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Abstract: This study presents a numerical structural damage detection method using interstory drift–based structural acceleration measure-
ments in the time domain. The coupling effect of the damage at different locations in the multiple-degree-of-freedom building system is
eliminated by projecting the measured accelerations onto specific independent subspaces. The damage in a region will only affect the output of
the designed monitor observing the substructure within the region. The severity of the damage is estimated numerically using a model-based
prediction curve of stiffness change. Results obtained by the present numerical simulations for the illustrative examples are validated by
experimental investigations using a 3-story aluminum frame structure and a 12-story concrete frame structure, and the numerical simulation
results are compared with some representative experimental data with favorable correlations. Incorporation of the incomplete measurement,
different structural materials, and different excitations into the method are studied and discussed. DOI: 10.1061/(ASCE)EM.1943-
7889.0000531. © 2013 American Society of Civil Engineers.
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Introduction

Health monitoring of a civil infrastructure before, during, and after
disastrous events constitutes an important task for structural engi-
neers tomaintain the structural integrity. Generally, structural health
monitoring is involved with evaluating the state of health of the
structures, determining the severity and locations of the damage,
assessing the deterioration within the structure, and even the feasi-
bility of repair. Such monitoring processes can provide necessary
information for structural control, maintenance, retrofit, and other
relevant activities to ensure the structural integrity and safety.

Currently, many state-of-the-art health monitoring methods are
referred to as global health monitoring methods and can be cate-
gorized into three main groups. One groupmakes use of the shifts or
changes in structural model parameters such as resonant frequen-
cies, modal damping, or mode shapes as the damage indicator to
assess the structural health condition (Pandey et al. 1991; Salawu
1997; Curadelli et al. 2008). Another group of existing techniques,
termed as the matrix update method, uses the structural modal
matrices including stiffness, flexibility, and damping matrices to

match measured data (Liu 1995; Gao et al. 2007). These two
approaches usually are known as the model-based structural health
monitoring (SHM) methods. An extensive survey of the global
vibration-based methods can be found in Doebling et al. (1996). The
third approach of health monitoring is related to the linear or
nonlinear system identification in the time domain, such as the least
square method (Yang et al. 2007), the ensemble Kalman filter
(Ghanem and Ferro 2006), the extended Kalman filter (Yang et al.
2006), and the Bayesian probabilistic technique (Vanik et al. 2000).

Interstory drift, defined as the relative translational displacement
between two consecutive floors, is well known as an important en-
gineering response parameter and indicator of structural perfor-
mance and damage. Skolnik and Wallace (2010) discussed several
issues associated with double integration of measured acceleration
and presented alternative methods for obtaining interstory drift. The
extended parameter, interstory drift ratio, is one of the key response
quantities in earthquake structural engineering and is associated to
the structural health condition and performance (Celebi et al. 2004;
Porter et al. 2006).

In previous studies by Ma et al. (2005) and Sebastijanovic et al.
(2010), a series of feedback methods for structural damage id-
entification in the time domain have been developed through
decomposition of the coupling effect of the structural damage. The
measured structural responses were assumed to be displacements,
velocities, and accelerations. Comparisons with accelerations,
displacements, and velocities are not as readily and accurately
measurable in practice. However, in the previous acceleration
feedback method, the measured acceleration response became the
velocity of the new assumed system. An obvious difficulty en-
countered was the calculation of the time derivative of the ground
acceleration input (Sebastijanovic et al. 2010). The basic linear
central finite-difference technique was used in this previous re-
search, with a sensitive requirement on the choice of time intervalDt.
It is generally recognized that there could be numerical deterioration
in the time derivatives of the ground accelerations, especially on the
high-frequency components, which influences the performance of
the designed monitors.
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In this paper, a damage detection algorithm using acceleration
measurements is proposed. The formulations of the method are first
discussed. A 3-story lumped-mass model used in the previous study
is considered in the present numerical simulation, and the damage
tracking performance is comparedwith that of the previousmethods.
Then two illustrative structures, a 3-story aluminum structure with
simulated stiffness changes and a 12-story concrete structure with
developed damages, are built to experimentally investigate the
present damage detection algorithm with shaking table tests. It was
found that the currently proposed time-domain method exhibits
favorable performance in the numerical simulation and also pro-
vides favorable correlations with some representative data obtained
from the tests of the two illustrative examples.

Formulation

A structural system such as a multistory building can commonly be
modeled in extreme simplicity as a lumped-mass or shear-beam
structure. The governing equation of such a linear model under
external excitations can be written as

M€zþ C _zþ ðK þ DKÞz ¼ Du (1)

where z5 displacement vector; _z and €z5 velocity and acceleration
vectors, respectively; u 5 excitation vector, and in the case of
seismic excitation, it is a scalar representing the ground acceleration;
and matrices M, C, and K 5 mass, damping, and stiffness matrices
of the undamaged structure, respectively. Matrix D determines the
location of the excitation. MatrixDK contains the information of the
damage present in the structure. For a healthy structure,DK contains
zeros. Eq. (1) consists of a series of linear differential equations,
which can be written generally as Eqs. (2) and (3) for seismic
excitations from the force equilibrium consideration

Pn
i¼1

mi€zi þ c1 _z1 þ ðk1 þ Dk1Þz1 ¼ 2
Pn
i¼1

miu (2)

Pn
i¼j

mi€zi þ cj
�
_zj 2 _zj21

�þ �
kj þ Dkj

��
zj2 zj21

�

¼ 2
Pn
i¼j

miu, n$ j$ 2 (3)

wheren5 total number of degrees of freedomof the system, and j5
floor number of the corresponding matrices or vectors.

For generality and simplicity, the following formulations are
based on Eq. (3), which can be written as

mj€zj þ cj
�
_zj2 _zj21

�þ �
kj þ Dkj

��
zj 2 zj21

�
¼ 2

Pn
i¼j

miu 2
Pn

i¼jþ1
mi€zi (4)

Eq. (4) can then be written as

mj
�
€zj2€zj21

�þ cj
�
_zj 2 _zj21

�þ kj
�
zj2 zj21

�
¼ 2

Pn
i¼j

miu2
Pn

i¼jþ1
mi€zi 2Dkj

�
zj2 zj21

�
2mj€zj21 (5)

Defining a new variable (interstory drift of the jth story) as

Yj ¼ zj 2 zj21 (6)

Then, Eq. (5) becomes

mj€Yj þ cj _Yj þ kjYj ¼ 2
Pn
i¼j

miu2
Pn

i¼jþ1
mi€zi2Dkj

�
zj2 zj21

�

2mj€zj21

(7)

If a nominal external force is defined as

pj ¼ 2
Pn
i¼j

miu2
Pn

i¼jþ1
mi€zi2mj€zj21 (8)

Eq. (7) can then be written as

mj€Yj þ cj _Yj þ kjYj ¼ pj 2Dkj
�
zj 2 zj21

�
(9)

When j5 1 and Y1 5 z1, Eq. (9) becomes

m1€Y1 þ c1 _Y1 þ k1Y1 ¼ p12Dk1z1

p1 ¼ 2
Pn
i¼1

miu2
Pn
i¼2

mi€zi (10)

The variable Yj 5 interstory drift of the corresponding story and
has the same unit as zj. The system described in Eq. (9) is equivalent
to a lumped-mass model with one degree of freedom. Because no
special or additional assumptions were made in deriving Eq. (9), all
systems that can be described by Eqs. (2) and (3) can be reduced to
single-degree-of-freedom (SDOF) systems. Another characteristic
observed from Eq. (9) is that among all the possible locations of
damage ½Dk1, . . . ,Dkj, . . . ,Dkn�, onlyDkj affects this SDOF system
in Eq. (9), whereas the effects of damage on other stories are
eliminated. Compared with Eqs. (4) and (5) in Ma et al. (2005), it is
noted that the arbitrarily chosen virtual damping ratio z and natural
frequency v no longer exist in this new algorithm, whereas the
weighted output variable is now a structural response parameter.

Eqs. (9) and (10) correspond to the current state of the structure,
which could be either damaged (Dkj � 0) or undamaged (Dkj 5 0).
For damage assessment, it is necessary to construct a virtual healthy
system subjected to the same input excitation as a reference for
comparison. The dynamic equation for this virtual healthy system
can be expressed directly as

mj€Y
r
j þ cj _Y

r
j þ kjY

r
j ¼ pj; j ¼ 1∼ n (11)

where Yr
j 5 interstory drift of the jth story of the virtual healthy

system. Conceptually from the previous discussion, structural
damage represented by reduction in stiffness can be identified when
the actual interstory responses ½€Yj, _Yj, Yj� deviates from the esti-
mated virtual responses ½€Yr

j , _Y
r
j , Y

r
j �. Subtracting Eq. (9) from

Eq. (11), the following response-damage relationship can be
established:

mj€rj þ cj _rj þ kjrj ¼ Dkj
�
zj2 zj21

�

€rj ¼ €Y
r
j 2 €Yj; j ¼ 2∼ n (12)

especially when j5 1

m1€r1 þ c1 _r1 þ k1r1 ¼ Dk1z1

€r1 ¼ €Y
r
12 €Y1 (13)
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Apparently, the algorithms thus derived are applicable to all kinds of
structural dynamic response measurements such as displacements,
velocities, and accelerations. For the sake of practicability in engi-
neering application, the quantity €rj is chosen to be the weighted
monitor output, which will generally be nonzero for a damage
occurrence on the jth story when Dkj � 0. The presence of the
corresponding story damage can be directly determined by exam-
ining the value of €rj that is the output of the designed monitor.

The state-space oriented description is adopted herein to study
the linear system other than its counterpart described by higher-order
differential equations. The state vector is defined as xi 5 ½Yi , _Yi�T for
the ith story and the measurement vector w5 ½€z1,€z2, . . . ,€zn�T . To be
consistent with the traditional structural dynamic equations, here
the measurements€z are the story accelerations relative to the ground
that can be straight forwardly obtained from the measured absolute
accelerations. Thus, acceleration measurement w for the monitors
was fixed to be relative accelerations on each floor throughout this
paper unless otherwise noted. The equivalent state space repre-
sentations of health monitor for the actual structure corresponding to
Eqs. (11) and (12) can be obtained as follows:

_xi ¼ Aixi þ Giuþ Eiw

€ri ¼ €Y
r
i 2 €Yi ¼ Cr,ixi þ Gr,iuþ Er,iw

(14)

where

Ai ¼
�

0 1

2ki=mi 2ci=mi

�
2�2

Gi ¼
�
0 2

Pn
j¼i

mj=mi

�T
2�1

Ei ¼
�
0 . . . 0 0 0 0 . . . 0

0 . . . 0 21 0 2miþ1=mi . . . 2mn=mi

�
2�n

ð15Þ

Cr,i ¼ ½2ki=mi 2ci=mi �1�2

Gr,i ¼ 2
Pn
j¼i

mj=mi

Er,i ¼ ½0 . . . 0 0 21 2miþ1=mi . . . 2mn=mi�1�n (16)

for the first story (i5 1)

E1 ¼
�
0 0 ::: 0

0 2m2=m1 ::: 2mn=m1

�
2�n

Er,1 ¼ ½21 2m2=m1 . . . 2mn=m1�1�n (17)

Themonitor definedbyEq. (14) is used to assess the health condition
of every story in the system. The quantity €ri is the output of the ith
monitor and also indicates the discrepancy between the measure-
ment and the estimation. The monitor takes the measurements of the
structural responsew and the external excitation u as inputs. Because
of the behavior of €ri under the influence of structural damages
according to Eq. (12), the output of the designed monitor €ri can thus
be used as a damage indicator.

Monitor outputs are normalized with respect to the measure-
ments as follows (Ma et al. 2005):

€rnorm,iðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðt

t2 th

€r2i ðtÞdt

ðt

t2 th

y2i ðtÞdt

vuuuuuuuuuut
(18)

where€rnorm,i 5 normalized output for the ith monitor;€ri 5 output for
the ith monitor; y5 measurement vector; and th 5 integration time
horizon of pastmeasurements used for normalization, noting that yiðtÞ
equals €Yi 5€zi 2€zi21 (i5 2∼ n) and y1ðtÞ5 €Y1 5€z1. Such normal-
ized output is dimensionless and thus serves as a better indicator for
stiffness changes. The selection of th has been numerically studied and
discussed in detail (Ma et al. 2005; Sebastijanovic et al. 2010).

Numerical Simulation

The illustrative example considered herein was a 3-story shear beam
model corresponding to a 3-story frame structure considered previously
by Yang et al. (1995). The mass, stiffness, and damping parameters of
each floor were assumed to be 1,000 kg, 980 kN/m, and 1.407 kN-s/m,
respectively. The damage of every floor was defined as changes in the
equivalent stiffness coefficients. The severity of the damage was in-
dicated quantitatively by the percent stiffness change ai, where i
denotes story number. For the original undamaged model ai 5 0. The
north-south (N-S) component of the ground acceleration of the 1940 El
Centro earthquakewas used as excitation sources to the present models
for the damage studies. The measured structural responses were the
absolute accelerations of all the floors. The measurement noise was
assumed to have a signal-to-noise ratio (SNR) of 30 dB.

Fig. 1 shows the simulation results of different damage detection
scenarios using the presently proposed interstory drift–based ac-
celeration feedbackmethod. For the undamagedmodel (Case 1), the
values ofa1,a2, anda3 were all 0. The values ofa1,a2, anda3 were
chosen as 0, 5, and 10%, respectively, in Case 2 as a damagedmodel.
For Case 3, there was a sudden stiffness changes during the exci-
tation in a3 from 10 to 25% at the fifth second, whereas a1 5 0 and
a2 5 25% for thewhole time history. The integration time horizon th
defined in Eq. (18) was chosen to be 4.0 s as a tradeoff as recom-
mended inMa et al. (2005) to ensure functional quality of themonitor
online damage tracking performance and to generate smaller fluc-
tuations of the normalized outputs.

The original and normalized monitor outputs for the first floor,
as illustrated in Figs. 1(c and f), are stable and not distinguishable
between different cases, indicating similar stiffness conditions.
Fig. 1(e) shows that even a 5% stiffness change on the second floor
can be noticeably detected with the SNR being 30 dB. Fig. 1(d)
shows that before the predetermined damage occurrence time
(t5 5 s) inCase 3, the normalizedmonitor outputs of thirdfloorwere
stable, similar to that as shown in Case 2, indicating similar stiffness
conditions between Cases 2 and 3. Shortly after the damage oc-
currence as assumed at around thefifth second, themonitor output of
the third floor in Fig. 1(a) experienced sudden jumps and fluctua-
tions, indicating the occurrence of the assumed damage, which is
more apparent in Fig. 1(d) with a sudden rise of the normalized
monitor output. Moreover, the normalized monitor output of the
third floor became relatively stable and flat after 7 s. Thus, in this
example, the online tracking response time was estimated as ∼2 s
based on the choice of the integration time horizon th 5 4 s.

There are two previously proposed algorithms. Onewas based on
displacement feedback (Ma et al. 2005) and the other was based on
acceleration feedback (Sebastijanovic et al. 2010). The normalized
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monitor outputs from these two methods with the same numerical
model and the same stiffness changes as described in Fig. 1 are
shown in Fig. 2 for comparison with the interstory drift–based
acceleration feedback. All the parameters were kept the same as
assumed in the two corresponding publications. The integration
time horizon th was thus set the same as 4 s. The parameter z in the
displacement feedbackmethodwasequal to1,whereasvwas4.74 rad/s.
For the previous acceleration feedbackmethod, g was assumed as 1.

Both of the normalized monitor outputs successfully reveal the
stiffness changes in Cases 2 and 3. An observable remark is that the
sudden stiffness change described by Case 3 seems to not be ap-
parent in Fig. 2(a), whereas the other two methods were able to
clearly illustrate the sudden transition of normalized monitor
output pronouncedly in Figs. 1(d) and 2(d), indicating the sudden
stiffness change. In both cases, the currently proposed method
seems to have demonstrated improved clarity of results than the
displacement feedback method and similar performance with the
acceleration feedback method in damage tracking performance for
the illustrative examples.

Experimental Investigation

The present interstory drift–based acceleration feedback method
was evaluated by examples of two experimental structures subjected
to dynamic excitations. The first structure constructed was a scaled
one-bay 3-story aluminum frame structure as shown in Fig. 3(a),
whereas the second structure constructed was a scaled 12-story
concrete frame structure as shown in Fig. 3(b).

Three-Story Aluminum Structure and Results

The 3-story aluminum structure was constructed as a shear-beam
model as shown in Fig. 3(a) with four aluminum solid rods with
a diameter of 0.009 m and a height of 1.68 m to represent columns,
plus three aluminum rectangular plates to represent two floors and
the roof, each with dimensions of 0.61, 0.51, and 0.013m for length,
width, and thickness, respectively. The mass of each floor of the
model was 11.09 kg. In this experiment, the damage was assumed as
the interstory stiffness changes on the first floor simulated using

Fig. 1. Damage identification for different scenarios of the 3-story numerical model: (a)–(c) are original monitor outputs for Cases 1–3; (d)–(f) are
normalized monitor outputs for Cases 1–3, where in Case 1: a1 5a2 5a3 5 0; Case 2: a1 5 0, a2 5 5%, a3 5 10%; Case 3: a1 5 0, a2 5 25%,
a3 5 10% at t, 5 s, a3 5 25% at t$ 5 s

Fig. 2. Damage identification for different scenarios of the 3-story numerical model: (a)–(c) are normalized monitor outputs using the displacement
feedback for Cases 1–3; (d)–(f) are normalizedmonitor outputs using the acceleration feedback for Cases 1–3, where inCase 1:a1 5a2 5a3 5 0; Case 2:
a1 5 0, a2 5 5%, a3 5 10%; Case 3: a1 5 0, a2 5 25%, a3 5 10% at t, 5 s, a3 5 25% at t$ 5 s
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spring attachments with various spring constants. The numerical
model is shown in Fig. 4(a) with the spring constants and masses for
each floor. The healthy structure was considered as the state with
the attached spring in maximum stiffness. In this example, ks,max 5
2, 088:8N=m. Fig. 4(b) shows the spring device installed to provide
the assumed supplemental stiffness of the first floor to generate data
for comparison with the present numerical analysis. The spring
device needs to be in pairs to provide symmetric stiffness increase in
the two opposite directions.

The experimental structure was subjected to excitations simu-
lated by the unidirectional shaking table. The excitation to the
structure was assumed as the N-S component of the 1995 Kobe
earthquake, and the time interval of the excitation was 0.004 s. The
peak acceleration of excitations was 0.2g. Three sets of stiffness
scenarios were conducted with parameters summarized in Table 1.
The horizontal displacement and acceleration responses in loading
direction were measured on ground and three upper floors.

Fig. 3. Two experimental structures: (a) 3-story aluminum frame
structure; (b) 12-story concrete frame structure

Fig. 4. (a) Simplified lumped-mass model with attached stiffness ks;
(b) stiffness change device installed to increase stiffness as a means of
providing the desired floor stiffness—A, force transducer; B, attached
springs; C, first floor plane; (c) two different types of spring pairs for use

Table 1. Summary of the Experimental Setup

Stiffness
scenario

Attached stiffness, ks
(N/m)

Time
length (s)

Sampling
frequency (Hz)

Defined
condition

I 2,088.8 10.08 250 Healthy
II 941.8 10.08 250 Damaged
III 0 10.08 250 Damaged
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To identify the stiffness and damping values of the 3-story
symmetric structure in Stiffness Scenario I as a linear lumped-mass
model [Fig. 4(a)], the nonlinear extendedKalmanfilter (Hoshiya and
Saito 1984; Jeen-Shang and Yigong 1994) was preferred here to
identify the parameters in the time domain. Assuming the mass
is known, the state vector of the filter can be defined as x5 ½z1,
z2, z3, _z1, _z2, _z3, k1, k2, k3, c1, c2, c3�T , where zi, _zi, ki, ci are the dis-
placement, velocity, stiffness parameters, and damping parameters
of the ith story, respectively. The stiffness parameters were addi-
tionally adjusted based on the modal frequency analysis, and the
analytical and experimental natural frequencies of the first three
modes are listed in Table 2 for comparison. A close correlation
between calculation and experiment was observed.

Fig. 5 shows the time history responses of the numerical sim-
ulation using the analytically identified model from Fig. 4(a) and
those of the experimental structure in Scenario I (healthy), based on
the N-S component of the 1995 Kobe earthquake. The agreement of
the computed and measured time history responses is excellent.

The increased interstory stiffness to the first floor in reality was
assessed based on the relationship between the measured force of
the springs and the relative displacement on the first floor during the
excitation using the least-square technique. The ks denotes the at-
tached spring stiffness value as the gradient of the linear force-
displacement relationship, as shown in Fig. 6. The identified ks were
2,088.8 and 941.8 N/m for Stiffness Scenarios I and II, respectively.
The initial interstory stiffness of the first floor was assessed to be
7,702.5 N/m, including ks 5 2,088:8N=m, so the corresponding
stiffness reductions Dk1 for different scenarios were 1,147 and
2,088.8 N/m, indicating a1 being 14.9 (Scenario II) and 27.1%
(Scenario III), respectively.

As discussed previously, the currently developed monitor algo-
rithm takes the relative accelerations on each floor and the excitation
as the inputs to the designed monitors. The integration time horizon
th was assigned as 2 s beforehand. Fig. 7 illustrates the tracking

Table 2. Comparison between the Analytical and Experimental First
Three Modal Frequencies of the 3-Story Aluminum Structure

Mode
Analytical

frequency (Hz)
Experimental
frequency (Hz) Discrepancy (%)

1 1.827 1.831 20:22
2 5.091 5.127 20:70
3 7.262 7.227 20:48

Fig. 5. Comparison of the dynamic responses between the numerical simulation and experimental measurement of the 3-story aluminum model in
Stiffness Scenario I subjected to theN-S component of 1995Kobe earthquake: displacements on the (a) thirdfloor; (b) secondfloor; and (c)firstfloor and
acceleration on the (d) third floor; (e) second floor; and (f) first floor

(a)

Fig. 6. Measured experimental data and the least-square fit displacement-force curves in (a) Stiffness Scenario I (healthy a1 5 0), and (b) Stiffness
Scenario II (damaged a1 5 14:9%)
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results of different stiffness scenarios. Fig. 7(c) shows the monitor
output on the first floor caused by the stiffness changes in different
scenarios. In Fig. 7(f), the normalized monitor output shows that the
damaged and the undamaged scenarios are readily distinguishable
from each other. The normalized monitor outputs, as shown in
Figs. 7(d and e), for the second and third floor remain stable and
similar in different stiffness scenarios, indicating the similar stiffness
condition on the second and third floor.

Comparison of Results between the Experimental
Aluminum Model and Numerical Simulation Model

Because the monitor output is normalized with Eq. (18), the time
interval of the simulation Dt may affect the numerical integration
results. A convergence study ofDt on the normalizedmonitor output
was performed, and the results are illustrated in Fig. 8 with different
values of Dt ranging from 0.0005 to 0.08 s for numerical calculations
on the mean values of the normalizedmonitor output€rnorm,i. These are
calculated from the relatively stable and flat part of the normalized
monitor outputs €rnorm,i. In the experimental verification process, al-
though response accelerations were measured experimentally with
time, the normalizedmonitor output values (€rnorm) were still calculated
with Dt5 0:004 s and th 5 2 s as defined in Eq. (18). The normalized
monitor output of Stiffness Scenario III (a1 5 27:1%) from both the
experimental measurement and numerical simulation was selected.
The mean values of the selected normalized monitor outputs were
calculated and compared. It is seen that the mean value of the nor-
malized monitor output converges when Dt becomes smaller than
0.018 s, both from the experimental model and the numerical simu-
lation model. This convergence study may help justify the choice of
Dt5 0:004 s in the current study as the converged value.

Fig. 9 compares the normalized monitor outputs €rnorm,1 of dif-
ferent stiffness scenarios for the first floor, generated by both the
experimental structure and the current numerical simulation model.
The experimental data are selected from Fig. 7(f). Three sets of
numerical results were derived based on the numerical dynamic
responses of the lumped-mass model from Fig. 4(a) with pre-
determined interstory stiffness changes. The SNR was assumed as
20 dB to simulate the noisy condition of the experiment. It was
observed that the experimental and numerical normalized monitor
outputs of the first floor were matching closely to each other in the

three different stiffness scenarios. This experimental verification
may add the validity that the stiffness changes can be estimated by
the current interstory drift–based acceleration feedback method.

Damage Severity Estimation

To further ensure the confidence of the estimation of the damage
in addition to the comparison as shown in Fig. 9, the difference in
the mean values of the normalized monitor outputs €rnorm,i between
the damaged and healthy cases was proposed as a damage sever-
ity indicator. The €rnorm,i is defined as D€rnorm,i 5€rnorm,i,damaged

2€rnorm,i,healthy. The relation between stiffness changes ai and €rnorm,i,
may be plotted as a curve to predict or to interpolate stiffness changes
as a means to estimate the damage severities. The numerical pre-
diction curve of stiffness change may be obtained by computing
the corresponding €rnorm,i from preset stiffness changes ai 5 0, 1,
5, 10, . . . , 50, . . . . In the event of excitation, one can refer to the
numerical prediction curve of stiffness change and simply linearly
interpolateai. The procedure of developing the numerical prediction
curve and evaluating the stiffness change is summarized in Fig. 10.

Fig. 7.Original and normalizedmonitor outputs for the 3-story experimental structure in different stiffness scenarios (monitor i for the ithfloor): (a)–(c)
are original monitor outputs and (d)–(f) are normalized monitor outputs for Scenarios I (a1 5 0), II (a1 5 14:9%), and III (a1 5 27:1%), respectively

Fig. 8.Convergence study of the time interval of the numericalmonitor
calculation Dt for the mean value of normalized monitor output for the
Damage Scenario III (a1 5 27:1%) using different time intervals
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The numerical prediction curve of the 3-story aluminum structure is
plotted in Fig. 11. In Stiffness Scenario II with a1 5 14:9%, the
calculated €rnorm,i from the experimental measurement is 0.22, which
is interpolated to predict thea1,prediction as 13.9%, as shown in Fig. 11.
Similarly in Scenario III, the €rnorm,i of 0.54 gives the prediction
a1,prediction 5 25:8%. The discrepancies of the prediction stiffness
changes in these two cases are 6.7 and 4.8%, respectively. This
shows that the numerical prediction curve of stiffness changemay be
of practical value to estimate the stiffness changes in practice.

Twelve-Story Concrete Structure

The advantage of acceleration measurements over displacement
measurement is one factor that has been considered. There are also

some other practical issues that may need to be studied for damage
prediction, such as the effect of different earthquakes with different
characteristics, incomplete measurement, and different structural
materials. To study these important factors, a 12-story RC concrete
frame structure, as shown in Fig. 3(b), was selected to further
evaluate the present method. There are three factors embedded in the
choosing the present experiment study: (1) incomplete measure-
ment; (2) different excitations with different characteristics; and (3)
real damage occurrence and subsequent development in concrete
structures.

As seen in Fig. 3(b), the dimensions of the plane section of
the frame were 0.63 0.6 m, and the height of the frame was 3.6 m.
The dead and live loads were simulated by lead-block units fixed
on the plate of every floor, and the total mass of the simulated load
was 19.4 kg for the typical floor and 19.7 kg for the roof floor. Seven
accelerometers were placed on the ground level, second floor, fourth
floor, sixth floor, eighth floor, 10th floor, and roof floor, collectively.
The uni-/bi/tridirectional excitations were performed to the structure
during the shaking table test. For simplicity of demonstration, only
some of the cases with uni-directional excitations were chosen for
experimental verification here,whichwereCases 2, 3, 4, 8, 9, 10, and
17 in the original test setup. For convenience, the seven selected
cases were renumbered in sequence as Cases 1–7, as listed in
Table 3. The excitation data were taken from the N-S component of
the 1940El Centro earthquake, theN-S component of the 1995Kobe
earthquake, and the simulated Shanghai wave. The simulated
Shanghai wave is not a naturally measured record and is provided in
a building code for seismic design of buildings in Shanghai. Most of
the experimental information and measured data are now available
online (http://risedr.tongji.edu.cn/). Table 3 lists the setup andmodal
analysis results of the experimental structure in the selected cases.
The first four-mode natural frequencies were estimated from the
acceleration measurement on the roof floor.

Visual damage inspections were conducted during the test, and
the observation is summarized in Table 4. It is commonly un-
derstood that the natural frequency may indicate the overall stiffness
of the structure, and the decrease of the natural frequency implies the

Fig. 9. Comparison of the normalized monitor outputs €rnorm,1 from the
experimental model and numerical simulation model in Stiffness
Scenarios I (a1 5 0), II (a1 5 14:9%), and III (a1 5 27:1%), with the
time interval of the numerical monitor calculation Dt of 0.004 s and the
SNR of the numerical simulation of 20 dB

Fig. 10. Flowchart of prediction curve calculation and damage severity estimation
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stiffness degradation of the structure. It is noted from Table 3 that
the first four modal frequencies decreased noticeably in the chosen
cases. This agrees with the damage inspection results in Table 4.
The fundamental frequency decreased from 3.49 to 2.49 Hz after
Case 5, which agrees with the first visible crack occurrence in the
same case. The crack development after Case 7was also observed by
the decreases of all the identified four modal frequencies. The
comparison of the fundamental frequency change and the damage
inspection outcome is illustrated in Fig. 12, and the typical frame
damage is also shown in Fig. 12. This experimental study was
focused on the comparisons among the results on structural health
condition tracking of the present algorithm, the changes in modal
frequency, and the outcome of visual damage inspection during the
current study on the damage occurrence, development, and location.
The damage severity is not discussed in this section because of the
lack of the accurate estimation of the stiffness reduction caused by
the concrete cracks.

The experimental structure was first simplified and condensed
into a 36 beam-column element numerical model. Each element has
three degrees of freedom at each end, which are longitudinal dis-
placement, transverse deflection, and an angle of rotation. The nu-
merical model was then reduced into a six-degrees-of-freedom

lumped-mass model for health monitoring using the model simpli-
fying technique (Wrobleski and Yang 2003; Lin and Yang 2009).
This simplification presents six monitoring subspaces for the
12-story experimental structure as shown in Fig. 13. The division of
the monitoring areas depends on the accelerometer placement, and
every subspace corresponds to a designed health monitor. In this
experimental study, every two neighboring floors from the first floor
to the roof floor composed a separatedmonitoring area; for example,
the third and fourth floor as the second monitoring subspace
under Monitor 2, which is also shown in Fig. 13. Table 5 reports the
first five-mode natural frequencies of the two numerical models and

Fig. 11. Numerical prediction curve of the 3-story structure using a linear interpolation prediction approach to predict the stiffness values in two
stiffness scenarios (a1 5 14:9 and 27:1%, respectively)

Table 3. Experimental Information and the Identified Modal Frequencies

Case number External excitation
Peak

acceleration (g)

Natural frequency (Hz)

1 2 3 4

1 El Centro 0.0921 3.74 14.45 27.65 40.11
2 Simulated Shanghai wave 0.0989 3.49 14.45 27.65 40.36
3 Kobe 0.0919 3.49 14.70 27.15 40.61
4 El Centro 0.2598 3.49 13.70 26.66 40.11
5 Simulated Shanghai wave 0.2660 2.49 13.70 26.91 40.11
6 Kobe 0.2812 2.24 10.71 21.18 32.64
7 El Centro 0.3985 2.24 9.97 19.43 30.64

Note: The sampling frequency is 255 Hz.

Table 4. Summary of the Damage Observation during the Selected Cases

Cases Description of damage observation

1–4 No crack was observed on the frame components
5 and 6 Vertical crack occurred on the frame beams of the fourth

floor after Case 5, and the width of crack was smaller
than 0.05 mm

7 Vertical cracks on the frame beams of the third to sixth floor
developed; the width of the cracks was ∼0:082 0:15mm
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the experimental structure. The simplified lumped-mass model,
with the mass and stiffness parameters illustrated in Fig. 13, agrees
with the experimental structure on the modal frequencies listed in
Table 5. The simplified lumped-mass model was then used in the
study to track the health condition of the structure. Here only the
normalized monitor outputs in different cases are shown in Figs. 14
and 15 for structural health condition tracking, which are compared
with the modal frequency analysis results (Table 3; Fig. 12) and
damage observation during the shaking table test (Table 4).

Figs. 14(b and c) show that the early-stage structural damage
occurred in the second monitored subspace and slightly in the third
subspace. This agrees with the indication of the 6.7% fundamental
frequency decrease from 3.74 to 3.49 Hz. Although the damage was
not substantial enough to be identified by visual inspection as de-
scribed in Table 4, it is nonetheless partially proved from the first

visible crack occurrence on the fourth floor, indicating the early
damage development in this area. This implies that the damage
location information is available even in its early developing stage
with the proposed method. From Cases 2–4, the normalized outputs
of Monitors 4, 5, and 6, as illustrated in Figs. 14(d, e, and f), re-
spectively, nearly remained stable in different cases, indicating no
significant damage occurrence and development on the seventhfloor
to the roof floor. Because the excitation inputs and the amplitude of
the earthquake inputs were different during these cases, Fig. 14 may
indicate (1) the effectiveness of decomposition of damage coupling
effect in the proposed algorithm; (2) the stability of the normalization
method in Eq. (18) when the peak acceleration has increased from
0.0921 (Case 1) to 0.2598g (Case 4); and (3) independence of
different earthquakes from Cases 1–3.

It is noted in Table 4 that most of the observed damage occur-
rence and development were on the fourth floor. The normalized
monitor outputs of Monitor 2 in Cases 1, 6, and 7 are illustrated in
Fig. 15 to correlate the frequency decrease and the visual inspection
result. The solid lines are distinguishable among each other, which
correlate to the significant fundamental frequency decrease from
3.49 to 2.24 Hz between Cases 1 and 6, and the crack width de-
velopment from,0.05 to 0.08–0.15mmbetweenCases 6 and 7. The
numerical simulation based on the simplified lumped mass model
was performed to estimate the stiffness reduction of the second
subspace in Cases 6 and 7. The normalized outputs of Monitor 2 are
shown in dashed lines with the preset stiffness reduction factor a2 as
50 and 65% in Cases 6 and 7, respectively. In the numerical sim-
ulation, Dt was 0.0039 s, the SNR was 30 dB, and the integration
time horizon th was 4 s. It is seen in Fig. 15 that the normalized
monitor output curves both from the experimental measurement and
numerical simulation agree fairly with each other in the three se-
lected cases. Additionally, the first three modal frequencies of the
numerical models in Cases 6 and 7 with the updated stiffness losses
of the six subspaces are provided in Fig. 15, showing the improved
agreement with the experimental frequencies in Table 3.

Noise Effect

The illustrative 3-story shear beam model and the N-S component
of the ground acceleration of the 1940 El Centro earthquake, pre-
viously used in the numerical simulation section, are selected here to
further study the effects of the measurement noise on the damage
detection. Different stiffness changes on the first floor, ranging from
1 to 40%, are assumed. For the sake of simplicity, the Gaussian
white noise is assumed and added into the measurements. The
variations of themean value of the normalizedmonitor outputwitha
under different measurement noise levels are shown in Fig. 16. The
normalized monitor output increases as a increases, and such an
increase is more apparent for lower noise level. The mean value of
the normalizedmonitor outputs shows a relatively slight increase for

Fig. 12. Fundamental frequency changes, the three observations
during the selected cases, and the typical frame beam cracks after the
shaking table test in the subgraph, where w denotes the width of the
cracks

Fig. 13. Experimental accelerometer placement, the simplification
from the beam-column element numerical model to the lumped-mass
model using the model simplifying technique (Wrobleski and Yang
2003;Lin andYang 2009), and the designed healthmonitors distribution

Table 5. Comparison between the Analytical and Experimental Natural
Frequencies of the 12-Story Concrete Structure (Case 1)

Mode
Experimental
frequency (Hz)

Analytical frequency
of the 36 beam-column
element numerical

model (Hz)

Analytical frequency
of the simplified six-
degrees-of-freedom

lumped-mass model (Hz)

1 3.74 3.79 3.73
2 14.45 13.49 14.65
3 27.65 25.79 25.30
4 40.11 39.40 34.25
5 58.79 51.17 41.18
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SNRs,40 dBwhen there is small stiffness change (a1 , 10%). This
observation indicates that the small damagemay not be detectable in
these noise-polluted cases. However, the noise effects are not sig-
nificant compared with the noise-free case for relatively large
stiffness changes (a1 . 15%) when the SNRs are larger than 30 dB
in this particular case.

Concluding Remarks

An interstory drift–based acceleration feedback method for struc-
tural health monitoring was presented in this study. It is demon-
strated numerically and experimentally with examples that the
currently developed interstory drift–based acceleration feedback
algorithm performs well on the tracking of stiffness change. The

tracking performance of the present proposed method, in terms of
small and sudden stiffness changes, seems to be more pronounced
over the previous displacement method (Ma et al. 2005) and similar to
the previous acceleration method (Sebastijanovic et al. 2010) during
the comparison through current illustrative numerical examples.

The interstory drift–based acceleration feedback method was
systematically validated using a 3-story aluminum frame structure
and a 12-story concrete frame structure, with damage simulated by
spring attachments and actual concrete cracks, respectively. The
results of the 3-story model show that the assumed 14.9 and 27.1%
interstory stiffness change on thefirst floorwas successfully identified
and predictedwith favorable agreement through a proposed numerical
prediction curve of stiffness change. The time interval of the simu-
lationDt should be selected carefullywhen calculating the normalized
monitor outputs. The occurrence, development, and location of the

Fig. 14.Normalized monitor outputs in different excitation cases (Cases 1, 2, 3, and 4 as defined in Table 3) with six monitors on six lumped masses,
respectively, with each representing two consecutive floors

Fig. 15. Normalized monitor outputs of Monitor 2 for the third and fourth floor in different excitation cases (Cases 1, 6, and 7), where w denotes the
width of the cracks
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crack in the 12-story model were determined by the interstory drift–
based acceleration feedback method. The incomplete measure-
ments, the different earthquake inputs, the different input energy
levels, the real structural cracks in concrete, and the increase in the
number of stories may not affect the structural health tracking
performance of the presentmethod. Particularly, before the observed
crack occurrence on the fourth floor of the concrete structure, the
damage location was indicated quite clearly by Monitor 2 when the
first four modal frequencies already indicated the stiffness degra-
dation of the structure.

Although the earthquake excitations are selected as illustrative
inputs in this study, the reproducible excitations such as shakers can
also be used for the proposedmethodwith similar derived equations.
The stiffness changes can then be tracked through comparison of
responses of healthy structure and damaged structure.

To continue the present global vibration health monitoring
method study, a logical next step appears to be the integration of the
local nondestructive evaluation and the structural control, i.e., in-
corporation of the control into the present methods.
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