

The damage state can also be defined in several ways. One can think of a binary

damage state (failure/no failure), or of a discrete valued damage state, using

qualitative indicators such as safety, light damage, damage and critical damage

(Stephens and Yao, 1987), or of continuous damage indices, as considered by

Continuum Damage Mechanics. The damage state mayor may not be dependent on

the history of loads, depending on the particular model that has been chosen to

describe the structural behavior (Kachanov (1958); Krajcinovic and Fonseca (1981);

Lemaitre (1984)).

In general, therefore, a damage event that the structure undergoes can be described as

a function

1-1



f :Rn ~ Rn

The function f , which customarily takes values in the interval (0,1), is defined on the

volume n occupied by the structure. f describes the loss of resistance experienced in

the neighborhood of a given point. The global damage state D can thus be defined as

a functional off .

D = ~w (x) f (x) dx

where w (x) is an appropriate weighting function.

(1.1.1)

This fonnulation of the damage problem, based on an infinite dimensional damage

state, is theoretically correct but very impractical. The damage state must be reduced

to a finite number of dimensions in order to solve the problem of damage assessment

for a real structure. The need for this reduction was first pointed out by Yao (1982). It

will be assumed therefore that a finite number of quantitative indicators is sufficient to

detennine the damage state of the whole structure. Such indicators are usually

referred to as " damage indices". Once the number of dimensions has been reduced,

the damage state of the structure can be inferred from the history of a finite number of

structural parameters. The analysis of these histories yields numerical values for the

corresponding damage indices.

The space of the damage indices can be tenned "damage space". The expression

(1.1.1) for the structure's damage can thus be simplified. If 01> ... , om are the damage

indices considered, the global damage D is given by a function f defined on the

damage space:

(1.1.2)

Similarly a limit state will be defined as a surface g in the damage space:

(1.1.3)

Examples of limit states are the serviceability, or elastic, limit state, and the collapse

limit state.

The reduction to a finite number of dimensions can be obtained by lumping

procedures. The structure is modeled as an assemblage of elements and joints, for

each of which a damage index is computed from the history of loading during the

1-2

\



\

earthquake. The global damage index for the structure is then defined as a weighted

average of the damage indices for the single elements (Stephens and Yao, 1987; Park,

Ang and Wen, 1985). If nel elements and joints are considered, for each of them a

damage index Oi and a weight Pi can be defined, so that the global damage would be

measured as:

(1.1.4)

Reduction by lumping procedures requires that generalized displacements and

restoring forces are available for a large number of nodes. This is possible in

simulation studies, in the analysis of shaking table experiments, or for full scale

structures that are extensively instrumented. In the practical case of a structure, where

only two accelerometer arrays are installed, reduction by lumping is not directly

possible.

The reduction procedure and the damage indices that are proposed in this report are

based on the vibrational frequencies of the structure in the linear phase, and of an

equivalent linear structure in the nonlinear phase. The functional form of the damage

indices is derived from the theoretical and experimental analysis of damage of simple

structural elements and of complex structures. It is shown that the proposed reduction

is equivalent to an averaging operation of the damage variable, where the strain

energy stored in the structure, for the mode shape corresponding to the frequency

considered, is used as a weighting function.

1.2. Damage Indices Based on Equivalent Modal Parameters

A linear structural system described in terms of the modal parameters has been proved

to be identifiable by Beck (1979). The modal parameters are the damping factor,

natural frequency and effective participation factor for each natural mode, as

considered in an approximate description of the structural motion based on modal

1-3



decomposition. When the structural behavior is nonlinear, the system identification

algorithm based on linear models will yield estimates of equivalent linear parameters.

When the structure enters a nonlinear phase, the equivalent linear model will change,

reflecting the nonlinearities that take place during the strong motion. In particular, the

structure will present an apparent softening as the amplitude of the oscillation

increases, and the equivalent natural frequencies will decrease. By fitting a time

variant linear model to the records, a history of the equivalent linear parameters is

obtained. The algorithm used to estimate the equivalent parameters of a structure

during earthquake strong motion has been presented by the authors in a previous

publication (DiPasquale and Cakmak, 1987). The goal is now to extract information

concerning damage from the history of the modal parameters. It is clear from the start

that only the natural frequencies will provide valuable information. Damping factors

are in fact entities of uncertain physical meaning, and their estimation, when the

structure is in the nonlinear phase, yields results of questionable reliability.

In this paper, only the first (fundamental) natural frequency is considered. All the

computations are actually carried out on its inverse, the fundamental period of

vibration, because the fundamental period is the quantity most commonly considered

in the engineering practice.

The interval (D,s) of duration of the earthquake is divided into nwind non-overlapping

windows of width Si seconds. For each of these windows, an equivalent fundamental

period (T O)i is computed. The first window can be made small enough, so that it can

be assumed that the structure is still vibrating in the linear regime and that (T 0)1 is

equal to the fundamental period of the linear oscillation of the building before the

earthquake, (TO)initial. When the record is long enough, so that the vibrations due to

the strong motion have abated by the end of the record, and the behavior of the

structure can be considered linear, the estimate of (To) corresponding to the last

window, (TO)nwind, can be assumed to be equal to the fundamental period of the linear

oscillation after the earthquake (TO)/ino.l. When the final portion of the record still

presents apparent nonlinearities, (TO)/ino.l can sometimes be obtained from post

earthquake tests.

1-4



(1.2.1)

Three parameters can thus be typically observed in the evolution of the equivalent

fundamental period during an eanhquake (see Figure 1.1, relative to the response of

the Millikan Library in Pasadena, California, during the San Fernando earthquake,

1971). These are: (i) an initial value (T O)inilial, which is assumed to correspond to the

linear behavior of the undamaged structure, (ii) a final value (T 0)fin.al, corresponding

to the linear behavior of the damaged structure, and (iii) the maximum value of the

estimate of the fundamental period (T O)max, where the effect of nonlinear behavior

and of soil-structure interactions is superimposed onto stiffness degradation.

Several indices can be proposed as measures of global structural damage. They are

functions of the fundamental periods (T O)i estimated during an earthquake, as well as

of the initial fundamental period (T O)inilial and the final one (T O)fin.al. The functional

form of the indices may depend upon phenomenological aspects of damage at the

local level, upon analytical considerations, and upon the analysis of data recorded

from damaged structures.

When a single element (in the limit a single particle) of the structure is considered,

several phenomenological aspects of damage should be taken into account. For

reinforced concrete structures, attention should be concentrated on stiffness

degradation and on plastic deformation. Other imponant phenomena that are believed

to be linked to damage are the degradation of the strength and of the energy

dissipation capacity of the element considered.

It is possible, as shown below, to compute averages of the local stiffness degradation

using the vibrational parameters of the body, in particular (TO)/iruzl. The global

stiffness degradation of a structure can thus be evaluated. A decrease in stiffness of

some elements will result in a decrease of the natural frequencies of the structure

(Rayleigh, 1894; Dowell, 1979). In panicular, the fundamental period will increase.

By comparing the fundamental period (T O)inilial and (T O)firuzl before and after the

.eanhquake, a measure of the structure's global stiffness degradation can be obtained.

The index thus defined will be called final softening and indicated with Of:

o = 1 _ (T O)tnilial
f (To)linal

The relation between Of and local stiffness degradation will be the subject of Section

1-5
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Figure 1.1: Evolution of the Equivalent Fundamental
Period for the Millikan Library
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(1.2.2)

, 3.

As has been pointed out before, during the strong motion, the effect of nonlinearities,

such as plastic deformation, and of soil-structure interactions will appear as a

softening of the equivalent linear structure, superimposed onto the softening due to

stiffness degradation. In order to isolate these effects, the final (degraded) structure

must be taken as a reference. A plastic softening is thus defined:

a =1 _ (To)linal
p (To)2ux

The relationship between Op and the plastic deformation at the local level is analyzed

in Section 4.

The contributions of stiffness degradation and permanent deformation to structural

damage can therefore be identified. In order to clarify this statement, a typical

restoring force characteristic for a reinforced concrete element can be considered.

Figure 1.2 shows the shear-drift cuxve for a nonlinear story element. The restoring

characteristic is trilinear. The first segment OA corresponds to the vinually

undamaged material. When the element reaches the ponion AB of the curve, tensile

stress is experienced and cracks begin to appear. Beyond point B the steel

reinforcements yield and plastic deformation takes place. If the element reaches any

part of segment AB, the behavior in the subsequent loading/unloading cycles is still

linear, but with a degraded stiffness (line OC). In a complex structure, if steel

yielding does not appear in any element, (To) final will be equal to (T O)rnax' The

plastic softening (1.2.2) will therefore vanish and the final softening (1.2.1) will

account for the global stiffness degradation. Permanent deformation is obsexved when

the element reaches beyond point B on the restoring force curve. For the model

considered, the unloading restoring characteristic, as well as the small vibration

characteristic, will be parallel to the line OB (line DE in Figure 1.2). The comparison

between (T O)final, determined by the small vibration characteristic, and (T O)rnax,

detennined by the cycles of strain experienced by the structure, will provide a

measure of the permanent deformation.

If the effect of stiffness degradation and plastic strain on the final damage state of the

structure are assumed to be independent, a maximum softening OM can be defined as a

1-7
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(1.2.3)

\

combination of of and Op. The empirical analysis of seismic response of damaged

structures, presented in Section 5, suggests a modification of the functional form of

the damage indices, so that the contribution of the apparent softening to the structural

damage appears now in a linear form:

OM =1 _ (TO)initia[
(To)max

In section 5 it will be shown how OM can be related to the damage level of a structure.

1.3. Organization of the Work

Section 2 of this report briefly outlines the basic techniques of Continuum Damage

Mechanics. In Section 3, the case of elastic damage is considered. A body

experiences elastic damage when its restoring force characteristic degrades after a

certain load history, with negligible permanent deformation. Some preliminary

results, relative to the case of elasto-plastic damage, are presented in Section 4.

Section 5 presents an engineering approach to damage assessment, linking customary

local damage measures such as maximum interstory ductility with global parameter

based damage indices.

1-9
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SECTION 2: ELEMENTS OF DAMAGE MECHANICS

2.1. Introduction

An introduction to Continuum Damage Mechanics (COM) can be found in Lemaitre

(1984), Krajcinovic (1984), and Kachanov (1986). The treatment presented here

follows the approaches of Simo and Ju (1987a, 1987b) and of Ju (1988) (see also Ju et

a1., 1989). First, the basic hypotheses of Continuum Damage Mechanics are

introduced. Then, a "total strain energy" based model for hyperelasticity coupled with

damage is described. The case of pbsticity coupled with damage is also considered.

From a microstructural standpoint, the progressive degradation of material properties

results from the initiation, growth and coalescence of microcracks and microvoids.

Within the framework of continuum mechanics, these processes may be modeled

phenomenologically or micromechanically by introducing internal damage variables

which correspond to these physical microprocesses. An internal damage variable can

be a scalar or a tensorial quantity of the first, second or fourth order. Let us denote by

D a fourth order anisotropic "damage" tensor which characterizes the state of damage

of a generic unit cell. In general the mechanical behavior of anisotropic microcracks

depends not only on their positions but also on their orientations. The transfonnation

law from the homogenized or nominal stress tensor cr to the effective stress tensor (}

then takes the form:

a= (1-0)-1 : a (2.1.1)

where I signifies the fourth order identity tensor. In essence, the effective stress

concept implies that the effective stress a is the true stress experienced by the

undamaged (virgin) material element. In other words, a is the stress which, if applied

to the original undamaged material point, would give the same result as a applied to

the damaged material point. This statement will be fonnalized later in the "hypothesis

of strain equivalence".

For the case of isotropic damage, the mechanical response of microcracks is

independent of their orientations, depending only on a scalar variable d. Accordingly,

2-1



(I-D) reduces to (1-d) I and (2.1.1) is rephrased as:

- 0"
0"=--l-d (2.1.2)

where d E [0,1] is the damage parameter. It is noted that the value d =0 corresponds

to the undamaged state, a value d E (0,1) signifies a damaged state, and the value

d =1 corresponds to the complete failure of a local material element. Consequently,

it is appropriate to interpret [l-d] in Eq. (2.1.2) as a reduction factor associated with

the amount of damage in the material. In fact, the damage variable d can be

physically interpreted as the ratio of damaged surface area (corrected by stress

concentration effects and interactions), Ad, over the total (nominal) surface area, AT,

at the point occupied by a material element; i.e.,

d = Ad
AT

Equilibrium considerations then yield

(AT -Ad) a=Ar 0"

From (2.1.3) and (10), Eq. (2.2.1) is immediately obtained.

(2.1.3)

(2.1.4)

In addition to the effective stress concept, a "hypothesis of strain equivalence" is

introduced by Lemaitre (1984):

"the strain associated with a damaged state under the applied stress is equivalent

to the strain associated with the undamaged state under the effective stress".

2.2. Elaslic Damage Models

Materials such as cement paste, mortar and concrete are known to exhibit only small

plastic deformations. As a consequence, the continuous degradation of material

properties may be modeled in tenns of the strain energy based "elastic-damage"

models. For simplicity, the treatment here is restricted to isotropic damage (Eq.

(2.2.1)). The damage models presented here are tenned "strain based". It is assumed

that the damage in the material is directly linked to the history of total strain. Eqs.

(2.1.1), (2.1.2) and the hypothesis of strain equivalence follow from this assumption,

once an appropriate form for the free energy potential is defined.

2-2
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A possible free energy potential accounting for isotropic damage coupled with

hyperelasticity is:
\

'¥(E, d) =(1-d) '¥O(E) (2.2.1)

where E denotes the infinitesimal strain tensor and '¥o(E) is the initial undamaged

elastic strain energy function for a virgin material. For the special case of linear

elasticity, for example, the undamaged free energy potential has the form:

'¥O(E) = +E : Co : E

where Co denotes the linear elasticity tensor. Assuming that only isothermal

processes are considered, the reduced entropy production inequality requires then that

-'II + cr: E ~ 0

This leads to the following damaged stress-strain relation:

- a'll _(1 d) ()'¥ocr - ()£ - - ---a-E

along with the dissipative inequality

'¥O(E) d ~ 0

In addition, it follows immediately from (2.2.1) (see also Lemaitre (1984» that

()\}J
- dd ='¥o(E)

(2.2.2)

(2.2.3)

(2.2.4)

(2.2.5)

The undamaged elastic strain energy function constitutes therefore the thermodynamic

force conjugate to the damage variable. From Eg. (2.2.3) it can be easily seen that

damage results in stiffness degradation at the local level. The elastic Young's modulus

£ and the shear modulus G of the damaged material element will be decreased by a

factor (l-d) with respect to the undamaged values £ 0 and Go. That is,

£ =(I-d) £0

G =(I-d) Go

(2.2.6a)

(2.2.6b)

Progressive damage coupled with hyperelasticity can be characterized with a simple

isotropic damage mechanism. In view of the above thermodynamical bases, the

damage state can be defined through an "equivalent measure of strain energy", ~, such

as:

2-3



A strain space damage criterion then takes the form:

g ( ~, ,) = ~ - , s 0

(2.2.7)

(2.2.8)

where, denotes the current damage threshold. The initial damage threshold (before

loading starts) is denoted by '0, which is a property of the material. Analogous to the

flow rule and hardening law in plasticity theory, the evolution of the damage variable

d and of the radius of the damage surface, are defined by the following equations:

d =Il H ( ~, d) (2.2.9a)

, = Il (2.2.9b)

Here Il ~O is the damage consistency parameter that defines damage

loading/unloading conditions according to the standard Kuhn-Tucker forms:

I..l ~ 0, g ( ~, ,) sO, Ilg ( S, ,) =0 (2.2.10)

Further, the radius, is detennined by the expression:

, = max ['0, max s] (2.2.11)

where max Sdenotes the maximum value of Sover the entire time history up to the

instant considered. In the event of loading, I..l is determined by the damage

consistency condition; that is:

g(~,r)=g(~,,)=O => (2.2.12)

For simplicity, the function H( S, d) in Eg. (2.2.9a) is often assumed to be

independent of d. H is then a function of the "measure of strain energy" ~ only.

Owing to this assumption, (2.2.9) then possesses a structure analogous to that of the

rate form of hyperelasticity. That is, d is purely a function of ~max:

(2.2.13)

where <1> is a damage accumulationfullction .
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2.3. Elasto·Plastic Da mage l\lodels

When damage and plastic flow processes are considered, a free energy of the

following fornl is considered (Simo and Ju, 1987a):

\f'(E,(JP ,q,d) = (l-d)\f'o(E) - E:(JP + S(q,(JP) (2.3.1)

where q is a suitable set of internal plastic variables and (JP the plastic relaxation

stress tensor. The fornlalism for the plasticity-damage case is very similar to the

hyperelasticity-damage model outlined above. In particular, Clausius-Duhem

inequality, neglecting the effect of temperature, yields the stress-strain relationship:

d\li d\lioa = de = (l-d)"""'()"£ - aP (2.3.2)

It can be noticed that the pla~tic response is characterized by standard forms of flow

rule and hardening law, where the homogeneous stress a is substituted by the

effective stress cr. Rate-independent plastic response is characterized by the following

equations:

f (cr,q) $0

(associativc flol\' rule)

(plas/ic hardcning law)

(yield condition)

(2.3.3a)

(2.3.3b)

(2.3.3c)

The elasto-plastic constitutive law will now be expressed in an rate form:
. .
a=C:E (2.3.4)

The the tangent moduli tensor C \>.,ill depend on the undamaged elastic tensor Co as

well as the damage d, the plastic flow rule and the hardening law (Simo and ]u, 1987).

In the elastic zone, the tensor of tangent moduli will be:

c =eel =(l-d) Co (2.3.5a)

CO is the undamaged tensor of elastic moduli. In the plastic zone the following will

hold:
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with

e =eel - eep (2.3.5b)

(2.3.6)

Equations (2.3.5) are only approximately valid. In general, there is a history

dependent contribution that is neglected here for simplicity. The denominator in

equation (2.3.6) is positive definite in all cases of practical interest.
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SECTION 3: LOCAL DAMAGE VARIABLES AND PARAMETER BASED

DAMAGE INDICES: ELASTIC VInRATION OF A DAMAGED BODY

3.1. Introduction

Continuum Damage Mechanics deals with damage at a local level. An internal

variable d is defined for each point of the structure under study. Since a structure is

continuous, its global damage state would depend on an infinite number of parameters

and the problem would not be amenable to analytical or numerical treatment. It is

therefore necessary to reduce the dimensions of the problem by postulating that only a

finite number of parameters are needed to detine the structure's damage state.

Parameter-based damage indices have been introduced as a measure of structural

damage. Such indices are computed from the equivalent linear frequencies of the

structure. The relationship between parameter-based indices and internal damage

variables will now be investigated. The onset of elastic damage will introduce some

nonlinearities in the behavior of an originally linear elastic body. However, after the

damage event occurs, the body will still present a linear behavior with degraded

characteristics both at the global and at the local level, as summarized in Table 3-1.

The expression for the final softening is recalled here:

(3.1.1)

(3.1.2)

Note that Wo is the fundamental frequency of the free vibration of the undamaged

solid (undamaged natural frequency), and w is the fundamental frequency of the free

vibration of the damaged body (damaged natural frequency).

Let V be the volume occupied by a continuous body, bounded by a surface

S =S IUS 2. Displacements are assigned on S I and tractions are assigned on S 2.

Within the volume V, the equilibrium equations, disregarding the body forces, are:

v.cr=p4
dl~
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Table 3-1: Undamaged characteristic vs. damaged characteristics

UNDAMAGED DAMAGED

fundamental frequency 000 00

fundamental mode shape Yo Y=Yo+~Y

strain energy density 'l'o(E) (l-d)'l'o(E)

linear secant moduli Eo. Go (l-d)E 0, (l-d)Go

3-2
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Further, assume that Eq. (3.1.2) has a hannonic solution:

uo(x,r) =)'o(x) sinwor (3.1.3)

corresponding to the fundamental mode shape )'o(x) and the fundamental frequency

woo For the undamaged body, the elastic strain energy is:

(3.1.4a)

where CO and 'Po have previously been defined in Eq. (11). In the case of hannonic

oscillation (3.1.3), the kinetic energy of the body can be written as follows:

T =f v tPu'u dV =f vW2 y.y cos2wr dV =f v w2 To[y(x)] cos2wt dV (3.1.4b)

The scalar quantity To == t P y.y is a measure of the density of the kinetic energy.

An expression for the undamaged fundamental frequency can be obtained by applying

Hamilton's principle. Tha t is, for any pair of instants r 1 and t 2 the integral of the sum

of the first variations of the kinetic and potential energy must be stationary:

f
l 2 8 (T +W) dr = 0
I)

(3.1.5)

The resulting undamaged fundamental frequency is:

(3.1.6)wJ= ! 'Po(Yo) dV

v To(yo) dV

It is noted that in Eq. (3.1.6) and in what follows, 'Po(y) and To(yo) should be read as

'Po[y(x)] and T o[y(x)] respectively.

It can be shown (Rayleigh, 1894) that the first variation of the ratio (3.1.6) vanishes at

w2 =w8:

(3.1.7)

It can also be proven that the energy ratio (3.1.6) attains a minimum when w2 =roa.
In the above equations, the variational notation "8" should not be confused with the

symbols used to indicate damage indices.

If a deformed mode shape y = Yo + ~y is considered, the variation of the energy ratio

(3.1.6) will be of the second order with respect to It1y I as t1y-tO:
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(3.1.8)'l'o(Y) dV =wJ + wJ £2(.1y)
v To(y)dV

where £2 is a positive definite function of the variation ,1y of the mode shape. From

(3.1.7) it follows that, as .1y ~ 0, £2(.1y)::: l.1y 12.

In vibrational analysis, it is customary to refer to the ratio
I 'l'o(y)dV

v To(y)dV

Rayleigh ratio R (y). Using this notation the function £2(.1y) can be written as:

3.2. Relation between Final Softening and Global Stiffness Degradation

as the

(3.1.9)

In the case of elastic damage, the elastic strain energy decreases by a factor (l-d (x)).

The damaged body will have a new frequency of oscillation (J) ~ wo, corresponding to

a damaged mode shape y =Yo + .1y. It should be pointed out that, even though the

damaged frequency w can be much lower than the original frequency wo, the damaged

mode shape will not usually be very different from the original one. The undamaged

strain energy 'fIo(Y) corresponding to the damaged mode shape can be used as a

weighting function in the definition of an "average damage" dav :

I d (x)'fIo(y)dV

v 'fIo(y)dV

The following result can now be proven:

(3.2.1)

Proposition 3.1

The following relationship holds between the average damage dav and the final

softening of:

(3.2.2)
\
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Proof

The Hamilton's principle can be used to compute the damaged frequency:

f. (l-d (x)) '¥o(Y) dV
v

I To(Y) dV
v

5. '¥o(y) dV 5. d (x) \{Jo(y) dV
v v
I To(y) dV -1 To(y) dV
v v

(3.2.3)

By substituting Eq. (3.1.8) into (3.2.3) we obtain:

5. d(x)\{Jo(y)dV
v J + (j)ae2(~y)

TaCY) dV
v

Therefore:

(3.2.4)

(3.2.5)

Multiplying numerator and denominator on the right hand side by 5. \f'o(y) dV ,
v

recalling (3.1.8) and (3.2.1) and neglecting terms of order higher than 2 with respect

to I~y I, the final result is obtained:

(3.2.6)

The parameter based damage index (3.1.1) will therefore be approximately equal to a

weighted average of the local damage variable when the mode shape does not change

significantly after damage. In general the approximation will be of the second order as

the two mode shapes get close to each other. The average damage dav defined in Eg.

(3.2.1) has particular significance for earthquake engineers when the first

(fundamental) mode of vibration is considered.
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3.3. Application of Proposition 3.1: the Final Softening as a Measure of Global

Damage

Proposition 3.1 establishes the relationship between the local stiffness degradation

and global damage indices based on vibrational parameters. In particular, from (38)

we acquire:

(3.3.1)

(3.3.2)

Before considering applications of the final softening to experimental data, it is

perhaps interesting to consider a particularly simple case. Let us consider a two

degrees of freedom linear system (Figure 3.1). For simplicity it is assumed that the

two interstory spring elements have an equal stiffness ko and the two lumped masses

have equal value m. A damage event will result in a degradation of the interstory

stiffnesses, with the degraded values being (l-dj)ko and (l-dz)ko. The undamaged

frequency of the first mode of vibration (fundamental frequency) is given by:

j

., k j +2k z-(kr+4k t)2 k o 3--J5
W(j= 2m = m-r

As for the first undamaged mode shape, it will depend only on one parameter. If the

amplitude yz of the oscillation of the top mass is taken as one, then for the first degree

of freedom (bottom mass) we have:

1=--::F--r:~

2 3-\15--r-
(3.3.3)

After damage, the frequency and the mode shape will change, respectively, to:

j

z ko (l-d j)+2(l-dz)-«l-d j)Z+4(l-dz)z)"2""
W =m 2

(3.3.4)

(3.3.5)
\

A damage event is therefore described by a pair of values (dj,d z) E [O,l]x[O,l] for the
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undamaged structure damaged structure

k.

~
(l-dl)k o

datroge

k, Z
t> (l-d 1)ko

WQ. Yo (I). Y

Figure 3.1: Simulation of Damage to a 2-DOF
Linear System
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damage at two stories. The ability of the final softening to measure global stiffness

degradation can now be assessed. Figure 3.2 shows a plot of the level curves of the

error function (day -Of). As predicted by Eq. (3.2.2), the error is always positive and

becomes very small in the vicinity of the diagonal d 1=d 2, due to the second order

nature of the function e2(t1y). In particular, the error vanishes when d 1=d2. When

damage is equally spread throughout the structure, in fact, the mode shape is not

modified after damage. In this case, the value of the final softening coincides with

that of the story damage. It is also interesting to notice that, as long as the damage of

the first story d 1 is greater than that of the second story d2, the error is very small.

The only region where the error is significant corresponds to high values of d 2

coupled with low values of d 1.

The relationship between global damage indices and local damage variables obtained

above can be used in the analysis of seismic response data. A particularly interesting

program of shaking table experiments was carried out at the University of Illinois at

Urbana-Champagne (UIUC) by Sozen and his associates (Healey and Sozen, 1978;

Abrams and Sozen, 1979; Cecen, 1979; Sozen, 1981). The experiments analyzed here

come from a population of seven ten-story, 1/10th-scale structures, representative of a

wide variety of reinforced concrete design techniques.

Each structure was tested at the University of Illinois Earthquake Simulator. Test runs

of a given structure included repetitions of the following sequence:

(1) Free vibration test to determine low-amplitude natural frequencies.

(2) Earthquake simulation.

(3) Recording of any observable signs of damage.

The results of the analysis of this series of shaking table experiments have been

presented by DiPasquale and Cakmak (1988). No information was available about the

floor stiffness degradation subsequent to each test run. However, the average story

damage can be computed from the maximum story drift, as reported by the

experimenters, using a simple continuum damage model proposed by Ju et a1. (1989).

Although the structures experienced significant nonlinearities, the permanent

deformation observed at the end of most nms were very small. The use of an elastic

damage model is thus justified. The local value of damage depends on the maximum
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Figure 3.2: Level Curves for the Error Function (dav - of)
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measure of strain energy ~max, as indicated in Eqs. (17) and (21):

1

~max = maxl(2'¥o(£»2] (3.3.6)

The dependence of the d on ~max is given by a damage accumulation law (Iu et al.,

1989):

is a damage energy

Sma:< < So
~max ~ ~o1

0
d (~ma:<) = (I-A )~o

1 - S - A exp[B (SO-Smax)]
max

where A and B are damage growth parameters, while ~o

threshold. All three constants are characteristic of the material.

(3.3.7)

(3.3.8)

(3.3.9)

If the maximum slory drift Yi at the i-th level is known, it is possible to compute the

average maximum strain energy '¥O,i; i.e. the average strain energy of the column at

the instant of maximum deformation. Consequently, the average measure of strain

energy ~i can be obtained. Under the assumption that the girders are rigid (verified in

practice for the case of the UIUC structures), \FO,i is given by:

'¥ Eh 2 '"
O.i = vYt

where E is the Young's modulus of concrete (E = 24000 MPa) while band h are

respectively the width and the height of the column (the actual values, assumed

constant for all the stories, are b =O.051m and h =0.229m).

Therefore the average damage dj at each floor can be computed from Eq. (3.3.7).

Finally, the expression for the structure's average damage day in Proposition 3.1 can

be approximated by:

d ::: r eli '¥O.i _ L diY?
ay :t 'PO,i - L Y?

We have assumed that the structure was vibrating mainly in the (damaged) first mode

shape. It is emphasized that this assumption is consistent with the experimental

report.

In Figure 3.3, the final softening 8/ and the average damage day are compared. The

constants used in Eq. (3.3.7), typical of concrete materials, are (Iu et aI., 1989):
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A 0.65

B 1.50

~o 303 kPa

It is clear that the agreement between the predicted and the measured global stiffness

degradation is very good. Proposition 3.1 is thus confirmed by the analysis of

experimental data.
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SECTION 4: GLOBAL DAMAGE INDICES AND PLASTIC DEFORMATION

4.1. Introduction

It is well known that a structure that experiences an eanhquake of damaging intensity

will show a nonlinear behavior. Permanent or plastic deformation will usually take

place. Many researchers have correlated plastic deformation (or equivalently

ductility) with structural damage. When nonlinear behavior is present no natural

frequencies can be defined. Nevertheless an equivalent linear system can be defined

and its natural frequencies weq computed. The process of defining an equivalent

linear system and computing its eigenvalues is termed equivalent linearization. In

general the parameters of the equivalent linear system are chosen so to minimize some

functionals of the response of the system investigated and of the equivalent linear

system. When no noise is present, analytical equivalent linearization techniques are

used, such as the energy balance criterion, the harmonic balance criterion, or the

error-in-the-equation criterion (Chaughey, 1963). In the presence of noise it is

necessary to use statistical techniques, such as the error-in-the-output criterion or the

maximum likelihood criterion. As nonlinearities produce a decrease in the equivalent

fundamental frequency of a structure, parameter-based global damage indices reflect

the development of plastic deformation. In the following, global damage indices are

related to local plastic strain. The treatment presented here is based on analytical

techniques of equivalent linearization, namely on the error-in-the-equation criterion.

The results of equivalent linearization based on statistical techniques would converge

to that, obtained using the error-in-the-equation criterion, when the noise is negligible

(Eychoff, 1974). In the analytical treatment given below the fundamental frequency,

which is the inverse of the fundamental period. is considered. Different values of the

fundamental frequency will correspond to different states of the structure, as

summarized here:

undamaged linear structure (00

damaged linear structure (0

damaged nonlinear structure (Oeq
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4.2. Relation between Plastic Softening and Plastic Deformation

Consider now a continuum that occupies a volume V bounded by a surface

S = S 1uS 2. It is assumed that displacement are assigned on S 1 and tractions are

assigned on S 2. Let S 2 be traction free, except for a point where a concentrated load

F (t) is applied. As F (t) is increased, plastic deformation will take place in a portion

Vp ~V of the body. Let the damaged elasto-plastic behavior of the body be described

by equations (2.3.3) through (2.3.5).

Let x (t) be the displacement of the point of application of F in the direction of the

force. The application of F (t) generates a displacement field u, a strain field E and a

stress field cr, all function of position and time. The goal is now to find a linear single

degree of freedom system that is equivalent to the nonlinear continuum in the error

in-the-equation sense. A nonlinear single degree of freedom approximation is given

by a nonlinear differential equation:

mi + f (x ,t) = F (t) (4.2.1)

where f is the static restoring force corresponding to a displacement x at time t and

m is an equivalent mass.

The linear equivalent of (4.2.1) is:

(4.2.2)

(4.2.4)

In order to compute we~ equation (4.2.2) is subtracted from (4.2.1). The difference is

squared and integrated over the interval (O,T) considered. The error is:
T

£2 = f 0 (j (x ,t )-(J)}q)2dt (4.2.3)

The error £2 is then minimized with respect to we~ to obtain:

T
xi (x ,t )dt

r.,2 - --"""L......:,.'F--=-UJeq - -
m ox 2dt

If the equivalent frequency weq is compared to the frequency of the linear oscillations

of the damaged body w a damage index, called plastic softening Op can be defined:

4-2
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, (4.2.5)

Proposition 4.1

The plastic softening Op is equal to an average of the plastic strain over the volume V

and over the interval (O,T).

Proof

Corresponding to a value f of the restoring force at time t, let the displacement field

be U, with a strain field e and a stress field cr. Consider a field of virtual displacements

ou, OE. At the point where F is applied, the virtual displacement is Ox. There will

exist a particular field of virtual displacements such that

ocr = C:oe

is a virtual stress field. The tensor C is the tangent modulus of equations (2.3.4). In

the elastic zone, the tangent moduli tensor will be:

C =Cel =(I-d) CO

CO is the undamaged tensor of elastic moduli. In the plastic zone the following will

hold:

C =cel - Cep

with Cep given by (2.3.5).

An increment 'Of of the restoring stress will correspond to the virtual force field 'Ocr.

An application of the theorem of second order virtual work yields:

Ox 'Of = J~1 0£:8cr dV = JV o£:Cel :0£ dV - Jv 8£:cep :8e dV
p

(4.2.6)

From the associative flow rule (2.3.3b) it can be proved that the following relationship

holds between oe and the increment OEl' of the permanent deformation:

cel :OEP =Cep :8e

Substituting in (4.2.6) an expression for Of is obtained:

Of =ix JV oe:Cel :8£ dV - ix JV 8e:cel :OfP

4-3
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(4.2.9)00 2 eq -

Equation (4.2.4) can now be rewritten as:
T

xl (x ,t)dt = .L.I.I~c....&...!!:'-

x 2dto
Substituting now equation (4.2.8) into (4.2.9) an expression for the equivalent

frequency in terms of the history of plastic deformation is obtained:

f: xdt to -& [voe:cel :oe dV _ f: xdt to-b f v oe:Cel :oeP dV
OO}q = r uX

JT
P (4.2.10)

mJox 2dt m ox 2dt

The first tenn on the right hand side of the equation above represents the equivalent

frequency corresponding to the case where no plastic deformation takes place, and it

is therefore equal to the damaged frequency of linear oscillations 002. Dividing

through by ro2 and rearranging, the final expression is obtained:

°_1 _ OO}t _ f: xdt to-& fpe:C
el

:oeP dV (4.2.11)
p - 00 - m oo2J 0 x 2dt

This proves Proposition 4.1.

Thus when the equivalent frequency OOeq is compared with the frequency co of the

linear vibrations of the damaged body the result, which has been called plastic

softening Op, is an average in space and in time of the plastic strain. Recalling

equation (2.3.5) for Cep, it should be pointed out that the plastic softening (4.2.11)

depends on the distribution and on the evolution of damage as well as on that of the

plastic strain. This should be expected as plasticity and damage are coupled even in

simplified models like the one described in Section 7.2.

4.3. Application of Proposition 4.1: Case of a Nonlinear Shear Building

Equation (4.2.11) may look unsuitable for practical application. The analysis of

simple structural systems will provide a physical interpretation. The first case

analyzed is that of a single degree of freedom nonlinear system with elastic unloading.

It will be assumed that damage and subsequent stiffness degradation have already

taken place. The degraded linear characteristics of the structural elements is thus used

\
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,
as reference and no coupling exists between plasticity and damage. The restoring

force f can be split into an elastic component f e and a plastic relaxation f p (Figure

4.1):

(4.3.1)

where k is the stiffness that the system exhibits in the linear regime (assumed equal to

that of the elastic unloading), while x and xp are respectively the total and the plastic

displacemen1.

keq =

The equivalent stiffness is obtained multiplying (4.2.4) by m:

T T T
X (x ,r)dt = k x 2dt k lip dt =k _ k

x 2dt x 2dt x 2dt
000

The plastic index op is therefore:

S =l~ 'j =l~!'!:L=lfxxpdt= <xoXp>
p k x 2dt <x .x >

o

(4.3.2)

(4.3.3)

The plastic softening op is therefore a measure of the correlation between the total and

the plastic deformation. As an example, an elastic-perfectly-plastic system can be

considered. If the time history of the strain is a sinusoidal wave x =x ocosT\t , the total

and the plastic strain can be drawn as in Figure (4.2). It can be seen that for small

values of the plastic strain the plastic softening will be negligible. As x 0 increases and

more plastic defoffilation appears the time history of x and of xp will tend to coincide

and the plastic softening will approach one. For any analytical model of structural

behavior op can be written as a function of the plastic strain developed. It can

therefore be used as a measure of ductility.

If a multi degree of freedom structure is analyzed, the procedure of equivalent

linearization can be thought of as substituting each nonlinear element with an

equivalent linear spring of stiffness given by (4.3.2). Under the assumption that the

modal shape remains unchanged, rolq can be computed using Rayleigh's method.

Consider for example the case of a n-storied nonlinear shear building. If Yi is the

displacement of the ith story in the damaged fundamental mode shape and hj is the

height of the story, the story drift at the ith level is:·
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and the ratio of Wtq over w2 is:

~ k ....,2
Wt I~ eq ,I II

~ = It. kiY?

Recalling that (equation (4.3.2))

k . =k· [1-( <Y'Ye > ).]
eq ,I I <y;y> I

the following expression for the plastic softening is obtained:

~ « Y'Ye > ) k 2
W 2 <...,~ j iYIo = 1 - ~ = _I= "_I~__-

P W It. ki Y?

(4.3.4)

(4.3.5)

(4.3.6)

(4.3.7)

The plastic softening is therefore equal to the weighted average of the ratio <Y,re> at<y,y>
each floor, hence of the ductility developed at each level during the interval

considered. The weights that relate the local values of ductility to the global index

represent the elastic strain energy stored in the damaged body.

The similarity between equation (4.3.7) and equation (3.3.9), where the final softening

is defined as an average of the local stiffness degradation, should be pointed out.
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(5.1.1)

, SECTION 5: DEFINITION OF FRAGILITY CURVES BASED ON GLOBAL

DAMAGE INDICES

5.1. Analysis of Seismic Structural Response

Post eanhquake damage assessment involves decisions regarding the future of the

building, such as whether the building is safe or needs some actions, ranging from

cosmetic repairs to demolition. In a model for the analysis of seismic damage these

decision will correspond to different limit states. The decision to undertake a

particular action is then equivalent to assessing whether the corresponding limit state

has been trespassed or not.

Parameter-based global damage indices have been introduced above as a measure of

seismic structural damage. It has been shown that the maximum softening, as defined

in equation (2.2.3), repeated below:

B-1 (TO)initial
M - - (To)max

depends on the combined effect of stiffness degradation and plastic deformations.

In order to use the maximum softening to measure global damage, a quantitative

relationship must be established between the numerical value of the index, as obtained

from strong motion records, and engineering features of damage. as reponed by post

earthquake inspection and analysis.

Seismic response data from damaged structures must thus be analyzed.

Unfortunately, there are very few records from buildings that have been damaged

during an eanhquake. In order to find a sufficient number of structures, it is necessary

to resort to seismic simulations on shaking tables. Such experiments are particularly

useful for model validation, because of the following reasons:

(a) The structural models tested are usually a physical realization of an engineer's

concept. Most structures analyzed in the following are designed and built so that

their behavior is as close as possible to that of a moment resisting frame,

sometimes in parallel with other structural elements such as a shear wall. Their

response is thus very close to the analytical predictions. Furthermore, in most
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cases lateral and torsional motion are prevented. The only motion possible is

then parallel to the direction of the excitation. This reduces the number of

degrees of freedom and simplifies the damage analysis.

(b) The structural models are extensively insoumented. Consequently it is possible

to compare the perfonnances of the method to be validated with the

performances of other methods.

(c) Each structural model is used for several simulations with different levels of

earthquake intensity, thus providing a large amount of data from a single

structure.

5.2. Description of the Test Structures

A particularly interesting program of shaking table experiments has been realized at

the University of Illinois at Urbana-Champagne (VIVC) by Sozen and his associates

(Healey and Sozen, 1978, Abrams and Sozen, 1979, Cecen, 1979, Sozen, 1981). The

experiments analyzed here come from a population of seven structures (Table 5-1),

which may be considered grouped into two series. Each one of the first group of three

test structures was made up of two ten-storied frames working in parallel, with the

story weights positioned between. Test structures HI and H2 had a unifonn

distribution of story heights. The first and top story for the structure MFI were taller

than the other stories. Cross-sectional dimensions of the frame elements were the

same for all four test structures. The second group of test structures (FWl, FW2,

FW3 and FW4) comprised three elements, two ten-storied frames working in parallel

with a wall. For all test structures, the story mass weighed approximately 4.5 kN.

Each structure was tested at the University of lllinois Earthquake Simulator. Test runs

of a given structure included repetitions of the following sequence:

(1) Free vibration test to detennine low-amplitude natural frequencies.

(2) Earthquake simulation.

(3) Recording of any observable signs of damage such as cracking and spalling of

concrete.
\



,
TABLE 5-1: SHAKING TABLE EXPERIMENTS AT UIVC

model authors type of earthquake undamaged total number
strucLure exciLation first mode of runs

frequency (Hz)
MFI Healey and 1O-sLory,3-bay ElCentro 3.7 3

Sozen double frame (1940)
(1978) tall firsL story

FWI Abrams and 10-story,3·bay El Centro 4.3 3
Sozen double frame + , (1940)
(1979) wall

heavily
reinforced wall

FW2 " 10-story,3-bay ElCentro 4.5 3
double frame + (1940)
wall
lightly
reinforced wall

FW3 " 10-sLory, 3-bay Taft 4.0 3
double frame + (1952)
wall
lighLly
reinforced wall

FW4 " 1O-story, 3-bay Taft 5.2 3
double frame + (1952)
wall
heavily
reinforced wall

HI Cecen and lO·story, 3-bay ElCentro 2.2 3
Sozen (1979) double frame (1940)

weak beams
H2 Cecen and 10-story, 3-bay EICentro 2.7 7

Sozen (1979) double frame (1940)
weak beam
design
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This sequence was repeated with the intensity of the eanhquake simulation being

increased in successive sequences. For all but one (H2) structure, the first earthquake

simulation represented the "design" level.

The natural frequency of a structure's linear oscillations can be estimated from the

strong motion records. In the case of real-world buildings it must be assumed that no

prior infonnation about the structure is available and that the undamaged natural

frequency must be estimated from the strong motion records. In Table 5-2 the

fundamental frequencies estimated by the experimenters from free vibration tests are

compared with those estimated from strong motion records. The general trend in both

cases is toward a decrease in the fundamental frequency after earthquake simulation

tests and subsequent damage. The frequencies estimated from strong motion records

are lower than those estimated from free vibration tests, with the exception of the FW

structures. This is due to the different amplitude of the oscillations of the structure in

the two cases. Nonlinearities do not appear abruptly in structural behavior. A rather

smooth change in the response can be observed as the amplitude of the oscillation

increases. This accounts, for instance, for the difference that is found between the

frequencies estimated from forced and from ambient vibration measurements. The

values of the initial fundamental frequencies estimated for the FW structures are close

to the values that the experimenters had computed analytically (Sozen,1981).

5.3. Practical Analysis of Strong Motion Records

In order to estimate the equivalent linear parameters of a structure, records from the

basement and from some upper level are needed. The basement record is used as

input to a numerical model that is equivalent to the original structure in the Maximum

Likelihood sense (DiPasquale and Cakmak, 1987). As the actual structure is

nonlinear, the equivalent linear model must be time variant. Therefore, the interval of

duration of the earthquake is divided into segments (time windows) of appropriate

length, and the parameter estimation is perfonned separately for each of these

windows. The analysis of the VIVC database has been described in detail in a

previous report (DiPasquale and Cakmak, 1988). As an example, Figure 5.1 shows,

for the structure FW 1, run 1, the acceleration records analyzed and the corresponding

evolution of the softening of the structure, defined as
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Figure 5.1: Acceleration Records and Evolution of
Softening for the Structure FWl, run 1

5-5



TABLE 5-2: FUNDAMENTAL FREQUENCY (HZ) AFTER TEST RUNS
structure run frequency frequency

(free vibrations) (earthquake records)
MFI iniLial 3.2 3.7
MFI I 2.9 2.2
MFI 2 2.3 1.9
MFI 3 1.9 1.2

FWI initial 3.4 4.3
FWI I 3.7 2.7
FWI 2 3.1 1.9
FW2 3 2.9 1.9

FW2 initial 3.3 4.5
FW2 I 3.2 3.0
FW2 2 3.1 2.0
FW2 3 nr1 1.8

FW3 iniLial 3.2 4.0
FW3 I 3.3 2.7
FW3 2 2.7 2.4
FW3 3 2.7 2.4

FW4 initial 3.2 5.2
FW4 I 3.0 3.1
FW4 2 2.8 2.1
FW4 3 2.2 1.9

HI initial 3.0 2.2
HI I 2.2 1.3
HI 2 1.8 0.91
HI 3 nr1 0.61

H2 initial 4.4 2.7
H2 I 3.3 2.2
H2 2 2.6 1.8
H2 3 2.3 1.8
H2 4 2.3 1.6
H2 5 2.0 1.4
H2 6 1.9 1.3
H2 7 nr1 0.9

1 not reponed.
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(5.3.1)

\
where the subscript i indicates the ith window considered, and (To)j the respective

equivalent fundamental period estimated.

The analysis of each window can be divided into two phases. First the order of the

model, i.e., the number of modes whose parameters are estimated, is detennined

(model identification). Then the parameters are estimated using maximum likelihood

techniques. If the effect of the input noise is neglected, the estimation of the modal

parameters using the Maximum Likelihood criterion reduces to matching the recorded

acceleration of the upper floor with the output of the modal model considered.

Experience shows that one-mode models may sometimes match the observed motion

very poorly, although the estimates of the fundamental frequency are very close to

those obtained using higher order models. Two-mode models usually can be fit to the

output with very good results, while three-mode models are very difficult to treat, due

to the large numbers of parameters involved. Figures 5.2a and 5.2b show the graphic

output of the estimation program (MUMOID) (see DiPasquale and Cakmak, 1987) for

the structure FW4, run 2, time window between 1 sec and 2 sec. Four plots are

provided in the standard graphic output of MUMOID: basement (input) motion,

observed upper level motion (continuous line) and predicted upper level motion

(dotted line), prediction error and autocorrelation function of the prediction error. In

Figure 5.2a, only one mode is used to fit the data, resulting in a poor match. In Figure

5.2b a two mode model is used with an apparent improvement.

In the computation of the maximum softening there are two sources of error. The first

source of error is the uncertainties involved in the computation of (T O)max' When the

structure is in the nonlinear regime, the equivalent linear parameters vary with time.

The values estimated depend upon the particular time window selected. In addition,

some statistical errors would be present even in the case of purely linear structures.

When the structure is in the linear regime it is possible to obtain approximate

expressions for the covariance matrix of the parameter estimates (DiPasquale and

Cakmak, 1987). When nonlinearities are present, these same expressions will give

infonnation on the accuracy of the estimates computed.
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(5.4.1 )

,
The second source of error lies in the uncenainties in the values of (TO)inilial selected.

In the analysis presented here, (T OLlilial has been estimated from the eanhquake

records relative to the first run, as would be the case if a real structure was analyzed

and no prior infonnation was available. In order to estimate (TO)jniJial' it is imponant

that the structure's behavior is linear in the interval analyzed. Therefore, very shon

intervals close to the beginning of the record have been selected. For the structure H2,

for which the first eanhquake had a much smaller intensity than for the other

structures, the "initial" time window was chosen so that the intensity of the input

motion considered was the same as the intensity of the corresponding windows for the

other structures.

5.4. Definition of Fragility Curves

A fragility curve gives the probability of exceedance for a given limit state as a

function of a measurable structural parameter. From the analysis of the VIVC

database, the authors (DiPasquale and Cakmak, 1988) have defined a fragility curve

for the structural serviceability limit state. The probability of exceedance of the

serviceability limit state is shown in Figure 5.3 as a function of the maximum

softening. It represents the probability of the onset of structural damage, given the

value of the maximum softening estimated from the strong motion records.

Funher analysis of the VIUC database allows us to relate global damage indices (in

particular, the maximum softening OM) with local quantities, namely the maximum

interstory ductility developed during the strong motion. A set of fragility curves,

relative to a sequence of limit states, can thus be defined.

Towards this goal, the maximum interstory ductility experienced by the structures

during the earthquake simulation tests must first be evaluated. In the following, the

ductility Ili developed at the irh level will be defined as

YiIli =Yy

where Yi is the maximum story drift observed for the irh story and Yy is the yielding

drift of the story element, which in this case can be assumed to be equal for all stories.
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The experimenters reports provide us with the maximum interstory drift observed

during each run. The experimenters' reports also provide us (cfr. for instance Cecen,

1979) with an idealized trilinear characteristic for the story element considered,

whence Yy can be approximately evaluated. The value used in the following study is

Yy =0.5% (5.4.2)

Such a value for the yielding ductility is very sound from an engineering point of

view, and is consistent with other authors' studies (e.g. Okamoto, 1984, or Sozen,

1981 ).

In the range of values observed in the VIVC database, the maximum interstory

ductility ~ and the maximum softening OM show an excellent correlation (Figure 5.4).

The scatter of the data suggest that a linear model

(5.4.3)

can well describe the relationship between the maximum softening and the maximum

ductility in the range 1 S ~ Sll, which corresponds to light to critical structural

damage. The values estimated for the parameters ex and ~ of the regression are:

ex =-7.002

j3 = 21.64

with standard deviations:

O'a= 1.181

O'p = 1.986

For simplicity the covariance O'ap of the regression parameters has been neglected. ex

and ~ are therefore treated as independent random variables.

In order to define a set of fragility curves, an engineering definition of structural limit

states must be used. All along in the field of structural damage prediction, the

interstory ductility or the interstory drift have been associated to different degrees of

damage. Sozen (1981) proposed that the maximum story drift be considered as the

controlling parameter in the seismic damage of reinforced structures. The inherent

randomness of the phenomenon led him to suggest an acceptability quotient A based

ony
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A - (5 - 2)')- 4 (5.4.4)

In the equation above, 'Y is the maximum story drift in percentage and A

(0 SA S1) represents the fraction of structures that are expected to remain safe after

experiencing a story drift equal to 'Y. For example, a story drift of 0.5% will be always

acceptable, whereas in as many as three-fourths of the cases a story drift of 2% will

provoke damage.

Aktan and Benero (1985) defined five limit states representing nonstructural damage,

slight structural damage, moderate structural damage, severe structural damage and

collapse as a function of the observed ductility ratio. Jaw and Hwang (1988) used this

definition of limit states for a seismic reliability study of reinforced concrete structures

using Montecarlo simulation. The value of interstory ductility at which the limit state

is exceeded is assumed to be a 10gnormally distributed random variable with median

IlR and coefficient of variation ~R' The median value IlR and the coefficient of

variation ~R corresponding to each limit state are indicated in Table 5-3.

In this study, it is assumed that the values of Table 5-3, in principle valid only for

shear wall structures, can be extended to the analysis of a general reinforced concrete

structure. Further, in this preliminary phase of the research, the limit state is assumed

to be determined by a value of the maximum interstory ductility IlR equal to ~R , Le.

the coefficient of variation relative to a limit state is assumed to be negligible.

For the purpose of damage detection, the maximum softening OM is estimated from

the analysis of strong motion records. An expected value ~ for the normalized

intensity is easily computed:

(5.4.5)

The uncertamties present in the problem can be easily taken into account if it is

assumed that a and ~ are independent random variables with means ii and f3 and

standard deviation O"u and O"~. The variance of the maximum interstory ductility will

then be:
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Table 5-3: Ductility Capacity

Limit State - PRIlR

(l) Nonstructural Damage 1.0 0.3

(2) Slight Structural Damage 2.0 0.3

(3) Moderate Structural Damage 4.0 0.3

(4) Severe Structural Damage 6.0 0.3

(5) Collapse 7.5 0.3
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(5.4.6)

In this model, the maximum imerstory ductility Il is a gaussian random variable. It is

possible to compute the probability that the interstory ductility IlR, relative to any of

the liinit states of Table 5-3, has been exceeded:

-
P [ Il > IlR I jl] = erf ( IlR -Il )

cr~
(5.4.7)

For each of the limit states considered, it is now possible to draw a fragility curve,

which gives the probability of exceedance of the limit state considered as a function of

the maximum softening estimated from strong motion records (Figure 5.5). It should

be pointed out that the fragility curve, relative to the limit state of light structural

damage (IlR =2) practically coincides with the structural serviceability fragility curve

of Figure 5.3.

5.5. Application to Simulated Earthquake Response

The model described above enables the investigator to predict the maximum interstory

drift, which is a local quantity that cannot, in general, be measured, from the

maximum softening, which can instead be estimated from earthquake records. The

expected value yof the interstory drift y, defined as the ratio between the maximum

interstory displacement and the story height, would be given by:

y= -0.0351 + 0.1 0820M (5.5.1)

The simulated response of a nonlinear multi-degree of freedom structure, modelling a

typical reinforced concrete Japanese building was studied by Miyamura et. al. (1989),

within the joint research project between Princeton University and Kajima Corp.,

Japan. The building considered was a reinforced concrete, 12-story structure. The

resistance to lateral loads was provided by five 3-bay frames acting in parallel. The

structure was modeled as an equivalent bend-shear be,am, considering the nonlinear

characteristics of each frame. A trilinear model was chosen for the force-deformation

curves for a story element in each frame. The structure thus modeled is then subjected
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to eanhquake-like excitation. For this numerical experiments, the recorded motion at

the Tarumizu Dam, during the Miyagiken-Oki eanhquake (1978) was selected as

input motion. In order to simulate structural response to earthquakes of different

intensity, the recorded motion was multiplied by a constant amplification factor. Ten

different waveforms, ranging from peak acceleration Q max =O.18g (corresponding to

the original eanhquake wave) to Q max = 1.81g (for which the original wave had been

amplified 10 times) were then obtained. The maximum softening, as well as the

maximum interstory drift, were then obtained from the simulated eanhquake response.

Figure 5.6 shows the actual maximum interstory drift vs. the predicted, using equation

(5.5.1). As it can be seen, the agreement is very good. Figure 5.7 shows the fragility

analysis for the building in question. The model developed in this repon enables us to

give an assessment of the structural damage for each simulated eanhquake. In

panicular, we can that the structure experiences almost no damage for Q max<O.8g,

while slight to moderate damage occurs for higher intensity of the earthquake ground

motion, as it could be expected, given the very conservative design that is used in

Japan.
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Figure 5.7: Fragility Analysis for a Simulated
l2-Story. Reinforced Concrete Building
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SECTION 6: CONCLUSIONS

For the cases of elastic and of elasto-plastic damage, a relationship between

parameter-based global damage indices and local damage variables has been

established. This gives a theoretical (thermodynamic) foundation to such global

damage indices, and opens new areas of research. For the case of damage in

reinforced concrete structures, stiffness degradation can be related to microcracking of

concrete, and plastic deformation related to yielding of reinforcement bars. The

identification of such independent contributions, which can both be related to local

phenomena, will foster new and more effective models for damage analysis.

The results presented in this report, regarding the relationship between parameter

based global damage indices (the final softening Of) and local stiffness degradation,

can be also used in the analysis of aging structures. The degradation of the 10w

amplitude characteristic of existing structures can in fact be quantified by monitoring

the frequencies of vibration.

The relationship established between parameter-based global damage indices (in

particular the plastic softening Op) and the plastic deformation that is experienced by

the material at the local level can be of immediate use for damage assessment. Many

authors (see for example Chung et aI., 1988) relate plastic deformation of reinforced

concrete elements to the degradation of the element's strength. If an average measure

of the residual strength of a structure is obtained it will be possible to assess the

resistance of the structure to future load events.

Under the assumption of independence of the contributions of stiffness degradation

and of plastic deformation to the global damage state of a structure, only one damage

index, the maximum softening OM, is necessary to define the global damage state of a

structure. Hence, fragility curves, providing the probability of exceedance of

structural limit states as a function of OM, have been obtained. These curve can

provide a practical tool for post-eanhquake damage assessment of instrumented

buildings.
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