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Abstract. In order to detect the damages in rubber-bearing isolated structures, a rubber-bearing
isolated building model was established and tested on shake table experimentally in the laboratory.
Different earthquakes were used to drive the shake table and the stiffness element device (SED)
was adopted herein to reduce the stiffness of the upper story of the model abruptly to simulate
structural damages during the test. The adaptive extended Kalman filter (AEKF) approach is
proposed to identify the parameters and track the parametric variation of rubber-bearing isolated
structure online and to identify the displacements of every story using the measured acceleration
responses. The identification results of the experiments demonstrate that the AEKF approach is
capable of identifying the parameters of rubber-bearing isolated structure accurately and tracking
the parametric variations of the structure effectively, leading to the detection of structural
damages, including the damage locations and severity. And the predicted displacements also
match well with the experimental data, indicating the effectiveness and accuracy of the proposed
AEKF approach in detecting the damages in rubber-bearing isolated structures with practical
application value.

Keywords: damage detection, adaptive extended Kalman filter, rubber-bearing isolated building,
structural health monitoring, parameter identification.

1. Introduction

The base isolation is an innovative technique to mitigate earthquake damage potential and thus
has widely applications now, especially the high damping rubber-bearing isolation systems which
have been used in buildings and bridges and will become more popular in the future due to their
ability to reduce significantly the structural responses subject to earthquakes and other dynamic
loads [1-2]. To ensure the integrity and safety of these rubber-bearing isolators and the
corresponding base-isolated structures, a structural health monitoring system should be developed.
To accomplish this effort, two important tasks should be settled firstly. One is the modeling of the
rubber-bearing isolators, i.e. a suitable model should be established to describe the nonlinear
hysteretic character of the rubber-bearings, and the other is the effective damage detection
technique for these rubber-bearing isolated structures.

Different hysteretic models have been proposed in the literature, including the bi-linear model
[3], tri-linear model [4], Bouc-Wen model [5, 6], etc. Among these models, the Bouc-Wen model
involves moderate amount of parameters to be adjusted and has better flexibility with wide
application. Hence the Bouc-Wen model is adopted in this paper to describe the hysteretic
behavior of the rubber-bearing isolation system.

The ability to assess the state of the structure, including its damages immediately after a severe
event, will allow a rapid assessment of the civil infrastructures for the post-event emergency
response, rescues and management, to guarantee the safety operations of these structures. Hence
intensive research has been conducted for detecting structural damages based on vibration data
measured from sensors. Various approaches have been proposed in the literature, such as the least-
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square estimation (LSE) [7-9], the extended Kalman filter (EKF) [10, 11], the unscented Kalman
filter (UKF) [12, 13], the sequential non-linear least-square estimation (SNLSE) [14], quadratic
sum-squares error (QSSE) [15], wavelet multiresolution technique [16], probabilistic approach
[17], and others [e.g. 18-20]. Among these techniques mentioned above, an adaptive tracking
technique based on the EKF approach has been proposed for tracking the time-varying parameters
on-line [10, 11]. Simulation results demonstrate that this adaptive EKF approach (AEKF) is
capable of tracking the variations of structural parameters, such as the degradation of stiffness due
to structural damages.

In this paper experimental studies are performed and presented to verify the capability of the
AEKF approach for identifying and tracking damages in nonlinear structures. The Bouc-Wen
model is selected to describe the non-linear behavior of rubber-bearings, which has the advantages
of being smooth-varying and physically motivated. Further, experimental tests using a base-
isolated building model, consisting of a scaled shear-beam type building model mounted on a
rubber-bearing isolation system using a particular type of rubber-bearing (GZN110), have been
tested experimentally in the laboratory. To simulate structural damages during the test, the
stiffness element device (SED) [11] is proposed herein to reduce the stiffness of the model
abruptly. Different earthquake excitations have been used to drive the shake table, including the
El Centro earthquake and Kobe earthquake. Various damage scenarios have been simulated and
tested. Measured acceleration data and the AEKF approach are used to track the variation of
stiffness during the test. Experimental results demonstrate that the Bouc-Wen model is capable of
describing the non-linear behavior of rubber-bearings and that the AEKF approach is capable of
tracking the variation of hysteretic structural parameters leading to the detection of structural
damages.

2. On-line damage identification of rubber-bearing isolated building

In order to describe the nonlinear hysteretic behavior of the rubber-bearing isolation system,
an analytical model should be established. Different hysteretic models have been proposed in the
literature, among which the Bouc-Wen model involves moderate amount of parameters to be
adjusted and is more suitable for the rubber-bearing isolation system [5, 6]. Hence the Bouc-Wen
model is adopted in this paper to model the dynamic character of the isolation system. And a brief
summary of on-line damage identification of rubber-bearing isolated building using the adaptive
extended Kalman filter (AEKF) approach is given as follows.

Consider a 2-DOF rubber-bearing isolated structure consisting of an upper storey and a
base-isolation storey excited by a ground acceleration X,(t). The equation of motion can be
expressed as:

my¥; + ¢ %y + akyxg + (1 — @)kyz — [c; (%, — %) + ka(xy — x1)] = —my %,
My¥, + (X — %1) + ka(xy — x1) = —my ¥, M
z =%, — Blallz]z — ya,|2]",

where m, and m,, c¢; and c,, k; and k, are the mass, damping and stiffness coefficients of the
base-isolation storey and upper storey, respectively. ¥; and X, are the relative acceleration
responses of the base-isolation storey and upper storey, respectively. z is a hysteretic variable, «,
B, v and n are the hysteretic parameters in the Bouc-Wen model. Yin et al. [5, 6] suggested that
B =05,y =0.5 n=2 for rubber bearings, these parameters are adopted in this paper for
reference and the following experimental results are compared with these suggested values.

For the EKF approach an extended state vector Z(t) = {x7,x7,07}T is introduced, where
X = [x1,x,]7 and X = [%;,%,]7 represent the displacement vector and the velocity vector,
0" =[6,,0,,...,0,]" is an n-unknown parametric vector with 8; (i = 1, 2,..., n) being the ith
unknown parameter of the structure, including damping, stiffness and hysteretic parameters. Then
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the vector equation of motion of the structure can be expressed as:
dZ(t)/dt = g(Z,f,t) + w(t), @)

in which w(t) is the model noise (uncertainty) vector with zero mean and a covariance matrix
Q(t), and f is the excitation vector. A nonlinear discrete vector equation for an observation vector
(measured responses) can be expressed as follows:

Yir1 =h(Zpyq, frpn, K+ 1) + vy, €))

in which Yy, is a [-dimensional observation (measured) vector at t = (k + 1)At (4t is the
sampling time step), ie. Yyy =Y( = (k+1DAt), Zy,, =Z(t=(k+1)At) and
fo. 1 =f(t=(k+1At). In Eq. (3) vi4, is a measurement noise vector assumed to be a
Gaussian white noise vector with zero mean and a covariance matrix E [vkva] = Ry 6y, where
8y; is the Kroneker delta.

Let Zj1 141 be the estimate of Zy, att = (k 4+ 1)At and Zj,1 ;. be the estimate of Zy,, at
t = kAt. The recursive solution of the extended Kalman filter for the estimate 2k+1|k+1 is given
as follows:

Zicr1 (ko1 = Zir [k + Kiw1 [Yierr = D(Zgesq ofir.k + 1], )
(e+1)4t

By = Bl Voo V) = B+ [ ek o)l 5)
kAt

K1 = ProapeHi s [His1 e P He 41k + Risa] ™% (6)

Prii = q>k+1,kpk|k¢l’€+1,k + Qps1, (7

_ [0h(Zyyy, freir, k+ 1)
Hpppe = 37 ) 8
ke+1 Zir1=Zpr1ik
Pklk = [lgyn — Kka|k—1] Pklk—l' 9

where @, ., is the transition matrix of the extended state vector from Z; to Z;,,. The EKF
approach above can be used to identify the constant structural parameters. In order to track the
parametric changes due to the damages, an adaptive factor matrix Ay, is presented to adjust the
error covariance matrix Py qx, i.€.:

Perie = Ak+1[d’k+1,kPk|k‘b1€+1,k]Ach+1 + Qi1 (10)

By replacing the Py, in Egs. (6) and (7) using Eq. (10), the recursive solution for adaptive
EKF approach (AEKF) is thus obtained to track the time-varying structural parameters. The
determination of Ay, has been described in [10]. The initial values for the unknown extended
state vector Z(t) = {x7,xT,07}7 should be estimated. Likewise the initial error covariance matrix
Py of the estimated extended state vector, the covariance matrix R of the measurement noise
vector v(t) and the covariance matrix Q of the system noise vector w(t) should be also assigned.
Finally, in computing the adaptive factor matrix A, for the on-line damage identification, a
constrained optimization procedure was used, in which a small number (constraint) § = 0.01 was
suggested. Further, in computing the covariance matrix of the predicted output error, it was
suggested in [10] that G,y = 0, G, = 0. These values will be used in the following for the
analysis of all experimental data.
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3. Experimental set-up

A base-isolated building model, consisting of a 400 mm by 300 mm small-scale shear-beam
type building model mounted on a 600 mm by 500 mm rubber-bearing isolation system, as shown
in Fig. 1, is used for the experiments. The total height of this building model is 660 mm, the height
of upper story is 345 mm and the height of the isolation storey is 315 mm. The total weight of the
model is 350 kg and the mass of upper floor is 50 kg, the mass of the nether floor is 300 kg. The
first two natural frequencies of the test specimen are 1.955 Hz and 5.376 Hz, respectively. Based
on the discretized 2-DOF shear-beam model, the stiffness of each story are obtained as 52 kN/m
and 46 kN/m, respectively, using the finite-element approach.

The base-isolated building model was placed on the shake table that simulates different kinds
of earthquakes. Two earthquake excitations were used, including the El Centro and the Kobe
earthquakes. During the tests the shake table and the masses were each installed with one
acceleration sensor and one displacement sensor to measure the responses. The absolute
acceleration responses of the isolation storey a, and of the upper storey a,, as well as the
earthquake acceleration a; were measured. Also the displacements of each storey and the base
were measured for the correlation study.

The damage in a story unit is assumed to be reflected by the reduction of its stiffness. To
simulate the reduction of stiffness in the upper story, a stiffness element device (SED), consisting
of a hydraulic cylinder-piston (HCP) and a bracing system, with an effective stiffness of Kj; is
installed in the upper storey, so that stiffness of the upper storey is increased by Kj;. During the
experimental test, the effective stiffness of the SED is reduced to zero to simulate the reduction of
the stiffness in the upper storey.
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Fig. 1. The rubber-bearing isolated building Fig. 2. Measured accelerations under
model on the shake table El Centro earthquake excitation

4. Experimental results

To demonstrate the capability and accuracy of the adaptive extended Kalman filter (AEKF)
approach for tracking the damage of base-isolated structures, experimental tests are conducted
herein for different damage scenarios. For shake table tests two earthquakes will be used, including
the El Centro earthquake scaled to a peak ground acceleration (PGA) of 0.6 g and the Kobe
earthquake scaled to a PGA of 0.5 g. For each earthquake the acceleration responses (a4, a,) of
both floors and the shake table acceleration a; were measured. Further the displacement responses
of both floors and the base were also measured for correlation studies later. The sampling
frequency of all measurements is 500 Hz.

To identify the parameters of the rubber-bearing isolated structure and to track the damage in
the upper storey when it occurs, Bouc-Wen model with different unknown parameters will be
considered, i.e.:

(i) Model I: the Bouc-Wen model contains three known hysteretic parameters, i.e. n =2, a,
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and y unknown;

(ii) Model 1I: the suggested values are adopted for the hysteretic parameters in Bouc-Wen
model, i.e. n =2, 8 = 0.5,y = 0.5, only with & unknown.

And for both models above the following experimental scenarios were tested:

(a) The shake table was driven by El Centro earthquake. The cylinder of the SED was filled
by air with an air pressure of 0.7 MPa. From the experimental test an air pressure at P, = 0.7 MPa
results in an effective stiffness of 7 kN/m for the SED, i.e. K;; = 7 kN/m. Thus the stiffness of the
upper storey was estimated to be k, = 46 kN/m + 7 kN/m = 53 kN/m, whereas the stiffness of
base-isolation storey was estimated to be k; = 52 kN/m. During the test with the El Centro
earthquake excitation, both valves of the SED unit were open simultaneously at t = 14 second, so
that the stiffness of the upper storey reduced abruptly from 53 kN/m to 46 kN/m at t = 14 second.

(b) Instead of the El Centro earthquake, the Kobe earthquake was used to drive the shake table.
The test configuration is similar to that of Scenario (a) presented previously, except that the air
pressure of the SED installed in the first storey is P, = 0.75 MPa. This results in a stiffness of
7.5kN/m for the SED. Hence the stiffness of the upper storey prior to a damage is
k, = 46 KN/m + 7.5 kN/m = 53.5 kN/m, whereas the stiffness of the base-isolation storey
remains the same, i.e. k; = 52 kN/m. During the test valves of the SED were open at about
t = 8 second, following the most intensive portion of the earthquake, at that time £ is reduced to
46 kN/m.

In this paper the damage tracking results are presented, taking the Model I subject to El Centro
earthquake for example. For the AEKF approach, the test specimen is considered as a 2-DOF
shear-beam building model and the equations of motion can be written, in which the stiffness and
damping of each storey as well as the nonlinear hysteretic parameters of the base-isolation are
unknown parameters. Consequently the vector equation of motion for the extended state vector
can be established analytically. With the measured shake table acceleration a,; and acceleration
responses (a,, a,) shown in Fig. 2, the unknown structural parameters, i.e. k;, ¢; (i = 1,2), a, 8
and y can be identified on-line using the recursive solution of the AEKF approach.

For the AEKF recursive solution described previously, the following initial values are assumed:
(i) the initial values for k;, ¢;, a, B and y are: k;; = 40 KN/m, ¢;p = 0.1 kNs/m (i = 1, 2),
ay = 0.5, B, =0.5,y, = 0.5, (ii) the initial values for the displacements and velocities are zero,
ie. x =[0,0]", x = [0,0]", (iii) the initial error covariance matrix Py, of the extended state
vector is a (12 x 12) diagonal matrix with the first 5 diagonal elements being 1 and the last 7
diagonal elements being 1000, and (iv) the covariance matrices of the measurement noise vector
v(t) and the system noise vector w(t) are chosen to be R = 0.11, and Q = 107°I,,, respectively,
where I; is a (j X j) unit matrix.

Based on the AEKF recursive solution and the measured data, the identified unknown
parameters for both stories are presented in Fig. 3 as solid curves (blue color). Also shown in Fig.
3 as dashed curves (red color) for comparison are the estimated results based on the finite-element
method. Further, the identified inter-storey drifts and displacements (d,, d,) of each floor using
the AEKF approach are presented in Fig. 4 as solid curves (blue color), whereas the dashed curves
(red color) are the measured experimental results for comparison. The identified numerical results
based on the AEKF approach are as follows: (i) prior to damage k; = 51.7 kN/m and
k, = 55.2 kN/m, and (ii) after damage k; = 51.7 kN/m and k, = 48.5 kN/m. It is observed from
both Fig. 3 (solid curves) and the numerical results above that the identified structural parameters
based on the AEKF approach are very reasonable in comparison with that estimated by the finite
element method (dashed curves). The difference between the solid and dashed curves has been
expected due to the structural uncertainty of the test model, including the shear-beam assumption.
Figs. 3 and 4 clearly demonstrate that the AEKF approach is capable of tracking the variation of
stiffness parameters, leading to the detection of structural damages.

The damage identification results using the presented AEKF method for all the scenarios tested
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experimentally in the laboratory are listed in Table 1, in which the reference values of the unknown
parameters are also listed for comparison. It can be seen from Table 1 that the identified
parameters of the isolated structure are about the same for both Bouc-Wen Model I and Bouc-Wen
Model IT under El Centro and Kobe earthquake excitations. The identified stiffness values for both
stories are close to the reference values predicted by the FEM method with a maximum error of
6 % for the upper story, and the differences between the identified values and the reference values
of the undamaged structural parameters are almost the same as with that of the damaged structural
parameters. Such discrepancies have been expected due to the structural uncertainty of the test
model caused by the strong nonlinear hysteretic character of the rubber-bearing isolation system.

\E 0.9 B 60, E o017 \ ‘ --=Experimental Data
2 oo |2 5“:{7_“W = 0 — Identified
203 = 40 —ldentifiied[| 5 -0.01E , . . 4
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Fig. 3. The identified model parameters Fig. 4. The identified drifts and displacements
under El Centro earthquake excitation under El Centro earthquake excitation
Table 1. The identified parameters for Model I and Model II under different earthquakes
C1 Cy k1 k2
Parameters (kKNs/m) | (KNs/m) | (kN/m) | (ki) | & | B | Y
Prior to Ref. value — — 52 53 — 0.5 ] 05
damasce Model I 0.52 0.16 51.7 552 1051 ] 046 | 0.54
El Centro £ "Model 11 0.52 0.16 51.7 552 1051 - —
earthquake Aft Ref. value — — 52 46 — 0.5 | 0.5
e | Model T 0.52 016 | 517 | 487 | 051 | 046 | 0.54
€€ "Model 11 0.52 0.16 51.7 485 1051 | — —
Prior to Ref. value — — 52 53.5 — 05 ] 05
damage Model I 0.49 0.16 52.2 557 1055] 05 | 05
Kobe 8 "Model1I_| 0.49 016 | 522 | 556 |055| — | -
earthquake After Ref. value — — 52 46 - 05 ] 05
damg . Model I 0.49 0.16 52.2 48.6 | 055 05 | 0.5
8 Model T | 0.49 0.16 | 522 | 485 |055| — | -

5. Conclusions

Experimental studies have been performed in this paper to verify the capability of this adaptive
extended Kalman filter (AEKF) in identifying the base-isolated structural damage by conducting
a series of experimental tests on a scaled rubber-bearing isolated building model. To simulate the
structural damage during the test, an innovative stiffness element device (SED) has been used to
reduce the stiffness of the upper storey. Different damage scenarios under different earthquakes
have been simulated and tested. Measured acceleration response data and the AEKF approach
have been used to identify the unknown structural parameters and to track the variation of the
stiffness in the upper storey during the test. The identified stiffness parameters based on the AEKF
approach correlate reasonably well with that predicted by the finite-element method. Experimental
studies conducted herein demonstrate that the AEKF approach is capable of tracking the variation
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of stiffness parameters from which the structural damage can be determined.
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