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Abstract: This paper presents a study on the identification of progressive damage, using an equivalent linear finite-element model updating
strategy, in a masonry infilled RC frame that was tested on a shake table. A two-thirds-scale, 3-story, 2-bay, infilled RC frame was tested on the
UCSD–NEES shake table to investigate the seismic performance of this type of construction. The shake table tests induced damage in the
structure progressively through scaled historical earthquake records of increasing intensity. Between the earthquake tests and at various levels of
damage, low-amplitude white-noise base excitations were applied to the infilled RC frame. In this study, the effective modal parameters of the
damaged structure have been identified from the white-noise test data with the assumption that it responded in a quasi-linear manner. Modal
identification has been performed using a deterministic-stochastic subspace identification method based on the measured input–output data. A
sensitivity-based finite-element model updating strategy has been employed to detect, locate, and quantify damage (as a loss of effective local
stiffness) based on the changes in the identified effectivemodal parameters. The results indicate that themethod can reliably identify the location
and severity of damage observed in the tests. DOI: 10.1061/(ASCE)ST.1943-541X.0000586. © 2013 American Society of Civil Engineers.
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Introduction

A large portfolio of civil structures were designed according to older
code provisions that do not meet current safety standards. They may
also suffer from aging and deterioration induced by environmental
factors, such as corrosive agents and earthquakes. The development
of analytical tools to assess the current condition of these structures
and to simulate their behavior under different loading scenarios is a
task of utmost importance for the engineering community. Such tools
can be used to evaluate the present damage incurred by structures and
their ability to safely carry future service loads as well as loads from
extreme events, such as strong earthquakes. For the simulation of
structural performance under different loading conditions, a variety

of sophisticated modeling techniques [e.g., see Stavridis and Shing
2010; Koutromanos et al. 2011; for masonry-infilled RC frames]
have been developed within the framework of the finite-element
(FE)method. Amethodology developed to assess the current state of
existing structures is vibration-based structural health monitoring,
which has attracted increasing attention in the civil engineering
research community in recent years and is of growing importance.

Vibration-based, nondestructive damage identification uses
changes in the dynamic characteristics of the structure to identify
damage. Numerous methods to achieve this goal have been pro-
posed in the literature. Extensive reviews on vibration-based dam-
age identification have been provided by Doebling et al. (1996, 1998)
and Sohn et al. (2003). Among these methods is the sensitivity-based
FE model updating method (Friswell and Mottershead 1995). In this
method, the physical parameters of a FE model of the structure are
updated to match the measured modal properties of the structure
as damage evolves, and the updated modeling parameters are used
to detect, locate, and quantify damage. The determination of the
modeling parameters is achieved by minimization of an objective
function that measures the discrepancy between the experimentally
identified dynamic (modal) properties and those predicted by the FE
model. Optimal solutions of the problem are reached through
sensitivity-based constrained optimization algorithms.

This concept has been successfully implemented in numerical
studies and demonstrated with small-scale physical structural models.
However, only a limited number of case studies demonstrate the
viability of vibration-based damage identification methods for
complex, large-scale structures with realistic design details and
damage scenarios. Full- or large-scale dynamic tests of structural
specimens provide unique opportunities to evaluate and validate
these methods, under realistic conditions, i.e., with the same level
of measurement noise, estimation uncertainty, and modeling errors
that are observed as in situ condition. This is usually not the case
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for small-/medium-scale model tests under laboratory conditions.
Therefore, even if some system and damage identification methods
are successfully applied on small-/medium-scale test data, they still
need to be validated at full scale in the laboratory and/or in the field.
Furthermore, actual construction practices often cannot be repro-
duced in small-/medium-scale test specimens. The few instances of
successful application of FE model updating methods for the con-
dition assessment of large-scale structures include the damage
identification studies on the Z24 Bridge in Switzerland (Teughels
and De Roeck 2004), the use of dynamic strain measurements from
fiber optic sensors for FE model updating of the Tilff Bridge
(Reynders et al. 2007), the use of a neural network method based on
modal frequencies and a validated FE model to identify the stiffness
reduction in a one-third-scaled one-story concrete frame (Zhou et al.
2007), and FE model updating based on identified modal properties
of a full-scale composite beam (Moaveni et al. 2008) and a full-scale
seven-story RC shear wall building slice (Moaveni et al. 2010).

This paper presents a vibration-based damage assessment study
conducted on a 3-story, 2-bay, RC framewith unreinforcedmasonry
infill walls that was tested on the large outdoor shake table at the
University of California, San Diego (UCSD). The test frame con-
sisted of a two-thirds-scale subassemblage of a prototype structure
designed to have reinforcing details that are representative of the
1920sRCconstruction inCalifornia (Stavridis 2009). This structural
specimen was subjected to a series of earthquake base excitations on
the shake table. The objective of the tests was to acquire a better
understanding of the seismic performance and failure mechanisms
of older infilled RC frames that are in existence today. Experi-
mental studies to address this issue have been conducted by other
researchers (e.g., Al-Chaar 2002; Hashemi and Mosalam 2006).
A more extensive review of research on this topic can be found in
Stavridis and Shing (2010). The specimen considered in this study is
the largest infilledRC framedynamically tested on a shake table. The
loading sequence was designed to induce damage in the specimen
progressively through scaled historical earthquake ground motions
of increasing intensity. Between the seismic tests, the infilled frame
was subjected to low-amplitude white-noise base excitation. The
specimen responded to the white-noise base excitations as a quasi-
linear system with modal properties changing as a result of damage.
The deterministic-stochastic subspace identification method (Van
Overschee and de Moore 1996), based on system input and output
signals, has been used to estimate the modal parameters (natural
frequencies, damping ratios, and mode shapes) of the structure at the
initial undamaged state and at various damage states. The identified
modal parameters have then been used in a FE model updating
strategy to identify the damage imparted to the structure by the
earthquake excitations. The objective function used here for damage
identification quantifies the discrepancies between the experimen-
tally identified natural frequencies and mode shapes of the structure
and those predicted by the finite-element model of the structure.

This testing program on a masonry infilled RC frame provides
auniqueopportunity to usedynamicdata obtained fromacomplex large-
scale system at various levels of realistically induced damage. Such data
cannot be reproduced by numerical simulation, where damage is highly
idealized in the form of section reductions of structural members and/or
sudden changes in boundary conditions. Nonlinear mechanics-based FE
models of such structures able to capture their failuremechanismsare still
the subject of active research (Stavridis 2009; Stavridis and Shing 2010).
Furthermore, this type of structure presents a challenging problem as the
seismic performance of an infilled RC frame depends on the frame–infill
interactionandoften results indifferent levelsofdamage in the infillwalls
and the bounding frame. Therefore, this structural configuration provides
a unique opportunity to evaluate the ability of the considered damage
identification method to distinguish and quantify the respective damage

in theRCmembers andmasonrywalls.At eachdamage level considered,
thedamage identification results are comparedwith thedamageobserved
visually in the specimenor inferredbyexaminationof thevarious internal
and external sensor data collected from the specimen. Successful ap-
plication of health monitoring methodologies to real structures can
provide the ownerswith a rational tool for decisionmaking regarding the
maintenance, evaluation, rehabilitation, and strengthening of the in-
frastructure especially after natural disasters such as earthquakes.

Shake Table Tests

3-Story Infilled RC Frame

The infilled frame considered here is a two-thirds-scale model of an
exterior frame of a prototype structure, designed by Stavridis (2009)
to have nonductile reinforcing details representative of the 1920sRC
construction in California. The plan view of the prototype structure
and the elevation view of the exterior frame are presented in Fig. 1.
The design was based on the allowable stress design approach,
considering only gravity loads in accordance with engineering
practice of that era. However, the design was based on properties
of contemporary construction materials, which were used for the
construction of this specimen. The frame is infilled with three-
wythe unreinforced masonry walls on the exterior. Such structural
systems can be found in many existing older buildings in the
westernUnited States, including pre-1930s buildings in California.
This type of construction is also common in many regions of the
world with high seismicity, such as the Mediterranean and Latin
America regions.

The specimen tested on the large outdoor shake table at UCSD is
shown in Fig. 2. The structure included slabs that simulated the
scaled gravitymass of the external frame of the prototype accounting
for the two-thirds-length scale factor. Because the prototype struc-
ture has infill walls only in its exterior frames, the exterior frames are
significantly stiffer and stronger than the interior frames. Conse-
quently, their tributary seismic mass is significantly larger than the
gravity mass as illustrated in Fig. 1(a) for the exterior frame along
column line A, which was modeled by the test specimen. The test
specimen did not have additional gravity load-carrying systems.
Therefore, it was decided that the mass carried by the specimen
should accurately represent the gravity mass to induce the same
vertical stresses as those experienced by the RC columns and infill
walls of the prototype. To account for the effect of the seismic mass
not included in the specimen, the input ground acceleration time
histories had to be scaled in time and amplitude (Stavridis 2009)
to satisfy the similitude requirement for the seismic forces. The
resulting scale factors for the basic quantities are summarized in
Table 1. It should be pointed out that the groundmotion levels referred
to in the subsequent sections are always with respect to the full-scale
prototype structure. Two steel towers were erected on the shake table
on the north and south sides of the test specimen to prevent a potential
out-of-plane collapse of the structure during severe shaking. These
towers did not interact with the structure during the tests as they were
placed with a 2-cm gap from the specimen. Further details on the
design and configuration of the specimen and the shake table tests can
be found in Stavridis (2009) and Stavridis et al. (2012).

Instrumentation Layout

The specimen and steel towers were extensively instrumented with
an array of 265 sensors, including 135 strain gauges, 71 string po-
tentiometers and linear variable differential transformers (LVDTs),
and 59 uniaxial accelerometers. The accelerometers were used to
measure the accelerations along the x, y, and z directions, with x
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being the direction of the base excitation (longitudinal), y the
transverse (out-of-plane) direction, and z the vertical direction. In
this study, the measured response from three longitudinal, three
vertical, and two transversal acceleration channels on each floor are
used (total of 24 channels) to identify the modal parameters of the

test structure. The locations of the accelerometers at each floor level
are shown in Fig. 3. The measured acceleration responses were
sampled at 240Hz resulting in aNyquist frequency of 120Hz,which
is significantly higher than the modal frequencies of interest in this
study (,60HZ). Before applying the system identification method
to the measured data, all acceleration time histories were band-pass
filtered between 0.5 and 70 Hz using a high-order (1024) finite
impulse response filter.

Dynamic Tests Performed

The specimen was subjected to a sequence of 44 dynamic tests in-
cluding ambient-vibration tests, free-vibration tests, and forced-
vibration tests (white-noise and seismic base excitations). The
main events are shown in Table 2. The testing sequence consisted of
earthquake ground motions of increasing intensity. Before and after
each earthquake record, low-amplitude white-noise base excitation
tests were performed to provide data for the study presented in this
paper. The input ground motions were obtained by scaling the time
and amplitude of the ground acceleration time history recorded along
the NS direction at the Gilroy 3 station during the 1989 Loma Prieta
earthquake. For structures with a fundamental frequency close to
that of the infilled frame studied here, the Gilroy 3 motion scaled at
67% corresponds to a moderate design level earthquake for Seismic
Design Category D, while the original (unscaled) motion corre-
sponds to a maximum considered earthquake (MCE). The MCE
event selected as the reference basemotion intensity in this study has
spectral accelerations, Ss 5 1:5 g and Sl 5 0:6 g, and represents the
worst-case scenario for San Diego and a moderate scenario for the
Los Angeles area (ASCE 2006; Stavridis 2009). In this study, FE
model updating for damage identification is performed for seven
different damage states of the structure (S0 and S2–S7). Damage
state S0 (baseline) corresponds to the uncracked state of the struc-
ture before its exposure to the first seismic base excitation, while
damage states S1 to S7 correspond to the conditions of the structure
after it was subjected to different levels of the Gilroy earthquake.
Table 2 summarizes the dynamic tests and the corresponding damage
states of the test structure that are considered here.

Fig. 1. Prototype structure (dimensions in meters): (a) plan view of building; (b) elevation view of an exterior frame along column line A

Fig. 2. Front view of the specimen

Table 1. Scale Factors

Quantity Scaling law Scale factor

Length SL 2=3
Stress Ss 1.00
Gravitational acceleration Sga 1.00
Force SF 5 S2LSs 4=9
Gravity mass Sgm 5 SFðSgaÞ21 4=9
Seismic massa Ssm 5 Sgml

21
m 0.20

Seismic acceleration Ssa 5 SFðSsmÞ21 2.27
Time St 5 ðSLÞ0:5ðSsaÞ20:5 0.54
Frequency Sf 5 S21

t 1.85
Strain Sɛ 1.00
a lm 5 2:27 is the ratio of the seismic mass to the gravity mass carried by the
external frame of the prototype
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System Identification of the Infilled Frame

The modal parameters of the specimen at each of the considered
damage states are identified using the deterministic-stochastic sub-
space identification (DSI) method (Van Overschee and de Moore
1996), an input–outputmethod, based on data from the low-amplitude
(0.03 and 0.04 g RMS) white-noise base excitation tests. Output-
only system identification methods, which have been successfully
applied for system identification of linear systems (He et al. 2009;
Moaveni et al. 2011), are based on the assumption of a broadband
(ideal white-noise) input excitation. However, in this set of
experiments, the white-noise base excitation inputs were signifi-
cantly modified by the shake table system dynamics, and conse-
quently, the table motions did not satisfy the broadband assumption
as illustrated in Fig. 4 for Test 13. The large outdoor UCSD shake
table has an oil column frequency at 10.5 Hz under bare table
condition, and the effect of the oil column resonance are mitigated
through the use of a notch filter centered at 10.5 Hz in the shake table
controller. The large spectral peak just below 10 Hz (Fig. 4) can be
attributed to the dynamic interaction between the specimen and the
table. More details on the mechanical and dynamic characteristics of
the shake table can be found in Ozcelik et al. (2008). The application
of output-only system identification methods to these nominal
white-noise base excitation test data would result in large estimation
errors in the modal parameters, because of deviation of the input
excitations from broadband signals.

At each damage state, the DSImethod has been applied to 5-min-
long filtered input–output data records. The input is the recorded
acceleration on the shake table and the output data are the longitudinal,

transverse, and vertical acceleration responses of the specimen at
various locations. After the records were filtered, an input–output
Hankelmatrixwas formed for each test including 20 block rowswith
17 or 18 rows each (one input and 16 or 17 output channels) and
71,962 columns. Fig. 5 shows in polar plots the complex-valued
mode shapes of the four most significantly excited modes of the test
structure identified at Test 5 (damage state S0). These are thefirst two
longitudinal modes (1-L, 2-L), the second torsional mode (2-T), and
the second coupled longitudinal-torsional (2-L-T) mode. The polar
plot representation of a mode shape provides information on the
degree of nonclassical or nonproportional damping (Veletsos and
Ventura 1986) characteristics of that mode. If all components of
a mode shape (each component being represented by a vector in
a polar plot) are collinear, the vibration mode is classically damped.
The more scattered the mode shape components are in the complex
plane, themore the structural system is nonclassically damped in that
mode. However, measurement noise (low signal-to-noise ratio),
estimation errors, and modeling errors can also cause a classically
damped vibration mode to be identified as nonclassically damped.
From Fig. 5, it is observed that the 1-L, 2-L, and 2-L-T modes at
damage state S0 are identified as almost perfectly classically
damped, while some degree of nonproportional damping is iden-
tified for the 2-T mode.

The real part of the identified mode shapes are shown in Fig. 6. It
should be noted that the six measurements perpendicular to the infill
wall plane are also used to plot the mode shapes in Figs. 5 and 6.
However, Fig. 6 indicates that the longitudinal mode shapes have
negligible out-of-plane components. The torsional modes were
excited because of imperfections in the construction of the specimen
and in the loading conditions, such as an unintended eccentricity
between the center of mass and center of stiffness of the specimen,
the small yaw rotation of the table induced by table–specimen in-
teraction, and the imperfect geometry and control system of the
table. The natural frequencies and damping ratios of the four most
significantly excited modes are given in Table 3 for all considered
damage states. Modal assurance criterion (MAC) values (Allemang
andBrown 1982) were also computed to compare the complex-valued
mode shapes identified at each damage state with the corresponding

Fig. 3. Locations and directions of accelerometers used in this study
on each floor level

Table 2. Dynamic Tests Used in This Study

Test number Test date Test description Damage state

5 11/3/2008 0.03 g RMS WN, 5 min S0
8 11/3/2008 20% Gilroy EQ
9 11/3/2008 0.03 g RMS WN, 5 min S1
12 11/6/2008 40% Gilroy EQ
13 11/6/2008 0.03 g RMS WN, 5 min S2
21 11/10/2008 67% Gilroy EQ (DE)
25 11/12/2008 0.04 g RMS WN, 5 min S3
26 11/12/2008 67% Gilroy EQ (DE)
27 11/12/2008 0.04 g RMS WN, 5 min S4
28 11/12/2008 83% Gilroy EQ
29 11/12/2008 0.04 g RMS WN, 5 min S5
33 11/13/2008 91% Gilroy EQ
34 11/13/2008 0.04 g RMS WN, 5 min
35 11/13/2008 100% Gilroy EQ (MCE)
36 11/13/2008 0.04 g RMS WN, 5 min S6
40 11/18/2008 120% Gilroy EQ
41 11/18/2008 0.04 g RMS WN, 5 min S7

Note:WN5white-noise base excitation; EQ5 earthquake base excitation;
DE 5 design earthquake; MCE 5 maximum considered earthquake.

Fig. 4. Fourier amplitude spectrum of the base excitation measured
on the shake table during Test 13

Fig. 5. Polar plot representation of complex mode shapes at damage
state S0
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mode shapes identified at damage state S0. The MAC value,
bounded between 0 and 1, measures the degree of correlation be-
tween two mode shape vectors fi and fj as

MAC
�
fi,fj

� ¼
��f�

i fj

��2
jfij2

��fj

��2 (1)

where * 5 complex conjugate transpose. The reported modal
parameters of the second torsional mode (2-T) are obtained based on
longitudinal and transverse acceleration measurements, while the
other three modes are identified using longitudinal and vertical
acceleration data. This is due to the fact that the transverse com-
ponents are negligible for the longitudinal mode shapes and rela-
tively small in the 2-L-T mode shape. From Table 3, it is observed
that the identified natural frequencies decrease consistently with
increasing level of damage, while the identified damping ratios
increase. It is noteworthy that the decrease in the natural frequencies
of the two longitudinal modes with increasing damage is muchmore
significant than that for the 2-T and 2-L-T modes. A similar ob-
servation can be made on the increase of the identified damping
ratios. The MAC values, which compare the identified mode shapes
at each damage state with their counterpart identified at state S0,
also follow a monotonically decreasing trend with increasing dam-
age. The high MAC values (close to one) for damage states S1–S4

indicate that there is little change in the identified mode shapes at
these damage states. The identified natural frequencies and mode
shapes of the two longitudinal modes are used in the following
sections to identify the location and level of damage undergone by
the infilled frame in the seismic tests.

Finite-Element Model Updating for
Damage Identification

A sensitivity-based FE model updating strategy (Friswell and
Mottershead 1995; Teughels 2003; Teughels and De Roeck 2005)
is used to identify damage in the structure at various damage states.
The finite-element model of the structure is divided into substruc-
tures, in each of which the damage is assumed to be uniformly
distributed. In this study, damage is defined as a relative change in
the material stiffness (effective modulus of elasticity) of the finite
elements in each substructure. Therefore, the effective modulus of
elasticity is assumed to be uniform in each substructure (i.e., one
effective modulus of elasticity per substructure) and is updated at
each considered damage state of the structure through constrained
minimization of an objective function.

A linear elastic FE model of the structure is developed using
theMATLAB-based (MathWorks 2005) structural analysis software
FEDEASLab (Filippou and Constantinides 2004). The model con-
sists of 35 nodes interconnectedwith 54 linear elastic shell and frame
elements. Fig. 7 shows the FE model of the structure with the six
substructures considered for damage identification. A four-node
linear elastic flat shell element with four Gauss integration points
available in the literature (Allman 1988; Batoz and Tahar 1982) and
implemented in FEDEASLab by He (2008) is used to model the
infill walls. The beams and columns of the RC frame are modeled
with Bernoulli–Euler frame elements. The distributed mass of the
structure is lumped at the nodes of its FEmodel. The initial FEmodel
of the structure is based on the geometry of the physical specimen
and the elastic moduli of the concrete and masonry measured from
material tests conducted on the day of the first design level earth-
quake excitation (67% Gilroy, Test 21) (Stavridis 2009). For the FE
model updating, the three columns in each story of the structure are
treated as one substructure, and so are the infill walls in the two bays.

Fig. 6. Vibration mode shapes of the infilled frame at damage state S0

Table 3. Modal Parameters of the Infilled Frame Identified at Different Damage States

Damage state

Mode S0 S1 S2 S3 S4 S5 S6 S7

Mode 1-L
Frequency (Hz) 18.18 18.11 17.99 16.74 15.93 14.78 8.47 5.34
Damping (percentage) 2.0 2.4 1.9 3.3 3.8 6.1 15.7 15.6
MAC 1.00 1.00 1.00 1.00 1.00 0.98 0.80 0.71

Mode 2-Ta

Frequency (Hz) 21.16 21.02 21.32 20.77 20.16 19.69 18.20 17.39
Damping (percentage) 1.5 1.5 1.3 1.5 1.8 1.5 1.5 1.6
MAC 1.00 1.00 1.00 0.99 0.98 0.99 0.95 0.68

Mode 2-L
Frequency (Hz) 41.22 41.09 41.56 40.21 38.56 35.50 27.34 22.57
Damping (percentage) 1.1 1.0 1.0 1.4 3.0 4.4 4.8 4.2
MAC 1.00 1.00 1.00 0.99 0.96 0.92 0.74 0.67

Mode 2-L-T
Frequency (Hz) 57.81 57.35 57.96 56.25 54.64 52.65 45.98 43.33
Damping (percentage) 1.1 1.3 1.0 0.7 1.2 2.1 2.1 2.7
MAC 1.00 1.00 1.00 0.97 0.92 0.87 0.54 0.29

aMode 2-T is identified based on longitudinal and transverse measurements while the other three modes are identified based on longitudinal and vertical
measured data.
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Hence, the specimen is divided into six substructures. The sub-
structures are selected on the basis of the number and location of the
sensors, observability of the updating parameters from themeasured
data, an effort to limit the total number of updating parameters to
avoid ill conditioning, and the authors’ experience from previous FE
model updating studies (Moaveni et al. 2008, 2010). Moreover, the
window openings are ignored, and it is assumed that the solid
masonry panel in the west bay and the panel with a window in the
east bay have the same modulus of elasticity and exhibit the same
level of damage in each story. This is a simplifying assumption that
has been made because of the inability of the damage identification
procedure to distinguish between damage in the east andwest panels
due to similar sensitivities of the measured data to the stiffness of the
east and west bays of each floor (compensation effects between
effective moduli of elasticity in east and west bays). It should be
noted that the three longitudinal accelerometers at each floor are
attached to the floor slab, which is very stiff in plane, and therefore
record very similar acceleration time histories.

The objective function f ðuÞ used for the identification of the
effective material stiffness u in each substructure is defined as

f ðuÞ ¼ rðuÞTWrðuÞ þ �
aðuÞ2 a0

�T
Wa �aðuÞ2 a0

�
¼ P

j

h
wjrjðuÞ2

i
þP

k

h
wa
kðakðuÞ2 a0k

�2i
(2)

where u5 a set of physical parameters (i.e., the effective moduli of
elasticity of the various substructures), which must be adjusted to
minimize the objective function; rðuÞ 5 modal residual vector
containing the differences between the experimentally identified and
FE predicted modal parameters;W5 diagonal weighting matrix for
modal residuals; aðuÞ 5 vector of dimensionless damage factors
representing the level of damage in each of the substructures of the
FE model; and a0 5 vector of initial damage factors used as starting
point in the optimization process. At each damage state, a0 is se-
lected as the vector of damage factors identified at the previous
damage state, and a0 5 0 for thefirst damage state considered (S2) in
themodel updating procedure. TheweightingmatrixWa for damage
factors is a diagonal matrix with each diagonal component repre-
senting the relative cost (or penalty) associated with the change of
the corresponding damage factor. The weights for damage factors
are used for regularization and can reduce the estimation error of
the damage factors in the presence of estimation uncertainty in the

modal parameters, especially for substructures with parameters to
which the employed residuals are less sensitive (Mares et al. 2002).
The residual vector rðuÞ in the objective function contains the
eigenfrequency, rf ðuÞ, and mode shape, rsðuÞ, residuals, which are
defined as

rf ðuÞ ¼
"
ljðuÞ2 ~lj

~lj

#

rsðuÞ ¼
"
fl
jðuÞ

fr
j ðuÞ

2
~f
l
j

~f
r
j

#
ðl� rÞ, j2f1, 2, . . . , Nmg (3)

where ljðuÞ and ~lj 5 the FE predicted and experimentally
identified eigenvalues, respectively, for the jth vibration mode, i.e.,
lj 5 ð2pfjÞ2, in which fj 5 corresponding natural frequency; fjðuÞ
and ~fj 5 FE predicted and experimentally identified mode shape
vectors, respectively. It should be noted that for each vibrationmode,
the mode shapes fjðuÞ and ~fj are normalized in a consistent way,
i.e., scaled with respect to the same reference component. In Eq. (3),
the superscript r indicates the reference component of a mode shape
vector, the superscript l refers to the mode shape components that
are used in the FE model updating process, which in this case cor-
respond to the degrees of freedom along which the accelerometers
measure the acceleration response of the specimen, and Nm denotes
the number of vibration modes considered in the damage identifi-
cation process.

In this study, the natural frequencies and mode shapes of the first
two longitudinal vibration modes of the structure are used to form
the modal residual vector rðuÞ, resulting in a total of 34 residual
components, which include two natural frequency residuals and
23 ð172 1Þ5 32 mode shape component residuals based on 17
channels of acceleration response measurements. The vector rðuÞ
does not include the reference mode shape component used in the
normalization. Weights of 1 and 0.5 are assigned to the modal
residuals corresponding to the natural frequencies of the first and
second longitudinal modes, respectively (i.e., w1 5 1, w2 5 0:5).
Weight factors are assigned on the basis of estimation uncertainty
of the natural frequency as well as the modal contribution of the
corresponding mode. The first vibration mode contributes predom-
inantly to the dynamic response of the structure at all damage states
considered, and therefore, its corresponding residuals are assigned
a larger weight than the residuals of the second vibration mode. For
each mode, the weight factors assigned to mode shape component
residuals are equal to the weight factor for the corresponding na-
tural frequency divided by the number of mode shape residuals.
The damage factor weights used in the regularization are set to
wa
k 5 0:02w1 5 0:02, with k5 1, . . . , nsub, where nsub denotes the

number of substructures used in the FE model updating process.
Finally, the dimensionless damage factors used in the FE model
updating process are defined as

ak,Si ¼
ES0
k 2ESi

k

ES0
k

(4)

where ESi
k 5 effective modulus of elasticity of substructure k at

damage state Si. The preceding damage factors are used in the ob-
jective function introduced in Eq. (2).

The optimization algorithm used to minimize the objective func-
tion defined in Eq. (2) is a standard Trust Region Newton method
(Coleman and Li 1996), which is a sensitivity-based iterative method.

Fig. 7. FE model of the RC frame structure with the six substructures
used for damage identification
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The optimization process was performed using the “fmincon” com-
mand from the MATLAB (MathWorks 2005) optimization toolbox,
with the Jacobian matrix and a first-order estimate of the Hessian
matrix calculated based on the analytical sensitivities of the modal
residuals to the updating parameters. Sensitivities of the eigen-
frequencies andmodeshapes to theupdating parameters are computed
using analytical solutions provided by Fox and Kapoor (1968). It is
worth mentioning that the use of the analytical Jacobian, instead of
the Jacobian estimated through finite difference calculations,
increases significantly the efficiency of the computational effort
required for minimizing the objective function.

Damage Identification Results

In this study, the FE model updating procedure outlined previously
has been implemented to identify and quantify damage in the test
structure. The first step in the damage identification process consists
of deriving a baseline FE model of the undamaged structure (at state
S0), which is used as a reference to quantify damage in the sub-
sequent damage states. In this step, the initial FEmodel, definedwith
data available from material tests, is updated to match as closely as
possible the identified modal parameters at the undamaged state of
the structure by updating the stiffness (effective moduli of elasticity)
of the six substructures. This step is performed to account for mo-
deling errors as well as the possible difference between moduli of
elasticity of concrete and masonry within each substructure and
those obtained from the material tests. The updated model is termed
the baseline model to be distinguished from the initial model, which
is based entirely on thematerial test data. Themodal properties of the
baseline model closely match those identified from the intact
structure (see the first row of Table 5).

The effective moduli of elasticity of the different substructures
for the initial and the baseline models are summarized in Table 4.
The values reported for the initial model correspond to the moduli
of elasticity of concrete and masonry infill measured from uni-
axial compression tests of concrete cylinders and masonry prisms
(Stavridis 2009). Masonry prisms provide the closest representation
of a masonry assembly. The prisms used in this study consisted of
four stacked brick units connected with mortar joints. From the
results reported in Table 4, it is observed that for each substructure,
the baseline effective moduli of elasticity differ from the corre-
sponding measured (initial) values. This is due to the fact that the
updating parameters (moduli of elasticity) act as effective moduli of
elasticity reflecting the overall stiffness of the specimen, accounting
for the modeling errors and the contributions of other structural
components such as beams for which the stiffness parameters are not
calibrated/updated. In this study, a simplifying assumption is made
in that the masonry infill is modeled as a homogeneous isotropic
material. During the calibration of the initial FE model to obtain
the baseline FE model, the “damage factors” defined in Eq. (4) are
constrained within the range [22, 0.9].

Once the baseline model is obtained, the moduli of elasticity of
the six substructures (three for infill walls, with one per story, and
three for columns, with one per story) shown in Fig. 7 are updated
from the baseline FE model (at the undamaged state S0) for damage
states S2, S3, S4, S5, S6, and S7. Because of the very small changes
in the modal parameters from S0 to S1, FE model updating is not
performed at state S1. The stiffness parameters of the elements
representing the beams are kept constant at the values used in the
baseline FE model. This is a good approximation based on the
observed behavior of the physical specimen.

In updating the FEmodel for each considered damage state of the
infilled frame, the dimensionless damage factors are constrained to
be in the range [a0k,Si 0.99] (k5 1, 2, . . . , nsub 5 6). At each damage
state, the vector of initial damage factors a0Si, used as starting
point in the optimization process, is selected as the vector of damage
factors identified at the previous damage state. This lower bound is
assigned assuming that the damage factors should increase
monotonically as the structure was exposed to stronger earth-
quake base excitations (i.e., damage is irreversible). The dam-
age factors (relative to the baseline FE model) obtained at different
damage states are presented in a bar plot in Fig. 8. These results
indicate that, as expected, the severity of structural damage in-
creases as the structure was exposed to stronger earthquake exci-
tations, which can be expected because of the accumulation of
damage. It is also observed from the results that the extent of the
identified damage diminished in the upper stories of the structure
with severe damage concentrated in the bottom story, which is
indicative of a soft story mechanism. The first measurable damage
occurs after the Design Earthquake (DE) at damage state S3, and the
largest absolute increase of the damage factor in the bottom story
infilled walls (substructure 1-Wall) occurs between damage states
S5 and S6 (i.e., during theMaximumConsidered Earthquake, MCE).

Table 5 reports the natural frequencies computed from the up-
dated FE model at each considered damage state together with their
counterparts identified from white-noise base excitation test data as
well as the MAC values between the FE predicted and experi-
mentally identifiedmode shapes. To compare the mode shapes, only
the degrees of freedom corresponding to the locations and orien-
tations of the accelerometers are used for the FE results. From
Table 5, it is observed that the FE predicted natural frequencies and
mode shapes for the first two longitudinal modes match very well
their experimentally identified counterparts. Moreover, the MAC
values between the FE predicted and experimentally identifiedmode
shapes are very close to unity for all damage states. TheMACvalues
are in general higher for the first mode than for the second mode.

Table 4. Effective Moduli of Elasticity of Structural Components in
Different Substructures for the Initial and Baseline FE Models

Substructure

Effective moduli of elasticity [ksi]

Initial FE model Baseline FE model (S0)

First-story infills 785 722
Second-story infills 777 901
Third-story infills 946 944
First-story columns 2380 2438
Second-story columns 2530 1935
Third-story columns 2463 2263 Fig. 8. Identified damage factors in various substructures
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However, this can be expected because smaller weight factors
were assigned to the modal residuals corresponding to the second
mode shape.

According to the observations made during the shake table tests,
the first noticeable deterioration of the physical specimen occurred
during 67% Gilroy, which corresponds to the design earthquake for
this structure. After this event, i.e., at damage state S3, the inspection
of the physical specimen revealed the first cracks in the structure.
Cracks developed along the boundary between the solid infill and
the bounding RC frame, and cracks initiated at the window corners
for the infill with a window opening. These cracks were insignificant
and did not alter significantly either the modal properties or the
integrity of the structure. This observation is consistent with the
damage identification results in Fig. 8, which show very small
damage factors at damage state S2, 18% loss of stiffness in the first
story columns, and 12% loss of stiffness in the first story infill walls
at damage state S3. Until damage state S5, the stiffness change of
the specimen was likely mainly caused by the cracks in the infill
walls and at the frame–wall interfaces, which did not jeopardize the
strength of the structure.

A significant change in the structural properties is noted at dam-
age state S6, after the specimen was exposed to the 100% Gilroy
earthquake record (i.e., MCE). At this stage, dominant cracks were
observed in the infills in both bays of the first floor. The cracks al-
ready developed in the infills in the previous tests (67, 83, 91%
Gilroy) intensified and propagated through all three columns of
thefirst story as shown inFig. 9. As a result of these major cracks, the
specimen fundamental frequency reduced by more than 50%. In the
FE model, this translates into a 90% reduction of the stiffness in
the first story infills and 28% reduction of the stiffness in the first
story columns as indicated in Fig. 8. The 90% reduction of stiffness
in the first story infills is larger than what would be expected from
visual inspection of the specimen. Therefore, to verify the damage

identification results, curves of the total base shear force (scaled up to
the prototype structure and normalized with respect to the weight
of the specimen) versus first interstory drift ratio are compared in
Fig. 10(a) for the white-noise tests performed at damage states S0
(intact structure), S5, S6, and S7. The base shear in this plot is
calculated from measured floor accelerations (i.e., inertial base
shear) and may exceed the exact base shear because of contribution
of damping forces (Goel 2011). From these data, it was estimated
that the lateral secant stiffness of the frame was decreased by 53% at
S5, 93% at S6, and 97% at S7 as compared with that of the intact
structure. It is important to point out that the strength deterioration
of the specimen at damage state S6 was considerably less than its
stiffness reduction. Indeed, the peak base shear exhibited during the
response to 120% Gilroy decreased by only 6% relative to the peak
base shear reached during the entire testing sequence (i.e., for 83%
Gilroy, Test 26) (Stavridis 2009). During 120% Gilroy (Test 40),
additional damage was induced in the specimen. Cracks in the
bottom story infills grew significantly (in number, length andwidth),
and a major shear crack developed in the middle column. These
cracks further reduced the natural frequency of the first mode to less
than one-third of its initial value at state S0. At damage state S7,
damage factors of 28% and 97% were identified for the first story
columns and infill walls, respectively, while a damage factor of 17%
was identified for the second story walls, which developed only
minor cracks. This confirms the soft-story mechanism that devel-
oped in the structure. The fact that the damage factor of the first
story columns remains unchanged at 28% fromdamage state S4 does
not reflect the observed increase of damage in the columns between
damages states S4 and S7. This is likely due to the much higher
sensitivity of the modal parameters to the stiffness of the infills than
to the stiffness of the columns.

In this approach to damage identification, damage is defined
as a loss of stiffness in the structure. Therefore, changes in natural
periods and mode shapes, which reflect changes in secant stiffness
properties of the substructures in the FE model of the specimen, are
used in the objective function for damage identification. However,
in this particular case, the actual loss of strength of the specimen is
found to be significantly less than its stiffness reduction. Further-
more, the identified damage factors are sensitive to the amplitude of
the white-noise base excitation to which the structure is assumed
to respond quasi-linearly (also found by Moaveni et al. 2010). This
can be observed in Fig. 10(b) which compares the response of the
specimen in terms of base shear versus first story drift ratio during
the first 2.5 s of 100% Gilroy with that from the preceding white-
noise test (Test 34). It can be seen that the structure responded
inelastically during the white noise test with a secant stiffness
matching well that of the initial part of the response to 100%Gilroy.

Table 5. Comparison of FE Computed and Experimentally Identified
Modal Parameters

Damage state

1-L mode 2-L mode

Exp. Freq FE Freq MAC Exp. Freq FE Freq MAC

S0 (baseline) 18.18 17.92 0.99 41.22 42.61 0.96
S2 17.99 17.88 1.00 41.56 42.50 0.95
S3 16.74 16.77 1.00 40.21 40.22 0.98
S4 15.93 15.97 1.00 38.56 38.39 0.99
S5 14.78 14.82 1.00 35.50 35.33 0.99
S6 8.47 8.56 0.99 27.34 24.78 0.99
S7 5.34 5.34 0.99 22.57 22.51 0.97

Fig. 9.Cracks in the infill and columns (west andmiddle) in the first story at damage state S6 (after 100%Gilroy): (a) west column; (b) middle column
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After this low-amplitude initial response to 100% Gilroy, the struc-
ture softened as the amplitude of its displacement increased with
increasing intensity of the earthquake excitation.

Conclusions

In this study, a linear FE model updating strategy is applied for
vibration-based damage identification of a two-thirds-scale, 3-story,
2-bay, infilled RC frame tested on the UCSD–NEES outdoor shake
table. The objective function for damage identification is defined
as a combination of natural frequency and mode shape residuals
measuring the discrepancy between experimentally identified and
FE predicted modal parameters. FE model updating is first used to
calibrate the FE model at the undamaged state, which serves as the
reference/baseline state, and then applied for damage identification
at a number of damage states of the structure. These damage states
correspond to states of increasing damage of the physical specimen
in the process of being subjected to a sequence of earthquake ex-
citations of increasing intensity.

The damage identification results indicate that the severity of
structural damage increases as the structure is exposed to stronger
earthquake excitations. The first significant loss of stiffness is
identified at damage state S3 (after submission of the design level
earthquake), which coincides with the first observation of cracks
on the specimen. The largest increase in identified damage factors
occurs between damage states S5 and S6, i.e., because of 91 and
100% Gilroy (maximum considered earthquake). This result is
consistent with the significant reduction in the secant stiffness of the
specimen that was observed from the base shear versus first-story
drift hysteresis curves obtained from white-noise tests performed
at various damage states including S5 and S6. The damage identi-
fication method correctly identifies the spatial distribution of dam-
age in the structure, with the most severe damage at the bottom story
and the least damage at the top story. The method also captures the
fact that the extent of damage is more significant in the infill walls
than in the columns. The analytical modal parameters obtained from
the updated FE models are in good agreement with their experi-
mentally identified counterparts, an indication of the accuracy of the
updated FE models. However, comparison of the damage identifi-
cation results and the seismic shake table test results shows that the

level of damage identified may not accurately reflect the loss of the
structural strength, as loss of stiffness (defined herein as damage)
is not well related to actual loss of strength. This motivates the need
for new research based on nonlinear FE model updating where
calibrated, mechanics-based, nonlinear degrading FE models of
structural systems are used to predict both stiffness degradation and
strength deterioration.

The following conclusions are drawn from this study and pre-
vious work performed by the authors. The damage factors obtained
using a linear FE model updating approach are sensitive to the
amplitude of the white-noise base excitation to which the structure
is assumed to respond quasi-linearly. With increasing level of
base excitation and structural damage, the level of nonlinearity in
the structural response increases. Therefore, the assumption that
the structure behaves as a quasi-linear dynamic system is violated
and a linear dynamic model is not strictly able to represent well
the behavior of a damaged structure. The spatial distribution (i.e.,
relative amplitudes) of the identified damage factors, however, is
not sensitive to the amplitude of base excitation. Finally, it should be
mentioned that the accuracy and spatial resolution of the damage
identification results depend significantly on the accuracy and
completeness of the identified modal parameters (Moaveni et al.
2009). The estimation variability/uncertainty of the modal param-
eters can be influenced by several factors, such as the number and
types of sensors, measurement noise, length of the data time win-
dows used for system identification, and system identification
method used (Moaveni et al. 2013), in addition to the environmental
conditions such as the ambient air temperature and relative humidity
during data collection (Moser andMoaveni 2011). The variability in
the identified modal parameters due to nondamage-related factors
needs to be smaller than the changes in these parameters because of
damage or compensated for to identify the actual damage in the
structure.
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