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ABSTRACT

Local, modal and overall damage indicators for reinforced concrete shear frames subject
to seismic excitation are defined and studied. Each storey of the shear frame is represen-
ted by a Clough and Johnston hysteretic oscillator with degrading elastic fraction of the
restoring force. The local maximum softening damage indicators are defined in a closed
form based on the variation of the eigenfrequency of the local oscillators due to the local
stiffness and strength deterioration. The modal maximum softening damage indicators
are calculated from the variation of the eigenfrequencies of the structure during the
excitation. The linear and nonlinear parameters of the local oscillators are assumed
to be known. Next, a statistical analysis is performed where a sample 5 storey shear
frame is subject to sinusoidal and simulated earthquake excitations. The shear frame
is subject to 30 independent simulations of the earthquake excitation which is modeled
as a stationary Gaussian stochastic process with Kanai-Tajimi Spectrum, multiplied by
an envelope function. Equations of motion of the storeys are solved by a Runge-Kutta
fourth order scheme where the local softening value is recorded. The modal maximum
softening indicators are calculated from the known instantaneous stiffness matrix which
is a function of structural properties and local damage. Alternatively, a Fourier analysis
1s performed for consecutive time-windows to measure the same evolution using the top
storey displacement. Finally, the relationship between local and modal damage indices
are investigated statistically.

1. INTRODUCTION

The purpose of this study is to derive a non-linear mechanical formulation to quantify
local, modal and overall damage in reinforced concrete (RC) multi-degree-of-freedom
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(MDOF) shear frames subject to earthquakes.

The physical local damage in RC structures subject to severe seismic excitation is attri-
buted to micro-cracking and crushing of concrete, yielding of the reinforcement bars and
bond deterioration at the steel-concrete interfaces. To the extent that RC structures
can be modelled by non-linear mechanical theories, local damage at a cross-section of
the structure can adequately be measured by the degradation of bending stiffness and
moment capacity of the cross-section. In a shear frame, this is numerically tantamo-
unt to a reduction in the column stiffnesses. Overall effect of all local damages is the
stiffness and strength deterioration of the structure. A global damage indicator can
then be defined as a functional of such continuously distributed local damages which
characterize the overall damage state and serviceability of the structure.

Local and global damage indicators are response quantities characterizing the damage
state of the structure after an earthquake excitation, and such can be used in decision-
making during the design phase, or in case of post-earthquake reliability and repair
problems. In serving these purposes, the damage indicators should, at least, be obser-
vable for practical purposes, be a non-decreasing function of time unless the structure
is repaired or strengthened, possess a failure surface (serviceability or ultimate limit
state) to separate safe states from the unsafe ones and carry Markov property so that
post-earthquake reliability estimates for a partly damaged element or structure can be
estimated solely from the latest recorded value of the damage indicator.

The maximum softening damage indicators (MSDI) measure the maximum relative re-
duction of the vibrational frequencies for an equivalent linear system with slowly varying
stiffness properties during a seismic event, hence, display the combined damaging ef-
fects of the maximum displacement ductility of the structure during extreme plastic
deformations and the stiffness deterioration in the elastic regime, the latter effect being
referred as final softening. The introduction of the one-dimensional modal MSDI based
on an equivalent linear single-degree-of-freedom (SDOF') system fit to the first mode
of the RC building as a global damage indicator is due to DiPasquale and Cakmak
(1990). The excitation and displacement response time series of a single position on
the building are the only required observations for the one-dimensional modal MSDI.
The applicability of the index was analysed based on data from shake table experiments
with RC frames performed by Sozen and his associates (Cegen 1978, Healey and Sozen
1979). Limit states for slight damage to total collapse were calibrated using this data
and the performance of the index was tested for partly damaged structures which had
been instrumented in the past. The modal MSDI concept has also been generalized
to MDOF models along with the associated damage localization problem Nielsen et al.
(1993). The Markov property of the modal MSDI chains for SDOF and 2DOF mo-
dels was tested numerically by means of Monte Carlo simulations, Nielsen et al. (1992,
1993), and it was concluded that the modal damage indicators fulfill Markov property
with sufficient accuracy. The prediction of global and localized damage and the future
reliability estimation of partly damaged RC structures under seismic excitation were
studied recently, Koyliioglu et al. (1994). A hysteretic model is suited to the first mode
such that the first mode is modelled as a Clough and Johnston hysteretic oscillator,
(Clough and Johnston, 1966), with degrading elastic fraction of the restoring force, su-



bject to seismic excitation. The linear system parameters are assumed to be known,
measured before the arrival of the first earthquake from nondestructive vibration tests
or via structural analysis. Previous excitation and displacement response time series is
employed for the identification of the instantaneous softening using an ARMA model.
The two free hysteresis parameters are updated after each earthquake from a system
identification procedure where a weighted error criteria defined on instantaneous softe-
ning and the displacement response time series is employed. The performance of the
model is illustrated on RC frames which were tested by Sézen and his associates.

Damage indicators based on the changes in the natural frequencies of structures have
also been used by other researchers, e.g. Hassiotis and Jeong (1993), Jajela and Soeiro
(1990). Both studies are performed to determine the local damage based on information
about the changes in the eigenfrequencies of the structure. Hassiotis and Jeong (1993)
proposed a quadratic optimization formulation to solve the arising undetermined equa-
tions with a suitable optimization criterion. They concluded that reduction in stiffness
- up to 40 percent at single and multiple sites can be detected when perfectly measured
data is used. It is also noted that when the data used is polluted randomly, light damage
cannot be detected.

Rahman and Grigoriu (1994) related the hysteretic behaviour of the storey columns to
the storey level degree of freedom analytically. They derived these relationships using
hysteretic constitutive laws and quantified damage using an energy-based rule. Based
on numerical studies, it is concluded that the global model, the storey level one, provides
good estimates of seismic response quantities compared to the local model, the storey

columns.

In this paper, the hysteretic model proposed in Koéyliioglu et al. (1994) is generalized
for MDOF systems to calculate local damage by representing each storey of the shear
frame as a Clough and Johnston hysteretic oscillator. The local MSDI is then defined
in a closed form based on the variation of the eigenfrequency of the local oscillators due
to the local stiffness and strength deterioration. In what follows, the MDOF hysteretic
model for RC shear frames is derived and numerical analysis is carried out for a sample
5 storey shear frame subject to sinusoidal and earthquake excitations with the same
energy content and different frequencies matching the first three modes. The linear
and nonlinear parameters of the local oscillators are assumed to be known. The linear
parameters can be calculated from structural analysis or nondestructive testing. The
nonlinear parameters can be obtained from experimentation and/or analytic derivations
as given in Rahman and Grigoriu (1994). This uses the fact that all storey level mass is
lumped at the storey level and a single degree of freedom is assigned for the storey dis-
placement which is the displacement of the tip of the columns carrying the storey. The
shear frame is subject to sinusoidal input and simulations of the earthquake excitation
which is modeled as a stationary Gaussian stochastic process with Kanai-Tajimi Spe-
ctrum, multiplied by an envelope function. Equations of motion of the storeys are solved
using a Runge-Kutta fourth order scheme where the local softening value is recorded.
The modal maximum softening indicators are calculated from the known instantaneous
stiffness matrix which is a function of structural properties and local damage. Instanta-
neous global stiffness matrix is known for design purposes and changes locally when a
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yielding occurs. For post-earthquake analyis, alternatively, performing a Fourier analy-
sis for consecutive time-windows to measure the evolution of modal softening using the
ground excitation and the top storey displacement time series relative to the ground
surface is suggested, Mullen et al. (1995). Finally, the relationship between local, modal
and overall damage indices are investigated statistically.

2. HYSTERETIC MODEL FOR MDOF SHEAR FRAMES
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Figure 1. MDOF shear frame with local hysteretic Figure 2. Clough-Johnston hysteretic model.
oscillators.

Consider an n storey RC shear frame. The relative displacement between the :th and
(1 4 1)th storeys is designated as z; and z; signifies the displacement of the first storey
relative to ground surface excited by the horizontal acceleration t,4, see Figure 1. For
simplicity, the time dependence of z, i, etc. is not explicitly shown in the following
notation. With reference to the shear model shown in Figure 1, the relative displacement
z; between the :th and (2 4+ 1)th storey is assumed to cause a shear force of magnitude
@im; where m; is the storey mass. The equations of motion in terms of the relative
displacements can be written as

Iy = Q2 — Q1 — Uy , t>0
ii:#i-FlQi'i‘l_(Ni+1)Qi+Qi—la t>0 ) i:2737"')n_'1 (1)

2;(0) = 23(0) =10 , 1=1,2,---,n



o . i=23,-,n (2)
mi—1

Qi = 2(o,iwo,iT; + wg,i(aizi + (1 - ai)zi) , 1=1,2, N (3)

i =k(zi, 25, Diszo ) , >0 , =z(0)=0 , ¢=1,2,-+<,n (4)

D; = g(&i,2i;20,)%; , t>0 , Dy(0)=Dg; , i=12,---,n (5)

a; = %’“’" , i=1,2,---,n (6)

1

k(.’i:i,zi,Di;Zo’i) = H(zi){AiH(ii)(l — H(zi — Z(),,')) + H(-—:l.:i)}-{—

H(—zi){AiH(—:ﬁ,')(l = H(—Z,' — zgyi)) + H(mz)} , v=12,%:,n (7)

g(:i:z-,zi; ZO,i) = H(:EJH(Z, & zO,i) e H(-——i‘i)H(——Zi — Zo’,’) 3 1= 1,2, e, n (8)

20,1
! =1,2.-
z0i+ D; ' PE LS, (9)
. 1, z>0
H@) =10 . s<0 (40)

Equation (1) is derived using Newton’s second law of motion. Equation (2) defines
p; which is the ratio of the lumped mass at the two consecutive storeys. 2(p iwo im;
and wg’imi appearing in equation (3) without m; are respectively the linear viscous
damping coefficients and initial elastic spring stiffnesses between the storeys. a;(D;)
is the elastic fraction of the restoring force which is a function of damage. z; is the
hysteretic component which is modelled using the Clough-Johnston hysteretic model
of Figure 2. z; = +z0,; , zi = —2,; signify the yield levels. k(i,‘,Zi,D,‘;Zg’z') is a
nonanalytic function describing the state dependent stiffness of the hysteretic model on
the component z;. The stiffness degrading hysteretic constitutive law of the model can
be represented as shown in Figure 2. The Clough-Johnston model deals with the stiffness
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degradation by changing the slope A; of the elastic branches as the accumulated plastic
deformations D} and D] at positive and negative yielding, increase as shown in Figure
2. D; = Df + Dy is the total accumulated plastic deformations. Hence, D; represents
the damage between (z — 1)th and :th stories in the actual RC structure. For loading
branches, the slope A; is selected such that the elastic branch always aims at the previous
unloading point with the other sign. At unloadings, the slope is 1. Dy ; is the initial
value of the total accumulated damage which is zero before the first earthquake hits
and is assumed to be determined from previous earthquake and displacement response
records for the succeeding earthquakes. H(z) is the unit step function.

A novelty of the present model stems primarily from the modelling of ai(Di) as a non-
increasing function of the damage parameter D;. Since, a;(D;) measures the fraction
of the restoring force from linear elastic behaviour, this fraction must decrease as larger
and larger parts of the structure become plastic. Note that for an undamaged structure,
@;(D;(0)) = 1, and, unless there is damage, still o;(0) = 1. The dependency of a;(D;)
on D; as indicated by (6) has been selected to fulfill this boundary condition. The
relative success of the model (1)-(10) in reproducing actually recorded displacement time
series in the earlier work of the authors is primarily due to this modelling, Koylioglu

et al. (1994).

Thé hysteretic parameters zp i, ng,; should be identified using time-series data of expe-
rienced seismic event and system identification or via laboratory testing. The linear
parameters can be obtained from a structural analysis or via nondestructive testing.

It should be noted that the Clough-Johnston hysteretic model was originally designed
for RC beams. The differential description of the model was first introduced by Minai
and Suzuki (1985) for SDOF systems.

3. MODAL MAXIMUM SOFTENING DAMAGE INDICATORS

The instantaneous modal softening for the jth mode, §;(t), of the structure is defined
as, Cakmak et al. 311:12 .

5;(t)=1- % (11)

where Tp ; is the jth period of the linear structure and T}(t) is the jth period of the equi-
valent linear structure with slowly varying stiffness characteristics during an earthquake
excitation. Tp ; is usually known from previous structural analysis or nondestructive
experimentation of the structure and Tj(¢) can be either calculated from the instan-
taneous global stiffness matrix, if available for design purposes, or estimated from the
excitation and displacement response time series after an earthquake using a system -
identification procedure. For example, system identification can be performed in the
frequency domain. This requires a Fourier analysis for consecutive time windows to
measure the evolution of the eigenfrequencies of the structure.
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The jth modal MSDI éps,; is defined as the maximum of §;(¢) during the seismic exci-
tation.

6M,j = max 6_,‘(75) ; ] = 1,2,--' , (12)

Hence, jth modal MSDI is a numerical value in between 0 and 1, 0 showing no damage
and 1 denoting total loss of stiffness in the corresponding mode, that is the full-collapse.

4. LOCAL MAXIMUM SOFTENING DAMAGE INDICATORS

In the hysteretic model for the ith relative displacement, the instantaneous slope of the
hysteretic curve defines the variations of the instantaneous period. For Clough-Johnston
model, instantaneous slope is A;(t) for loading branches, 1 for unloading branches and
0 when yielding occurs. Considering these zeros and ones, instead of instantaneous
- softening an average softening value is defined using the average slope m; in a hysteresis
loop, the slope of the line through extreme points, see Figure 2.

220 7
R = : 1
m 2z, + D;(t) (13)

1

The loop-averaged softening S;(t) is defined as

220,’ ’
; =1 ——— (1 — o i , =1,2’...,
Si(t) \/220,i+Di( ai)+a Z n (14)

Si(t) is a local damage indicator displaying the damaging effects of the local plastic
deformations. As seen from (14), S;(¢) is non-decreasing during a seismic event and
fully correlated to total accumulated plastic deformation D;(t). It should be noted that
both D; and «; are time and damage dependent.

The ith local MSDI Syy; is defined as the maximum of S;(¢) which is the final value of
S;(t) during an earthquake.

Sm,i = max Si(t) , te=1,2,:~,m (15)

The local damage indicator, S;(t), takes on numerical values between 0 and 1, 0 denoting
no local damage and 1 meaning total collapse of columns under the ith storey. Moreover,

the local stiffness reduction percentage is functionally related to S;(t) as (1 — Si(t))Q,
e.g. Si(t) = 0.4 means that the local stiffness has been reduced to 36 percent of the
initial local stiffness at the ith storey.

5. OVERALL MAXIMUM SOFTENING DAMAGE INDICATORS

A scalar numerical overall damage indicator can be defined as a function of modal
or local damages. Overall damage indicators are basically averages of the local or
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modal MSDI and are defined to serve for preliminary damage analysis after earthquake
excitations. It should be noted that the overall MSDI does not uniquely represent the
damage distribution of the structure.

Two scalar numerical overall MSDI are proposed. The first one, overall MSDI based
on modal MSDI 4, is defined as the weighted average of modal MSDI with weights
defined as the absolute value of the modal participation factors 8;, j = 1,2,--- ,n. The
weights are chosen as |(;| based on the fact that the modal participation factors denote
the contribution of the modes in the overall response in the linear case.

Zn: 856,
=1

o (16)
; 1551

St =

S is called the overall MSDI of the first type. Although the maximum of ¢; do not take
place at the same instant for all the modes during the seismic excitation, for simplicity
by follows the definition given above.

Anbther overall MSDI S M 1s defined as the numerical average of the local MSDI Syy,;.

s 1
S =~ > S (17)

S is called the overall MSDI of the second type in this paper.

6. THE EVOLUTION OF EIGENFREQUENCIES

The evolution of the eigenfrequencies during a seismic event is needed to calculate the
modal MSDI. These can be computed if the instantaneous stiffness matrix is known.
For design purposes, since the local damage can be computed from the model at any
time instant, the instantaneous local softening can also be estimated and the global
stiffness matrix can then be constructed. The local stiffness degradation is related to

the local MSDI as

ki(t) = ko :(1 — Si(t))? (18)

where k;(t) is the instantaneous stiffness of the ith storey. Using such instantaneous
local stiffnesses, the instantaneous global stiffness matrix K(¢) can be assembled and
an eigenanalysis can be performed to calculate modal MSDI 6y ;.

Alternatively, for post-earthquake damage evaluations, a Fourier analysis can be perfor-
med using the base acceleration and top storey displacement time series. This further
requires moving time-windows since the evolution of the eigenfrequencies are searched.



In the Fourier analysis, the freqency response function is evaluated and eigenfrequencies
are determined approximately from the peaks of this function.

7. NUMERICAL INVESTIGATIONS

A five storey RC shear frame is used to demonstrate the abilities of the hysteretic MDOF
model to .detect and quantify local, modal and overall damage in shear frames subject
to severe excitations.

All storeys are assumed to have the same mass, stiffness and damping characteristics.

Thus, p; = 1 and the frequencies, damping ratios of the local oscillators are taken as

wo,i = Tm Hertz, (o,; = 0.03 for ¢« = 1,2,--- ,n. The nonlinear parameters are also

assumed to be the same for all storeys and taken as z;; = 24 mm and ng; = 0.8 for

1=1,2,--- ,n. The yield level 24 mm is found to be reasonable by the authors since it
correponds to a horizontal strain of 0.008 for a storey of height 3 m.

b) | \( %4

7777, S 77777
First mode Second mode Third mode

Figure 3. a) 5 DOF model for 5 storey RC shear frame. b) The first three mode shapes.

With these parameters, an eigenvalue analysis is performed, the modal eigenfrequencies
and modal damping ratios of the undamaged structure are determined. The mode
shapes of the first three modes are given in Figure 3.b, eigenfrequencies, periods and
modal damping ratios are listed in Table 1.
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Table 1. Eigenfrequencies, periods and modal damping ratios
of the 5 storey shear frame

Mode Number Frequency (Hertz) Period (sec) Damping Ratios
1 0.996204 1.003811 0.008539
2 2.907905 0.343890 0.024925
3 4.584025 0.218149 0.039292
4 5.888775 0.169815 0.050475
5 6.716451 0.148888 0.057570
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Figure 6. The sine ground acceleration (normalized to g) exciting the second mode and the response

of the structure in terms of relative displacements z;(¢) in mm.
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The structure is first subject to 3 different sinusoidal loadings as horizontal base ac-
celerations with increasing amplitude and different frequencies, see Figures 4, 6 and 8.
These excitations are chosen to excite the first, second and the third mode respectively.
The sine excitations reach an amplitude of 1¢g after 10 seconds and the system is let
to eigenvibrations after that to observe the eigenvibrations with a large period due to
damage and softening in the local oscillators.. Local, modal and overall MSDI of the
first and second types are calculated for each input and the results are tabulated in

Tables 2 and 3.

Table 2. Sine excitation and the local MSDI and overall MSDI of second type

Excitation Sm Shr,2 Saa Sma Sms S
0.1 tsin(1.00 = 6.2832 ¢) 0.506 0.465 0.287 0.097 0.000 0.271
0.1 tsin(2.92 * 6.2832 t) 0.136 0.000 0.000 0.114 0.010 0.052
0.1 tsin(4.58 = 6.2832 t) 0.006 0.000 0.018 0.000 0.028 0.010

Table 2 shows that the maximum damage takes place if the first mode is excited when the
amplitudes of the 3 excitations are the same. This is the utmost dangerous excitation for
the structure. Figures 4, 6 and 8 show the excitation i,(¢) normalized to gravitational
constant g and the response of the structure in terms of relative displacements z;(t)
in mm. Figures 5, 7 and 9 are the corresponding instantanous local softening values
Si(t). All of these six figures and Table 2 are consistent with the mode shapes. The
first mode shape leads to the fact that the first storey relative displacement should
be maximum and the maximum damage should take place in the lower part of the
structure, especially in the first storey when the first mode is excited. Second mode
shape describes the behaviour observed in Figures 6 and 7 that the maximum damage
should take place at the first and fourth storeys where the second eigenvector has big
relative changes in the components. Third mode shape fits to the results presented in
Figures 8 and 9 that the damage distribution follows the shape of the third eigenvector.

Table 3. Sine excitation and the modal MSDI and overall MSDI of the first type

Excitation 6,1 6.2 6M.3 6,4 6,5 bm
0.1 ¢sin(1.00 * 6.2832 t) 0.435 0.296 0.327 0.277 0.122 0.379
0.1 tsin(2.92 * 6.2832 t) 0.068 0.089 0.036 0.042 0.034 0.067
0.1 ¢sin(4.58 * 6.2832 t) 0.007 0.009 0.017 0.009 0.009 0.010

The evolution of the modal MSDI for the sine excitations are given in Figures 10, 11 and
12 and the maximum modal MSDI are tabulated in Table 3. These are calculated from
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the instantaneous global stiffness matrix. From Table 3, it is clear that the sine excitati-
ons for the first, second and third modes yield maximum damages in the corresponding
modes compared to the other modes. The first mode excitation is the most dangerous
for the structure causing an overall modal MSDI of the first type of magnitude 0.379.
The evolution of the modal MSDI is also estimated from the base acceleration and top
storey displacement time series relative to the ground using a Fourier analysis, with
moving time windows of length 5 sec, from the peaks of the frequency transfer function
as 0.45, 0.35 and 0.30 for the first three modes in the first sine excitation. These results
are close to the exact results, thus, the method can also quantify modal damage from
earthquake records.
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The hysteresis loops of z; and z;, 1 = 1,2,---,5 in the first, second and third sine’
excitations are shown in Figures 13, 14 and 15. These are given to show the energy
absorbtion in each of these ground excitations and all of these figures are consistent
with the form of the mode shapes, e.g. maximum energy is absorbed in the lower part
of the structure, especially in the first storey level, when the first mode is excited. This
also shows that the damage models based on energy-absorbtion are highly correlated to
the local MSDI based on the changes in the eigenfrequency of the local oscillators. It is
concluded from the sine runs that the model is robust in the consistent quantification
of damage.

Next, earthquake excitations are studied and a statistical analysis is performed to relate
local and modal damage indicators. The ground excitation, ti,(t) is modelled as a
stationary stochastic Gaussian process V(t) with Kanai-Tajimi spectrum multiplied by
an envelope function E(t).

iig(t) = BV (1) (19)

cit , t <ty
E(t) = { (20)

CZE—Ca(t—to) g i >ty

4 2,2, 2
wy +4 gWaw 3
2 22 SN
(W? —w?2)? +4¢%wiw

Svy(w) = (21)

For all the earthquakes applied, ¢, = 7 sec, (; = 0.3, Sy = 1 m? sec? and the other
envelope and spectrum parameters wy, c1, ¢z, c3 are given below for different types of
earthquake simulations. It should be noted that a match in wy and the jth frequency
of the structure denotes an earthquake exciting the j7th mode the most. Three different
types of ground motions with statistically equivalent energy contents are utilized for
excitation purposes. These are named as Type A, B and C. The parameters for Type
A are w, = 6.6 Hertz, c¢; = 0.005 sec™!, ¢ = 0.035 , c3 = 0.2 sec™!. The parameters
for Type B and C are respectively w, = 19.2 Hertz, ¢; = 0.00292 sec™!, ¢, = 0.02044 ,
cs = 0.2 sec™! and wy = 30.3 Hertz, ¢; = 0.00233 sec™!, ¢; = 0.01631 , c5 = 0.2 sec™!.
In these earthquakes Kanai-Tajimi spectrum hits to its maximum value at the first,
second and third frequency of the structure respectively, thus these modes are excited
the most, see Figure 16. The simulation of the stationary Gaussian stochastic processes
is performed using the simulation procedure of Shinozuka and Deodatis (1991) which is
based on spectral representation.

The results for one realization of three different earthquake excitations are given below.
The peak accelerations in Type A, B and C earthquake simulations are 0.392g, 0.681¢
and 0.676¢ for the shown realizations. These are strong earthquakes which may cause
moderate to severe damage in RC structures.
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"able 4. Seismic excitation and the local MSDI and overall MSDI of the second type

Earthquake excitation Sm Sn2 Sm,3 SM 4 Sm,s Sm
Type A (wg = 6.6) 0.420 0.303 0.136 0.081 0.000 0.173
Type B (wg =19.2) 0.048 0.008 0.026 0.023 0.000 0.021
Type C (Lug = 30.3) 0.013 0.000 0.003 0.000 0.000 0.003

The earthquake excitations and the response of the structure in terms of relative displa-
cements are shown in Figures 17, 19 and 21. Figures 18, 20 and 22 are the corresponding
local MSDI values and Tables 4 and 5 are to list the local, modal and overall MSDI. All
of these six figures and two tables are consistent with the excitations and mode shapes.
Since Type A earthquake simulation excites the first mode the most, it causes the ma-
ximum overall damage compared to the Type B and C excitations, see Table 4 and 5,
and the lower part of the structure experiences the most damage. Since Type B and
C earthquake models also excite the other modes, in addition to the second and third
mode, respectively, all modes are damaged and contribute to the distribution of damage
in the structure. Figures 23, 24 and 25 show the exact modal MSDI. The modal MSDI
values calculated form a Fourier analysis are 0.34, 0.24, 0.15 for the first three modes
using Type A base excitation and top storey total displacement time series. These re-
sults are close to the exact ones, thus, the modal MSDI can always be calculated from
earthquake records via a Fourier analysis. Figures 26, 27 and 28 are the the hysteresis
loops of z; and z; in the A, B and C types of earthquake excitations where the severe
damage due to Type A excitation is also implemented.
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Table 5. Seismic excitation and the modal MSDI and overall MSDI of the first type

Earthquake excitation Snma Snm,2 Op .3 Sna Smys b
Type A (wg = 6.6) 0.314 0.186 0.201 0.170 0.063 0.262
Type B (wg = 19.2) 0.028 | 0.026 0.019 0.013 0.019 0.026
Type C (wg = 30.3) 0.005 0.004 0.004 0.002 0.002 0.005

A statistical analysis based on Monte Carlo simulations is performed to study the means,
coefficient of variations of the local, modal and overall MSDI and the correlations among

them.

30 realizations of the earthquake time series are generated, the local, modal and overall
MSDI values due to these 30 realizations are computed and the relationships between
local and modal MSDI are investigated. The mean values and coefficient of variations
are tabulated below in Tables 6 and 7 for three different types of earthquakes which
have the same parameters with the ones listed above. As seen in Tables 6 and 7, the
means of the local damages after 30 realizations of Type A earthquake are consitent
with the first mode shape and the mean of the overall MSDI values of the first or second
kinds indicate that Type A earthquake would cause the most damage in the structure
compared to Type B and C earthquakes. It should be noted that in the studied shear
frame with equal storey stiffness, the top storey columns did not experience any damage.
The coefficient of variation in the Type A earthquakes are observed to be relatively small
compared to Type B and C earthquakes. This shows that the reliability models can
estimate small and sharper confidence intervals for severe damage compared to light
damage. This conclusion supports the findings of Hassiotis and Jeong (1993) about the
polluted data analysis that the light damage cannot be predicted accurately from the
polluted data.

The correlation matrices for the corresponding cases are given in Tables 8, 9 and 10. The
seventh column of Table 8 shows that the numerical correlations between 657 ; and Sy ;
are consistent with the first mode shape; there is higher correlation with the damage in
the lower storeys and ép,; compared to higher storeys. The correlations among modal
MSDI increase when more modes are excited. This can be seen when the correlations in
Tables 8, 9 and 10 are compared. Type C earthquake, which yields the results of Table
10, excites almost all the five modes, mode 3 the most, thus the correlations among 6;
are higher in table 10 compared to Tables 8 and 9. Overall MSDI é5; and Sy are highly
correlated in all cases, correlations being 0.995, 0.919, 0.984. This shows that any of
these two indicators can be used as a scalar value to average the overall damage.
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and overall MSDI of the second type in 30 simulations

Table 6. The mean and coefficient of variation of the local MSDI

Earthquake type Sma S,z Sm,3 Sma Sms §M
Type A (w, = 6.6) | 0.449, 0.165 | 0.361, 0.192 | 0.196, 0.246 | 0.035, 0.492 | 0.000, - | 0.208, 0.189
Type B (wy =19.2) | 0.167, 0.397 | 0.090, 0.634 | 0.056, 0.743 | 0.024, 0.767 | 0.000, 0.068, 0.447
Type C (wg = 30.3) | 0.105, 0.543 | 0.055, 0.732 | 0.023, 1.075 | 0.003, 1.850 | 0.000, - | 0.037, 0.625

Table 7. The mean and coeflicient of variation of the modal MSDI
and overall MSDI of the first type in 30 simulations

Earthquake type dm Sp,2 bm .3 Snr,a om,5 dm
Type A (wg = 6.6) [0.354, 0.197 |0.223, 0.234 |0.240, 0.222 |0.206, 0.181 |0.083, 0.174 |0.301, 0.203
Type B (wg =19.2) [0.109, 0.439 |0.073, 0.389 |0.067, 0.476 |0.061, 0.543 | 0.040, 0.498 | 0.093, 0.434
Type C (wg = 30.3) (0.063, 0.604 |0.039, 0.590 |0.037, 0.639 |0.034, 0.693 |0.019, 0.750 | 0.053, 0.607

Table 8. The correlation between the local, modal and overall MSDI
for earthquake type A with wy = 6.6, c1,ca,c3 = 0.005,0.035,0.2.
Smi | Smz2 | Sms | Sma | Sms | Sm | Sma | w2 | Sma | Sma | Sms b

Sm1 1.000 | 0.937 | 0.764 | 0.525 - 0.939 | 0.946 | 0.920 | 0.907 0.789 | 0.579 | 0.936
Sm,2 1.000 | 0.927 | 0.724 - 0.995 | 0.916 | 0.914 | 0.922 | 0.877 | 0.724 | 0.919
Sm,3 1.000 | 0.897 - 0.937 | 0.768 | 0.801 | 0.812 | 0.855 | 0.808 | 0.785
Sna 1.000 | - |0.759 |0.556 | 0.616 | 0.620 | 0.724 | 0.831 |0.583 .
S,M’5 - - - - - - -

Sm 1.000 | 0.916 | 0.918 0.919 | 0.878 | 0.743 | 0.919
6M,1 1.000 | 0.993 | 0.990 | 0.920 | 0.755 | 0.999
Onm,2 1.000 | 0.995 | 0.947 | 0.811 | 0.997
6M,3 1.000 | 0.963 | 0.826 | 0.995
‘SM,4 : 1.000 | 0.935 | 0.936
Om,s 1.000 | 0.783
Snmr 1.000
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Table 9. The correlation between the local, modal and overall MSDI
for earthquake type B with wg = 19.2, ¢1, ¢z, c3 = 0.00292,0.02044, 0.2.

Sm1
SmM,2
Sm,3
Sma
Sm,s
Sm
S
Op,2
bm,3
Ona
6m,5
bnm

Smn
1.000

Sm,2
0.824
1.000

Sm,3
0.492
0.741
1.000

SM,4
-0.091
0.008
0.505
1.000

Sn,s

Sm
0.876
0.945
0.834
0.226

1.000

Sm
0.945
0.941
0.712
0.052
0.974
1.000

6,2
0.915
0.865
0.765
0.275
0.974
0.966
1.000

Snm,3
0.879
0.956
0.822
0.173
0.996
0.983
0.965
1.000

6n,4
0.810
0.980
0.832
0.163
0.976
0.951
0.914
0.983
1.000

Sm,s
0.551
0.738
0.964
0.599

0.861
0.731
0.817
0.831
0.824
1.000

0.934
0.941
0.744
0.105

0.984
0.998 -
0.976
0.990
0.959
0.766
1.000
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Figure 23. The evolution of the modal softening values é;(t) during the Type A earthquake excitation.
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The hysteresis loop of z; and z;, i = 1,2,---,5 in mm during the Type A earthquake
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Table 10. The correlation between the local, modal and overall MSDI
for earthquake type C with wgy = 30.3, ¢1,¢2,c3 = 0.00233,0.01631,0.2.
| Sma | Sm2 | Sms | Sma | Sms | Sm | dma | Sm2 | Sma | Sma | Smys om
Sma 1.000 | 0.840 | 0.662 | 0.390 - 0.940 | 0.971 | 0.978 | 0.942 | 0.885 | 0.971 | 0.968
Sm,2 1.000 | 0.823 | 0.458 - 0.954 | 0.939 | 0.885 | 0.954 | 0.988 | 0.920 | 0.938
SmM,3 1.000 | 0.732 - 0.858 | 0.797 | 0.794 | 0.856 | 0.869 | 0.965 | 0.809
Sm,a 1.000 - 0.558 | 0.486 | 0.549 | 0.544 | 0.541 | 0.708 | 0.506
SMY-‘? - - - - - - - -
S 1.000 | 0.993 [ 0.981 [ 0.999 | 0.986 | 0.946 | 0.995
dnm 1.000 | 0.989 | 0.994 | 0.970 | 0.903 |-1.000
5M,2 1.000 | 0.981 0.938 | 0.891 | 0.991
M3 1.000 | 0.986 | 0.942 | 0.996
Baga 1.000 | 0.953 | 0.972
Sars 1.000 | 0.911
b 1.000

1

8. CONCLUSIONS

A hysteretic mechanical formulation to quantify local, modal and overall damage in
reinforced concrete shear frames subject to earthquakes is derived. Each storey of the
shear frame is represented by a Clough and Johnston hysteretic oscillator with degrading
elastic fraction of the restoring force. The local maximum softening damage indicators
are defined based on the variation of the eigenfrequency of the local oscillators due to
the local stiffness and strength deterioration. The modal maximum softening damage
indicators are calculated from the variation of the eigenfrequencies of the structure
during the excitation. The performance of the model is illustrated on a sample 5 storey
shear frame subject to sinusoidal and simulated earthquake excitations. It is concluded
that the proposed local and modal damage indicators are robust in quantifying the
damage and explaining the relationships between the frequency content of the excitation
and the distribution of damage in the structure.

Next, a Monte Carlo analysis is performed where the shear frame is subject to 30 inde-
pendent simulations of the earthquake excitation. The resulting sample set is analyzed
to determine the relationship between local and modal damage indices statistically. It
is observed that, primarily, the ground excitations exciting the first mode causes severe
damage to the RC structure and that the damage in the lower part of the structure is
very highly correlated to the modal damage indicator of the first mode.
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