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*is paper presents vibration-based damage detection (VBDD) for testing a steel-concrete composite bridge deck in a laboratory
using bothmodel-based and non-model-based methods. Damage that appears on a composite bridge deck may occur either in the
service condition or in the loading condition. To verify the efficiency of the dynamic test methods for assessing different damage
scenarios, two defect cases were designed in the service condition by removing the connection bolts along half of a steel girder and
replacing the boundary conditions, while three damage cases were introduced in the loading condition by increasing the applied
load. A static test and a multiple reference impact test (MRIT) were conducted in each case to obtain the corresponding deflection
andmodal data. For the non-model-basedmethod, modal flexibility andmodal flexibility displacement (MFD) were used to detect
the location and extent of the damage. *e test results showed that the appearance and location of the damage in defect cases and
loading conditions can be successfully identified by the MFD values. A finite element (FE) model was rationally selected to
represent the dynamic characteristics of the physical model, while four highly sensitive physical parameters were rationally
selected using sensitivity analysis. *e model updating technique was used to assess the condition of the whole deck in the service
condition, including the boundary conditions, connectors, and slab. Using damage functions, Strand7 software was used to
conduct FE analysis coupled with theMATLAB application programming interface to updatemultiple physical parameters. Of the
three different FE models used to simulate the behavior of the composite slab, the calculated MFD of the shell-solid FE model was
almost identical to the test results, indicating that the performance of the tested composite structure could be accurately predicted
by this type of FE model.

1. Introduction

Steel-concrete composite bridges are used extensively in
highway networks. In this type of bridge system, reinforced
concrete (RC) decks are connected to steel girders to obtain
the merits of both materials and to increase the rigidity of
both the girders and the slabs. Shear connectors (headed
studs) provide integrity to the composite bridge by in-
creasing the composite rigidity for uniform actions under
live loads and resisting horizontal shear at the girder-deck
interface. However, deterioration of the connectors over
several years will decrease the composite action, and cracks
that occur under the service load due to insufficient strength
or fatigue may result in increased damage; plus, settlement

caused by increased traffic weights can induce or change the
intrinsic forces in the bridge deck. Since all defects and
damage can influence the load-carrying capacity of the
bridge, early detection of structural damage in a bridge is
therefore crucial to avoid life and economic losses due to
catastrophic failures. To detect structural damage, tradi-
tional nondestructive techniques (NDT), such as ultrasonic
methods, magnetic fieldmethods, radiographmethods, eddy
current methods, and thermal field methods, have been
developed to identify local damage [1]. However, a new rapid
nondestructive assessment technique needs to be developed
for practical applications. Among the various methods, the
vibration-based damage detection (VBDD) is preferred as it
uses changes in modal curvature and natural frequencies to
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define damage probability functions [2]. When invisible
damage occurs on a complicated structure such as a com-
posite bridge deck with shear connectors, the VBDDmethod
may be particularly well suited as a global testing method to
determine the structural condition of the bridge. Because of
the easy acquisition of vibration characteristics and global
information on structural conditions [3], the VBDDmethod
can assess the condition of an entire structural component
when some portions of the structure remain inaccessible to
inspection by common NDE methods. In addition, when
visible damage appears on a composite deck, the damage
detected by the vibration-based method can be investigated
using the provided dynamic information.

*e VBDD method detects changes in the dynamic
characteristics (e.g., natural frequencies, modal shapes, and
damping ratios), which can be regarded as a global response
signature, resulting from changes in the stiffness, mass, and
boundary conditions. It is a great challenge to develop robust
algorithms with the ability to detect, locate, and quantify
damage according to the measured dynamic responses of the
structure. Some complex situations and conditions, such as
boundary conditions, bond-slip occurrences, and sub-
structure damage, would be reflected in the vibration sig-
nature. *e advantage of the VBDD method is the
continuous monitoring of the structural conditions and
identifying the earliest occurrence of possible damage. *e
VBDD method comprises the following four levels that
determine changes in dynamic structural characteristics [4]:
(1) qualitatively indicating damage occurrences; (2) local-
izing spatial information; (3) estimating the extent of
damage; and (4) predicting the actual safety of the structure.
Modal parameters such as natural frequencies and mode
shapes are frequently used as damage-sensitive features to
identify damage [5, 6]. Many applications of the VBDD
method have been developed in the past two decades as
presented by Doebling et al. [7] and Sohn et al. [8]. Moughty
and Casas [9] provided an in-depth review of the devel-
opment of modal-based damage-sensitive features (DSFs) in
bridges and a synopsis of the challenges involved. *ey
addressed the challenges by drawing upon advanced tech-
niques outlined in recent literature. Yang et al. [10] proposed
the extraction of bridge frequencies from the dynamic re-
sponse of a moving test vehicle. *ey also verified the
technique by a field test and presented a state-of-the-art
review of the related research works conducted worldwide.
*e VBDD method can be classified into the non-model-
based method and the model-based approach. *e biggest
difference in these two methods lies in whether a calibrated
finite element (FE) has been used in the data analysis or not.
*e non-model-basedmethod utilizes dynamic properties in
measurements to directly deduce the physical characteris-
tics, which is also known as a damage fingerprint method.
*e model-based method uses dynamic properties to cali-
brate the initial FE model and then deduce the damaged
physical parameters by comparing updated and baseline
cases. Although the non-model-basedmethod is much easier
to apply since no time and effort need be spent on modeling
and model calibration, it is harder to detect damage in some
structures than with the model-based method.

For a steel-concrete composite deck, damage that occurs
in the structure, such as the loosening of shear connections,
changes in the boundary conditions, and the development of
cracks caused by loading, changes the structural vibration
characteristics. Several studies have attempted to detect
damage in the connectors between steel-concrete composite
girders, both in the laboratory and on actual projects.
However, limited studies have focused on damage detection
approaches for steel-concrete composite structures, and very
little research has used the VBDD method to provide a
satisfactory assessment of different damage cases for com-
posite structures. Xia et al. [11] made the first attempt at
detecting possible damage of shear connectors in slab-girder
bridges through vibration methods. A 1 : 3 scale bridge
model was constructed in a laboratory to test the suitability
and efficiency of the VBDDmethods. Since it was found that
the local approach is more sensitive to identifying the local
damage of shear connectors than global methods, the local
approach was developed and applied to assess the condition
of the shear connectors in a full-size slab-girder bridge [12].
It was concluded that the newly developed method is a more
practical approach for detection of damaged connectors
than the model updating technique. Dilena andMorassi [13]
presented a Euler–Bernoulli model of a composite beam that
accurately described the measured dynamic response of
composite beams with either severe or intermediate levels of
damage. A diagnostic technique based on frequency mea-
surements was then applied to the suggested model, which
provided positive results. Xu and Jiang [14] used a number of
piezoelectric zirconate titanate (PZT) patches on the upper
flange of a steel girder and concrete slab, and the corre-
sponding electromechanical impedance was measured using
an impedance analyzer before and after loosening the
connection bolts. Allahyari et al. [15] investigated the dy-
namic characteristics of unfilled steel-concrete decks, in-
cluding normal-weight high-strength concrete (HC) and
lightweight high-strength concrete (LHC). It was concluded
that the decks fabricated with plain concrete (DPC) and the
decks fabricated with LHC (DLHC) had approximately
similar serviceability, whereas DLHC can be more applicable
than DPC due to lower weight. Zhang et al. [16] presented a
non-model-based damage detection approach for bridge
structures based on the phase trajectory change of multitype
vibration measurements. *e experimental study demon-
strated that the proposed approach can be used to identify
the shear connection failure in a composite bridge model
subjected to moving loads. Wróblewski et al. [17] demon-
strated a method to show how changes in energy transfer
ratios (ETRs) could be used for damage detection and lo-
calization in steel-concrete composite beams.

*e dynamic computer simulation technique was used
by Shih et al. [18] to identify damage to slab-on-girder
bridges. Based on that technique, they used modal flexibility
change and modal strain energy change for damage local-
ization of shear connectors. Results showed that their
method was effective in damage assessment for slab-on-
girder bridge superstructure. *e autoregressive with ex-
ogenous input (ARX) models and the sensor clustering
damage identification technique [19] were then adopted to
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identify the damage of a full-scale, five-girder bridge. Zhang
et al. [20] used quantum-inspired genetic algorithms
(QIGAs) to improve computational efficiency by trans-
forming the scaling factor sign determination problem to an
optimization problem. And an experimental example of a
steel-concrete composite slab and numerical example of a
three-span continuous rigid-frame bridge were studied to
verify the effectiveness of the proposed method. Tan et al.
[21] used the vibration characteristics and artificial neural
network (ANN) to detect damage in composite slab-on-
girder bridge structure. Wang et al. [22] proposed a sparse
Bayesianmodel for structural damage detection based on the
variational Bayesian inference (VBI) and delayed rejection
adaptive Metropolis (DRAM) algorithms, and a laboratory-
tested frame was utilized to verify its effectiveness.

*e developed signal processing technique has re-
cently been proposed for damage identification of com-
posite structures. Liu and De Roeck [23] proposed a
damage indicator for identifying stud damage based on
the local modal curvature and the wavelet transform
modulus maxima. *e efficiency of the damage indicator
was investigated using numerical simulations that in-
troduced varying levels of damage to the stud by de-
creasing the spring stiffness. Ren et al. [24] simulated
different damage scenarios by removing some shear
connectors in a bridge model, and a signal-based damage
detection method, in which the damage feature was
characterized by the wavelet packet energy changes, was
used to identify damage in the shear connectors. Li et al.
[25] proposed a dynamic damage detection approach
based on the wavelet packet energy of cross-correlation
functions from ambient vibration measurements to
identify the damage of shear connectors in slab-on-girder
bridges. Bao et al. [26] presented an improved Hil-
bert–Huang transform (HHT) algorithm for identifying
time-varying systems and analyzing nonlinear structural
responses with closely spaced modes. *e robustness and
effectiveness of this algorithm were verified using both
numerical simulations and laboratory measurements of
vibration data on a scaled concrete-steel composite beam
model.

To overcome the limitation of visual-based and vibra-
tion-based approaches to access the shear connection in
composite bridges, an innovative relative displacement
sensor has been developed to directly measure the relative
displacement between the slab and girder in composite
bridges [27]. Continuous wavelet transform (CWT) and
HHT [28] were used to analyze the measured dynamic
responses and to identify the damage of shear connectors in
a composite bridge model under moving loads. *e results
demonstrate that relative displacement is a better response
quantity for structural health monitoring of composite
bridges. Moreover, Dackermann et al. [29] presented a
dynamic-based method for evaluating the connection sys-
tems of timber composite structures. *e proposed dynamic
method provided an alternative to traditional static load
testing and used vibration measurements to derive a loss of
composite action index.

Detecting minor structural damage at an early stage to
prevent further structural degradation and potential pro-
gressive failure was of great importance for bridge condition
assessment. However, the detection of damage in these
structures is difficult because the baseline data of these
structures, such as their design details and an accurate FE
model, are usually not available. To overcome that, in this
study, two kinds of VBDD methods, namely, model-based
and non-model-based damage detectionmethods, were used
for damage detection.*e efficiency and reliability of the two
detection methods were also described. To the best of the
authors’ knowledge, it was the first attempt to use both
VBDD methods to detect the occurrence, location, and
extent of the damage in a steel-concrete composite slab. *e
effectiveness of both methods was demonstrated in pre-
dicting damage of a composite bridge to enable early ret-
rofitting and prevent bridge failure. Moreover, two different
damage simulation strategies were carried out in the damage
detection experiment, which enhanced the practicability of
the experimental study. *e aim of this study was therefore
to assess the feasibility of applying VBDD to identify the
different damage cases of a steel-concrete composite
structure. To achieve this aim, a 1 : 3 scaled steel-concrete
composite bridge model was built in the laboratory to in-
vestigate the possibility of using VBDD. Although the ex-
periment was conducted in the laboratory, it should be
emphasized that the proposed techniques can be applied to
all types of short bridges in the field. *e focus was on
detecting small levels and different types of damage using a
global vibration testing method combined with the elaborate
proposed techniques. Five different cases were designed to
simulate damage in the service state and in the loading state,
and static and dynamic experiments were performed under
different damage conditions. *e removable bolts and
supports were specially designed as the controllable damage,
and different levels of loading were carried out to obtain the
actual damage incrementally. Owning to using these damage
simulation strategies, the interfacial bond-slip damage be-
tween the concrete and the steel girder was simulated ef-
fectively, which was rarely considered in previous studies.
Damage of the concrete deck was evaluated using two
different strategies. *e first strategy was to assess the
condition using the damage index method, which does not
rely on an FE model, so the modal flexibility was directly
obtained through a multiple reference impact test (MRIT).
*e second strategy was to detect the damage using the FE
model. In this case, the calculation and analysis were per-
formed using the Strand7 FE analysis package coupled with
the MATLAB application programming interface (API)
after themodel was updated with the data from the static and
dynamic experiments on the slab. It was the first attempt to
use both model-based and non-model-based damage de-
tection methods to detect the occurrence, location, and
extent of the damage in the steel-concrete composite slab.
*e effectiveness of both methods was demonstrated, and
the findings of this research will be useful in predicting
damage of composite bridges to enable early retrofitting and
prevent bridge failure.
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2. Test Specimen and Defect Case Design

2.1. Test Specimen. A 1 : 3 scaled steel-concrete composite
deck model was designed and constructed to represent half of
the span of Pennsauken Creek Bridge in New Jersey, USA.
*e specimen was constructed in Hunan Provincial Key Lab
on Damage Diagnosis for Engineering Structures at Hunan
University. *e steel-concrete composite deck had dimen-
sions of 4.00m× 2.05m to fit within the available laboratory
space. A 60mm C30 concrete slab was connected to three
Q235 I-girders by shear connectors. *e cubic compressive
strength of the concrete was 53.68MPa, which was used to
estimate the elastic modulus of 3.51× 104N/mm2 based on
the Chinese Code for the design of concrete structures
(GB50010-2010) [30]. *e HPB 300 Φ 6mm rebars in the
concrete slab were arranged in double layers. *e yield
strength of the rebar was 307.84MPa, and its ultimate
strength was 429.01MPa according to the reinforcement
tensile test. *ree steel I-girders were connected at the middle
and at both ends by steel channel diaphragms. *e specimen
was simply supported on adjustable bearings, which were 3
fixed supports and 3 rolling supports on each side. *e
specimen cross section and the dynamic test instrument
layout are shown in Figure 1. Two types of connections were
made on this specimen: headed studs and removable bolts.
*e removable bolts were designed to simulate damage and to
then be reset to an undamaged state. *e 13mm diameter
headed studs were welded onto the upper flange of the middle
girder, while the 12mm removable bolts connected the
concrete slab to girder 1 and girder 3 by drilling holes in the
upper flange of the steel girder. After the concrete was poured,
the bolt sleeves were permanently fixed. *e connection was
then completed by threading the bolt through the bolt sleeve.
*e tensile strength of the bolt was 800MPa with a yield ratio
of 0.8. To design the removable bolts in an undamaged state,
the bolts were tightly screwed into the bolt sleeves; in a
damaged state, the bolts were simply unscrewed from the bolt
sleeve and completely removed. *e distribution of bolts and
connectors is presented in Figure 2, and the detailed design
information can be found in Jiang [31].

2.2. Defect Cases in the Service Condition (Case 1 and Case 2).
Considering the appearance of corrosion and fatigue under
unexpected overloading, two cases were designed to simu-
late different damage scenarios of a composite deck in the
service condition. *e possible defects in the service con-
dition were simulated as shown in Figure 3. In Case 1, the
steel support (E� 2×105MPa) at point 1# was replaced by a
polyurethane panel rubber support (E� 60MPa) to simulate
a boundary condition deficiency, as shown in Figure 3(a). In
Case 2, the bolts between points 5# and 9# on girder 1 were
loosened to simulate interfacial bond-slip damage between
the concrete and the girder, as shown in Figure 3(b). *e
designed defect cases had no material damage on the
concrete slab or on the steel girders. *e specimen in the
intact stage corresponding to the two defect cases was de-
fined as reference case I (Ref Case I).

2.3. Damage Cases in the Loading Conditions (Cases 3, 4, and
5). *e static load tests performed on the composite deck
can be classified into two different procedures: the weight
loading procedure in the undamaged state and the hydraulic
loading procedure in the damaged state. *e vertical de-
flections were measured by 15 displacement sensors along
three longitudinal girders (denoted as D01-15). Fifteen
strain gauges were used to measure the concrete strain
(denoted as C01-15), which were attached at the 1/4, 3/8, and
1/2 locations of the slab. Twenty-four strain gauges were
installed on the steel girder; four strain gauges were installed
at the 1/4 and 1/2 span locations of each steel girder, while
three strain gauges were installed on the web of the girder,
and one was installed at the bottom of the flange (denoted as
ST01-24). *e static stain data were recorded by TDS-530
data logger.*e instrumentation layout is shown in Figure 4.

In the first loading procedure, the weights were stacked
on different instrumentation points, except for the boundary
supports, to measure the deflection of the composite deck in
the undamaged state; this state was defined as reference case
II (Ref Case II), as shown in Figure 5(a), and the static and
dynamic data were used as the baseline for further analysis.
In the second loading procedure, a multilevel hydraulic
loading test was conducted on the composite deck with three
loading-unloading cycles that increased until the deck lost
carrying capacity, as shown in Figure 5(b). *ree damage
cases (Cases 3, 4, and 5) were defined according to the
severity of the damage on the model under cyclic loading.
*e typical load-displacement and load-strain curves are
shown in Figure 6. *e three damage cases were classified as
follows:

(1) Case 3: when the load was 10 kN, the strain increased
linearly as the residual displacement remained at
9.5mm. *e structure then remained in the elastic
stage as it was unloaded, and visible cracks began to
appear on the concrete deck near girder 1.

(2) Case 4: when the load was continually increased to
178.13 kN, the steel strain showed obvious plastic
deformation, especially along girder 1, and the
concrete strain gauge attached to the bottom surface
of the concrete presented an obvious bilinear load-
strain relationship until the strain gauge failed. *e
stiffness of the structure obviously decreased with the
appearance of new cracks around the three steel
girders, and the residual displacement remained at
17.3mm. *e load was increased until a moderate
number of cracks appeared, and the damage accu-
mulated and extended from the middle of the slab to
the two sides of the supports.

(3) Case 5: when the load was 258 kN, the displacement
increased rapidly until the bolts on girder 1 were
broken by the interfacial shear force. *e steel strain
almost reached its ultimate strain, and the residual
displacement remained at 92.5mm. In this stage, an
obvious flexural deformation appeared, and the
cracking range increased before the steel girder
began to yield.*e crack width continued to increase
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and further penetrate the entire concrete deck. Fi-
nally, the bolt at the critical location was broken by
the interfacial shear force, which was followed by
spalling of the concrete. *e typical crack patterns of
the three damage cases are shown in Figure 7. Be-
cause the cross section of composite deck was
asymmetric, the crack patterns displayed eccentric
characteristics.

3. Dynamic Test and Experimental
Modal Analysis

3.1. Multiple Reference Impact Test. To determine the dy-
namic characteristics of the composite deck, a MRIT was
used to generate modal information and further detect
possible defects or damage in different cases. In the test, a
PCB-086D20 sledge hammer (with a sensitivity coefficient of
0.23mv/N and a frequency range of 0–6000Hz) was used to
generate an impulse signal, and the vibration responses were
collected by ICP-type KD1010L accelerometers (with a
sensitivity of 10 mv/ms−2 and a frequency range of
0.5–7000Hz). Both of the signals were collected using Signal
Calc DP730 data acquisition. *e sampling frequency was
set to 4096Hz with a duration of 8 s. To mitigate the ambient
noise in the dynamic test, each point was impacted 5 times to

generate average values. MRIT was performed in the un-
damaged state to obtain the modal data for the reference
cases.*e dynamic test was then conducted for each damage
case to generate the modal information. In Case 1 and Case
2, only girder 1 and girder 2 were tested.

3.2.Modal Parameter Identification. In MRIT, the measured
dynamic signals of the force and response in the time do-
main were processed by fast Fourier transform (FFT) and
then analyzed using the autopower spectrum and the cross-
power spectrum in the frequency domain.H1 estimation was
then used to analyze the frequency response function (FRF);
thereafter, the modal poles were extracted from the peak
value of the FRF curves using the complex mode indicator
function (CMIF) method.*e peak-picking extraction of the
eigenvalue from the singular value figure in Ref Case II is
shown in Figure 8, and the first 9 identified mode shapes are
shown in Figure 9.

*e modal parameters, such as the frequencies and
damping ratios, of defect Case 1 and Case 2 were compared
with those of Ref Case I, as shown in Table 1. *e natural
frequencies of the specimen in different cases generally
decreased when defect damage was introduced. Compared
with the higher modes, the lower modes were more sensitive
to slab defects. *e first modal frequency in defect Cases 1

150 760 760 380

HM 148 × 100 × 6 × 9 80 × 43 × 5 × 8

60

30

(a)

1 2 3 4 5 6 7 8 9

10 11 12 13 14 15 16 17 18

19 20 21 22 23 24 25 26 27

1900 1001900100

Girder 3

Girder 2

Girder 1
HM 148 × 100 × 6 × 9 HM 148 × 100 × 6 × 9

HM 148 × 100 × 6 × 9 HM 148 × 100 × 6 × 9

HM 148 × 100 × 6 × 9 HM 148 × 100 × 6 × 9

76
0

15
0

76
0

38
0

Location of acceleration sensors

(b)

Figure 1: Steel-concrete composite slab model: (a) cross section; (b) instrumentation layout for the dynamic test (unit: mm).
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and 2 decreased by 6.25% and 3.05%, respectively. *e
modal frequencies were more sensitive to changes in the
bearing stiffness due to the introduced defects in the model.

In Cases 3, 4, and 5, the modal parameters of the deck
identified using the CMIF method are listed in Table 2. In
general, with increasing damage, the natural frequencies
decreased, while the damping ratios increased in the same
mode. *e frequencies and damping ratios of the lower
modes changed more obviously than those of the higher
modes, and the decreasing tendency of the modal fre-
quencies and damping ratios followed the static damage
severity. *e first modal frequency in Cases 3, 4, and 5

decreased by 0.83%, 12.37%, and 24.31%, respectively, which
were generally larger than the decreases due to the intro-
duced defect.

4. Damage Detection Using the Non-Model-
Based Method

4.1. Modal Flexibility by MRIT. *e concept of structural
modal flexibility was proposed by Clough and Penzien [32]
as one of the common dynamic damage fingerprints [33].
Modal flexibility, which refers to a close approximation of
flexibility extracted from modal test results, has been shown
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Figure 3: Two defect cases in the service condition: (a) Case 1; (b) Case 2.
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to be an excellent measure of flexibility if a sufficient number
of modes are included [34]. It has been devised as a reliable
experimental signature reflecting the existing condition of
structures and can also serve as a stringent check to validate
the accuracy and completeness of modal analysis results
[35]. Structural modal flexibility and its changes are effective
indices for evaluating structural performance and are more
sensitive than frequency and mode shape. *rough dynamic
testing using MRIT, the modal flexibility can be directly
determined from the impact and response data, and the
variation of the modal flexibility can be used to detect
damage without relying on an FE model. *e two ap-
proaches for extracting modal flexibility were (1) the ex-
traction of mass normalized mode shapes and modal
frequencies and (2) the identification of a synthesized FRF
matrix [34]. In the calculation strategy adopted by this study,
the modal mass coefficient is directly extracted from the FRF
measured by the MRIT. *e FRF of the experiment can be
written in partial fraction form:

Hpq(ω) � 􏽘
n

r�1

Apqr

jω − λr( 􏼁
+

A
∗
pqr

jω − λ∗r( 􏼁
􏼢 􏼣, (1)

whereHpq(ω) is the FRF at point pwhen the impacting takes
place at point q, j represents an imaginary number, ω is the
frequency, λr represents the r

th order pole of the system, and
Apqr is the rth order residue caught at point p when the
hitting takes place at point q. Apqr � QArψprψqr, where QAr
is the modal scale factor of the rth order mode, ψpr and
ψqr represent the mode shape coefficient of the rth order
mode at point p and point q respectively, and ∗ represents
complex conjugates.

Using the modal parameter estimation algorithm [35],
the FRF between the degree of freedom (DOF) of p and q at
ω� 0 was calculated and substituted into the previous ex-
pression as follows:

Hpq(ω) � 􏽘
m

r�1

ψprψqr

MAr −λr( 􏼁
+

ψ ∗prψ
∗
qr

M
∗
Ar −λ∗r( 􏼁

􏼢 􏼣, (2)

whereHpq(ω) is the FRF at point p due to the hitting input at
point q andMAr is the modal mass coefficient of the rth order
mode; MAr � 1/QAr.

*e damage index method is a vibration-based method
used for identifying damage in a structure, including the
damage severity. After the modal flexibility matrix of the
structure is obtained, it can be multiplied by the corre-
sponding load force vector at each measurement point. *e
difference between the modal flexibility displacements
(MFDs) of different cases is considered to be a damage
index, as shown in the following equation:

MFD �
Dd − Dr

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

Dr

× 100%, (3)

where Dd is the MFD under the damage condition and Dr is
the MFD of the reference case.

4.2. Defect Detection. Two defect cases were analyzed using
the CMIF method to select the peak values on the signal
value curves; the modal flexibility can be estimated using
equations (1) and (2) to predict the displacement value of the
composite model under the applied weights. *e displace-
ment values obtained from the dynamic test analysis and
measured by the static load test in the reference state were
analyzed. Comparing the generated modal flexibility in Ref
Case I and the defect cases, theMFD values of girders 1 and 2
are shown in Figure 10. In Case 1, when the defect occurred
at point 1# of the support, the MFD values were sensitive to
the induced damage location, and the maximum MFD
occurred at point 1# with a difference of 119.6%. In Case 2,
the displacement values of girder 1 changed significantly
when the bolts were loosened from point 5# to point 9# along
half of girder 1. *e MFD values at point 8# and point 9#
reached 22.1% and 89.8%, respectively. Comparing the
different defect cases in the service condition, the appearance
and location of the damage due to changing the boundary
conditions and loosening the bolts were effectively identified
by the MFD values. *is means that the non-model-based
method can accurately identify both the damage and its
location.

4.3. Loading Damage Detection. In Cases 3, 4, and 5, the
displacements caused by the measured static test and the
dynamic modal flexibility were compared for different cases.

(a) (b)

Figure 5: Pictures of the static tests: (a) weight loading test; (b) hydraulic loading test.
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*e difference in MFD values between the damage cases and
Ref Case II is shown in Figure 11. In Case 3, a 17.5% dif-
ference in the MFD appeared at point 5#, which is the exact
position where the loading cracks first appeared; therefore,
the MFD value changed more obviously on girders 1 and 2
than on girder 3. In Case 4, the MFD values of girder 2 are
larger than those of girder 1 because the cracks extended
from girder 1 to girder 2. However, the changes in the MFD
value tended to be uniform at the other instrumentation
points. In Case 5, with increasing applied load, the changes
in the MFD value increased up to 92.8%. At this stage, the

visible damage on the specimen indicated ultimate failure of
the structure. As a method that relies on input and output
dynamic test data, the modal flexibility method along with
the MFD value can effectively identify the location and
extent of damage. It can be used for structural performance
prediction and damage detection with reliable accuracy. *e
primary advantage of the proposed non-model-based ap-
proach is that it does not need baseline data (recorded with
the structure in an undamaged state) or an accurate FE
model. *is method was suitable for damage detection with
large modeling errors.
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Figure 6: Measured displacement and strain on the structure: (a) measured vertical displacement at the middle span of girder 2; (b)
measured steel strain at the 1/4 and 1/2 span locations of girder 1, 2, and 3; (c) measured concrete strain on the bottom surface at the 1/2 span
location.

8 Advances in Civil Engineering



5. Damage Identification Using the Model-
Based Method

5.1. FE Model Construction. In addition to the non-model-
based method, an FE model can also be used to detect
damage via a model updating technique. *is model-based
method depends on rational modeling to fully consider the
detailed modeling configuration. A precise model can be
used to simulate the mechanical behavior of the element and
then relate it to the dynamic parameters. In order to obtain
an accurate and reliable finite element model, an FE model
was constructed using Strand7 software and computational
simulation was conducted with different modeling strategies
for the composite slab. *ree different modeling strategies

were used according to the test specimens shown in Fig-
ure 12: a beam-shell element model, a beam-solid element
model, and a shell-solid element model. In the FEmodel, the
rebar was considered to be a uniformly distributed material
in the concrete, and the integrity model was adopted for the
design of the concrete slab.

*e interfacial adhesion of the two materials, the shear
stiffness of the connectors, and the boundary conditions
should all be considered in the model. *erefore, defining
the link element between different components was very
important in the modeling process. According to the dif-
ferent objects in elements, there were four kinds of link
elements in three models: beam-support link element, beam-
slab link element, slab-slab link element, and connection
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Figure 7: Crack patterns in different hydraulic loading cases: (a) Case 3; (b) Case 4; (c) Case 5.
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Figure 8: Peak-picking extraction in the singular value in Ref Case II.
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Figure 9: First 9 identified mode shapes in Ref CaseII: (a) 1st mode; (b) 2nd mode; (c) 3rd mode; (d) 4th mode; (e) 5th mode; (f ) 6th mode; (g)
7th mode; (h) 8th mode; (i) 9th mode.

Table 1: Comparison of the identified modal information for Case 1 and Case 2.

No. Ref Case I Case 1 Case 2
Freq. (Hz) Damp. (%) Freq. (Hz) Damp. (%) Diff. (%) Freq. (Hz) Damp. (%) Diff. (%)

1 20.01 2.47 18.76 −3.08 −6.25 19.40 2.71 −3.05
2 25.32 1.52 24.06 −1.80 4.98 24.93 2.02 −1.54
3 31.74 1.72 30.89 −1.67 2.68 31.37 1.54 −1.17
4 69.40 6.80 65.63 −2.71 5.43 69.50 8.03 0.14
5 74.54 4.11 — — — 73.75 3.05 −1.06
6 82.33 2.34 85.68 −2.43 4.07 82.10 2.07 −0.28
7 110.61 4.60 103.40 −3.76 6.52 — — —
8 113.50 3.19 117.55 −3.49 3.57 111.43 3.68 −1.82
9 154.39 2.75 149.80 −3.80 2.97 150.13 3.69 −2.76
Note. Diff � (f1 − fr1)/fr1 × 100%, f1 is the measured frequency of Case 1 or Case 2, and fr1 is the measured frequency of Ref Case I.

Table 2: Comparison of the identified modal information for Cases 3, 4, and 5.

Mode Ref Case II Case 3 Case 4 Case 5
Freq. (Hz) Damp. (%) Freq. (Hz) Damp. (%) Diff. (%) Freq. (Hz) Damp. (%) Diff. (%) Freq. (Hz) Damp. (%) Diff. (%)

1 25.30 0.99 25.09 1.47 −0.83 22.17 1.91 −12.37 19.15 2.21 −24.31
2 33.49 1.93 33.32 1.03 −0.51 31.70 2.58 −5.34 28.46 1.99 −15.02
3 67.76 1.75 67.56 2.26 −0.30 65.24 2.31 −3.72 63.70 2.07 −5.99
4 77.89 2.58 76.31 2.65 −2.03 73.14 3.32 −6.10 70.63 2.77 −9.32
5 84.71 1.43 83.09 1.25 −1.91 80.02 1.54 −5.54 79.74 1.65 −5.87
6 99.49 3.86 97.42 4.24 −2.08 95.46 5.38 −4.05 97.17 2.83 −2.33
7 125.37 3.12 121.13 2.82 −3.38 119.56 3.10 −4.63 117.25 2.52 −6.48
8 136.85 3.52 132.91 3.03 −2.88 130.11 3.17 −4.93 136.85 2.96 0.00
9 165.26 3.33 167.44 3.25 1.32 162.74 2.87 −1.52 161.51 3.61 −2.27
Note. Diff � (f2 − fr2)/fr2 × 100%, f2 is the frequency of Cases 3, 4, or 5, and fr2 is the frequency of Ref Case II.
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element. *e first three link elements were simulated by
spring-damping elements which have different axial and
lateral stiffness. *e connection element was then modeled
as an octahedron element, which consists of two spring-
damping elements and four rigid elements, as shown in
Figure 13. *e spring-damping element in the connector
included only the axial stiffness of the spring. And the in-
tersections of rigid elements were located in the vertical
alignment nodes of the concrete slab and steel girder. *e
values for the spring stiffness are shown in Table 3.

*e nominal physical properties of the concrete and the
steel were used to model the deck. *e uniaxial stress-strain
relationship of concrete prescribed in GB50010-2010 [30]
was employed to simulate the constitutive relationship of the
concrete component (Figure 14(a)). *e compressive

strength of the concrete was fc � 53.86MPa, which resulted
in an estimated elastic modulus of Ec � 3.51× 104MPa.
Poisson’s ratio was 0.2, and the density was 2450 kg/m3. To
describe the stress-strain relationship of steel, the trilinear
isotropic hardening model was employed addressing the
strengthening stage after yielding and the descending stage
after fracture (Figure 14(b)). *e elastic modulus of the steel
girder was Es � 2.0×105MPa, the density was 7850 kg/m3,
and Poisson’s ratio was 0.3.

*e concrete damage plasticity (CDP) model is shown
in Figure 15. In the CDP model, tensile cracking and
compressive crushing of concrete are considered the main
two failure mechanisms. Based on the smeared cracking
approach, the damage or stiffness degradation is assumed
to be uniformly distributed. *e cracked concrete is

M
FD

 v
al

ue
 (%

)

Case 1
Case 2

0

20

40

60

80

100

120

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 181
Points 1#–18#

Figure 10: Relative difference of MFD in Case 1 and Case 2.

D
iff

er
en

ce
 v

al
ue

 (%
)

Case 3
Case 4
Case 5

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 271
Points 1#–27#

0

20

40

60

80

100

Figure 11: Relative difference of MFD in Cases 3, 4, and 5 (except for the support points).

Advances in Civil Engineering 11



regarded as an elastic orthotropic material with a reduced
elastic modulus. *e stiffness degradation is assumed to
occur in the softening response in both compression and
tension [36]. In this study, the corresponding parameters
were defined as follows: the shape parameter was
Kc � 0.6667, the dilation angle was ψ � 30∘, the plastic
potential eccentricity was ε � 0.1, and the ratio of the
biaxial stress to uniaxial stress was σb0/σc0 � 1.16
according to the study by Genikomsou and Polak [37].

*e beam-shell model is relatively simple; the only
difficulty lies in modeling the plate bracket due to the
complex geometry of the height variations. *e beam-solid
model can overcome the difficulties of plate bracket mod-
eling, but the interfacial bonding condition between the steel

girder and concrete deck cannot be rationally simulated in
the model. To overcome the difficulties of both of these
modeling strategies, the shell-solid model reflects the real
interface, geometry, and boundary conditions. To determine
a suitable FE model, all three models were used for dynamic
and static modal analysis, and the results were compared
with the measured dynamic and static data. After the static
tests were performed, the measured displacement and the
displacement estimated by the FE model were compared, as
shown in Figure 16. Because the shell-solid model has the
previously mentioned advantages, its results are consistent
with the measured results in the tested model. *erefore, the
shell-solid model, as shown in Figure 17, was selected for the
model updating analysis. In total, the shell-solid model
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Figure 12: Comparison of the detailed configurations of three FE models: (a) beam-shell element; (b) beam-solid element; (c) shell-solid
element.

X

Y

Z

Figure 13: Octahedron element.

Table 3: Stiffness of the spring elements in the three models (unit: ×106 kN/mm).
Model Axial stiffness Lateral stiffness

Beam-shell element model

Beam-support 2.0 109

Beam-slab 1.02 0.5
Slab-slab 0.038 0.1

Connection 1.0 0

Beam-solid element model
Beam-support 2.0 109

Beam-slab 1.02 0.5
Connection 1.0 0

Shell-solid element model
Beam-support 2.0 109

Beam-slab 1.02 0.5
Connection 1.0 0
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consisted of 1437 beam elements, 2400 shell elements, 9280
brick elements, and 264 link elements.

5.2. Sensitivity Analysis. In the damage identification tech-
niques based on dynamic responses, the physical parameters
of a structure in a healthy condition can be calibrated by

minimizing residual errors.*esemodels are then compared
with any unknown (damaged) condition to obtain the
corresponding residual errors. Any minor changes in these
coefficients or residual errors are assumed to indicate
damage in the structure. *e physical parameters are esti-
mated according to design drawings, standards, and the
literature. Sensitivity analysis was used to analyze the
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Figure 14: Stress-strain relationship of materials: (a) concrete; (b) steel reinforcement.
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Figure 15: Illustration of concrete damage plasticity model: (a) deviatoric plane; (b) plane stress yield surface.
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influence of different physical parameters on the objective
function. In the nominal FE model, five physical parameters
were selected, and the data range was set as shown in Table 4.
*e objective function was built using the dynamic mea-
surement data, as shown in equations (4), (5), and (6). *e
modes that have relatively large MAC values were used in
the following objective function analysis. *e sensitivity
analysis results based on modal data, as shown in Figure 18,
reveal that four physical parameters were sensitive to the
objective function, while the beam-slab axial spring stiffness
was not.

objModal(x) �
􏽐

n
i�1 fi(x) + 1 − MACi( 􏼁( 􏼁

n
, (4)

MACi(x) �
ϕT
Ai(x)ϕEi(x)

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌
2

ϕT
Ai(x)ϕAi(x)􏼐 􏼑 ϕT

EiϕEi􏼐 􏼑
, (5)

fi(x) �
f

j

E − f
j

A(x)

f
j

E

, (6)

where E represents the measured data, A denotes the ana-
lytical data from the Strand7 FE model, f is the frequency, Φ
is the mode shape, and x is the updated parameter, such as
the elastic modulus.

5.3. Model Updating for the Baseline FE Model. Finite ele-
ment (FE) models were constructed on the basis of idealized
engineering designs that may not truly represent all the
physical aspects of an actual structure and therefore need to
be updated to match the measured data [38]. In many
studies, the sensitivity-based model updating method de-
scribed by Mottershead et al. [39] has achieved great success.
*e FEmodel updating method considered in this paper was
the iterative method, which involved the use of the sensi-
tivity of the parameters to update the model.

An FE model, as illustrated in Figure 17, was built to
detect the damage via a sensitivity-based model updating
technique. Based on sensitivity analysis of the dynamic test
results, the elastic modulus of concrete, the density of
concrete, the axial stiffness of the bearing spring, and the
axial stiffness of the connector spring were selected to update
the model in the undamaged reference case to obtain a
baseline model. *e Strand7 FE analysis package was cou-
pled with the MATLAB API for automated multiparameter
model updating. *e iterative results for multiple parameter
identification based on the modal data are shown in

Figure 19, while the objective function which converged
after 67 iterative cycles is shown in Figure 19(b). *e initial
values and updated values are shown in Table 5.

*e updated baseline model was then used for static and
dynamic modal analysis. *e calculated static displace-
ments under a uniformly distributed load before and after
model updating as well as the measured displacements are
shown in Figure 20. *e modal frequencies and mode
shapes before and after model updating were compared
with the dynamic test results shown in Table 6. Compared
with the analysis results of the initial model, the static and
dynamic analysis results using the updated model im-
proved significantly.

5.4. Damage Detection in the Defect Cases. After the baseline
model was obtained, the damage information was deduced
by an additional model updating technique using the modal
test results. In Case 1, the updating parameters were set as
the stiffness of the six supports at points 1#, 9#, 10#, 18#, 19#,
and 27#. In Case 2, all the bolts were divided into 6 regions,
as shown in Figure 21, and the updating parameters were the
average stiffness of the bolts in each region. *e initial
numbers of updating parameters in Case 1 and Case 2 were
defined as a normalized stiffness of 1.0. *e stiffness deg-
radation distributions of the supports and the bolts after
model updating are shown in Figure 22. Using the updated
models, the correct locations of defective supports and bolts
were identified. In Case 1, the normalized stiffness of point 1#
decreased to 0.131 due to the support changes. In Case 2, the
stiffness value in the loosened bolt region between points 5#

Figure 17: Shell-solid model.

Table 4: Updating parameters for sensitivity analysis.
Updating
parameter

Lower
limit

Upper
limit

Distribution
pattern Nominal value

Elastic
modulus E 0.8E0 1.5E0 Linear E0 � 3.51× 105MPa

Density ρ 0.8ρ0 1.5ρ0 Linear ρ� 2450 kg/m3

Axial
stiffness of
support
spring K1

0.01K1 100K1 Logarithmic K1 � 200 kN/mm

Axial
stiffness of
beam-slab
spring K2

0.01K2 100K2 Logarithmic K2 �100 kN/mm

Axial
stiffness of
connector
spring K3

0.01K3 100K3 Logarithmic K3 �100 kN/mm
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and 9# decreased to 0.298, as shown in Figure 22. *e modal
parameters calculated using the updated physical parameters
were compared with the measured data in Table 7. *e
results from the updated models in Case 1 and Case 2 match
the results of the experiment models well.

5.5. Damage Detection in the Loading Cases. Instead of
adjusting the stiffness properties of all the elements sepa-
rately, the stiffness can be determined by damage functions,
which have to be multiplied by the appropriate factors. *is
approach decreases the number of unknowns and ensures a
physically significant solution [40]. *e distribution of the
unknown physical properties can be estimated by combining
a limited set of damage functions, and the updating pa-
rameters are multiplied by the damage functions before

combining them [33]. *e one-dimensional hierarchical
shape function can be defined by

N
e
1 x1( 􏼁 �

1 − x1

2
,

N
e
2 x1( 􏼁 �

1 + x1

2
,

(7)

where −1≤x1 ≤ 1, max|Ne
2(x1)| � 1.

In the process of damage detection, the element-level
damage functions are constructed by mapping the standard
shape functions onto “damage elements.” *ese are defined
as a series of neighboring elements that are connected by
common nodes. *e correction parameter ae of each ele-
ment is determined by the linear combination of the global
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Figure 18: Physical parameter sensitivity analysis using dynamic data: (a) elastic modulus of the concrete; (b) density of the concrete; (c)
axial stiffness of the springs.
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damage functions Ni [40], as shown in the following
equation:

a
e

� 􏽘
ni

i�1piNi x
e

( 􏼁, (8)

where ni is the number of damage functions Ni(x), pi is the
multiplication coefficient, and xe denotes the coordinates of
the center point of element e. *e initial parameter in the
undamaged state is characterized by Young’s modulus of

E0 � 4.31× 104MPa, and the elastic modulus is selected as the
updating parameter in equation (9). *e connection pa-
rameter ae lies in the range of 0–1.

E
e

� 1 − a
e

( 􏼁E0. (9)

Each steel girder under the composite deck was divided
into 9 FE clusters, as shown in Figure 23(a), and each girder
consists of 5 damage element regions, as shown in
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Figure 19: Multiple parameter model updating based on dynamic data: (a) variation of updating parameters; (b) variation of objective
function.

Table 5: Comparison of initial values and updated values.
Data Elastic modulus (N/mm2) Concrete density (kg/m3) Support stiffness (kN/mm) Connector stiffness (kN/mm)
Initial value 1.5 0.9 1.1 1.1
Updated value 1.23 1.15 1.05 0.96
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Points 1#–27#(matching the displacement 
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Figure 20: Displacement under a uniformly distributed load before and after model updating.
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Figure 23(b); thus, 5 parameters need to be updated for each
girder. A triangular function was used as the shape function
in each damage region; instead of modifying all 9 elements

separately, the FE model was divided into five damage el-
ements, consisting of three or five neighboring beam ele-
ments. Each girder consisted of n connection parameters,

Table 6: Comparison of modal data before and after model updating.

Order Measured Initial model Updating model
Freq. (Hz) Freq. (Hz) Diff. (%) MAC Freq. (Hz) Diff. (%) MAC

1 24.78 23.67 −4.48 0.966 24.68 −0.40 0.977
2 31.26 31.30 0.13 0.959 30.79 −1.51 0.964
3 56.77 62.16 9.49 0.503 59.37 4.91 0.612
5 82.68 76.20 −7.84 0.870 78.55 −4.99 0.919
7 120.01 114.42 −4.66 0.755 122.52 2.09 0.788
Note. Diff � (f3 − fm)/fm × 100%, fm is the measured frequency of the composite deck, and f3 is the frequency of the initial or updated model.
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Figure 22: Updating results of the stiffness degradation: (a) Case 1; (b) Case 2.

Table 7: Comparison of the identified and tested modal parameters in Case 1 and Case 2.
Case 1 Case 2

Mode Exp. Freq. (Hz) Updated Freq. (Hz) Diff. (%) MAC Exp. Freq. (Hz) Updated Freq. (Hz) Diff. (%) MAC
1st 18.27 16.04 12.21 0.89 — — — —
2nd 23.91 22.42 6.23 0.96 24.70 23.70 4.05 0.97
3rd 30.76 29.61 3.74 0.86 31.71 31.13 1.83 0.83
6th 84.43 73.47 −12.98 0.60 73.93 76.01 2.81 0.89
Note.Diff � (fu1 − fe1)/fe1 × 100%, fe1 is the experimental frequency in Case 1 or Case 2, and fu1 is the frequency of the updating model in Case 1 or Case 2.
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which can be obtained by multiplying the shape function
matrix by the damage coefficient vector, as shown in the
following equations:

a{ }n×1 �[N]n×ni
P{ }ni×1, (10)
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(11)

*e damage value in each element cluster can be
expressed by a shape function; after Pi has been identified,
the stiffness reduction coefficient in each element can be
calculated. After assembly, five global (linear and step-
wise) damage functions Ni were obtained, and N1–N5 are
plotted in Figure 23(b). For damage detection, the first
four identified modes were used to update the model.

With increasing structural damage in Cases 3, 4, and
5, the stiffness continuously decreased as shown in Fig-
ure 21 and Table 8. Under the same damage case, the
stiffness of girder 1 decreased more than that of girder 2
and girder 3. *e updating results under the static loading
test were consistent with the crack development (Fig-
ure 7). When the structure was still in the linear elastic
state, the maximum value of stiffness loss, which was
13.4%, appeared in the 5th zone of girder 1; however, the
same value became 41.4% in damage Case 5, as shown in
Figure 24.

6. Conclusions

*is study proposed two VBDDmethods for structure damage
identification. An experimental test was firstly conducted by
utilizing the non-model-based VBDD method to detect the
damage of a scaled steel-concrete composite specimen with
various damage settings. *ereafter, based on FE model pa-
rameters using Strand7 and MATLAB software, the model-
based VBDD method was utilized to locate and quantify the
damage of three calibrated FE models.*e proposed procedure
is a new application of the damage detection technique for steel-
concrete structures. Conclusions from the study are as follows:

(1) *e non-model-based VBDD method was utilized
for damage identification of the tested steel-concrete

4000
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Figure 23: Element division and damage function: (a) element division of the updating model; (b) damage function of a girder.

Table 8: Comparison of the identified and tested modal parameters for Cases 3, 4, and 5.
Case 3 Case 4 Case 5

Mode Exp. Freq.
(Hz)

Updated
Freq. (Hz)

Diff.
(%) MAC Exp. Freq.

(Hz)
Updated
Freq. (Hz)

Diff.
(%) MAC Exp. Freq.

(Hz)
Updated
Freq. (Hz)

Diff.
(%) MAC

1st 24.57 24.34 0.90 0.96 22.17 21.85 1.44 0.97 19.15 18.79 1.87 0.93
2nd 31.09 31.65 1.81 0.96 30.90 31.42 1.68 0.94 28.46 29.28 2.88 0.91
3rd 57.56 60.36 4.86 0.63 55.24 59.78 8.21 0.59 53.70 58.93 9.74 0.61
5th 83.09 78.11 5.99 0.91 80.02 76.43 4.49 0.89 79.74 75.86 4.87 0.83
7th 121.13 122.09 0.79 0.79 119.56 121.43 1.56 0.78 117.25 120.85 3.07 0.75
Note. Diff � (fu2 − fe2)/fe2 × 100%, fe2 is the experimental frequency in Cases 3, 4, or 5, and fu2 is the frequency of updating model in Cases 3, 4, or 5.
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Figure 24: Stiffness degradation curve of the steel-concrete
composite deck.
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composite specimen, where the largest MFD ob-
tained by the MRITwas 119.6% and 89.8% when the
support and connected condition changed, respec-
tively. *e MFD also significantly varied under
different loading schemes, which can be referred to
as an index for damage assessment. *is method has
the advantages of high accuracy and wide applica-
bility for damage detection of steel-concrete com-
posite structures.

(2) *e model-based VBDD method was used for
damage identification by conducting numerical
analysis. *ree different FE models, the beam-shell
model, the beam-solid model, and the shell-solid
model, were utilized to simulate the behavior of the
composite slab. *e calculated MFD of the shell-
solid FE model was almost identical to the test re-
sults, indicating that the performance of the tested
composite structure could be accurately predicted by
this type of FE model.

(3) Based on the proposed parameter updating program
using Strand7 and MATLAB software, the estab-
lished shell-solid model was calibrated with the se-
lected highly sensitive physical parameters, where
the error between calculated and tested 1st natural
frequency had been decreased from 4.48% to 0.40%.
Furthermore, the stiffness of the FE model signifi-
cantly decreased from 86.6% (under crack stage) to
58.6% (under failure stage), indicating that the
damage of the specimen could be effectively located
and quantified with the proposed VBDD method.
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