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Abstract. Rubber-bearing isolation systems have been usdulildings and bridges. These
base isolation systems will become more populathé future due to their ability to reduce
significantly the structural responses induced bythejuakes and other dynamic loads. To
ensure the integrity and safety of these basetisnlaystems, a structural health monitoring
system is needed. One important problem in thetstral health monitoring is the identification
of the system and the detection of damages. Tloklgm is more challenging for the rubber-
bearing isolation systems because of their nonlineshavior. In this paper, experimental
studies have been conducted for the system ideatifin of nonlinear hysteretic rubber-
bearings. Experimental tests of a rubber-beariolgtisr under El Centro and Kobe earthquakes
have been performed. The Bouc-Wen models with 3an8l 6 unknown parameters,
respectively, have been investigated to repredemthysteretic behavior of rubber-bearing
isolators. The extended Kalman filter (EKF) applo&as been used to identify the nonlinear
parameters of the Bouc-Wen models for the rubbaribg isolators. Our experimental studies
demonstrate that the Bouc-Wen models are capabbiesdribing the nonlinear behavior of
rubber-bearing isolators, and that the EKF appro&ctkeffective in identifying nonlinear
hysteretic parameters.

Keywords:. rubber bearings, hysteretic model, system idestiion, extended Kalman filter.
Introduction

Base isolation is an innovative performance-bassigth approach to mitigate earthquake
damage potential owing to their excellent perforogaim reducing the response of structures
subject to seismic loads. High damping rubber-lbegigolators have been used in buildings,
bridges and other civil structures. In addition,renand more civil infrastructures are expected
to be installed with such isolators in the futute 2]. The rubber-bearing systems are usually
introduced between the superstructure and the fdiow to provide lateral flexibility and
energy dissipation capacity. A variety of isolatievices, including elastomeric bearings (with
and without lead core), have been developed ardfos¢he seismic design of buildings during
the last 20 years [3, 4, 5].

To ensure the integrity and safety of these baektien systems, a structural health
monitoring system should be developed. Unfortugatétle has been studied in this important
subject area to date. For the health monitoringibber-bearing isolators and the corresponding
base-isolated structures, one important task issylstéem identification of these isolators. To
accomplish this effort, a suitable nonlinear hystiermodel should be established.

On the other hand, an objective of structural healbnitoring systems is to identify the
state of the structure and to detect the damage wihoecurs. In this regard, analysis techniques
for damage identification of structures, based dmation data measured from sensors, have
received considerable attention. A variety of sysidentification techniques in time domain
have been developed for nonlinear and/or multi-elegf freedom (MDOF) structural systems,
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such as the least-square estimation (LSE) [6,,th8]extended Kalman filter (EKF) [9, 10, 11],
the unscented Kalman filter (UKF) [12], recursivedel reference adaptive algorithm [13], and
the sequential non-linear least-square estima@&iNLSE) [14, 15], quadratic sum-squares error
(QSSE) [16, 17], Monte Carlo filter [18], and wageulti-resolution technique [19], etc.

In this experimental study, the Bouc-Wen model édected to describe the nonlinear
behavior of rubber-bearings, which has the advastad being smooth-varying and physically
motivated. Further, experimental tests using aiqadar type of rubber-bearing (GZN110) have
been conducted to identify the parameters of thetegtic model. Based on experimental data
measured from sensors, the EKF method has been tasetentify the model parameters.
Different earthquake excitations and the Bouc-Werdeh with different unknown parameters
have been considered. Measured acceleration resplata and the EKF approach are used to
identify unknown linear and nonlinear parametergpdtimental results demonstrate that the
Bouc-Wen model is capable of describing the noalineehavior of rubber-bearings, and that
the EKF approach is quite effective in identifyitng non-linear hysteretic parameters.

Analytical model for rubber-bearing

Several hysteretic models for describing the dyedmhavior of rubber-bearings have been
proposed in the literature, including piecewisedin hysteretic models, polynomial hysteretic
models, curvilinear hysteretic models, etc. Amadmgse models, the Bouc-Wen model seems to
be more flexible, involving more model parameterdé adjusted. And the hysteresis loop of
Bouc-Wen model is smooth and fit the hystereticratier of rubber bearings. So the Bouc-
Wen model is adopted to describe the rubber-besiimthis paper.

Consider a single-degree-of freedom hysteretic esys{SDOF) excited by a ground
acceleration in whiclx is the relative displacement. The equation of arottan be expressed
as:

Mk + Ry (x,2) = —1mi, 1)

wherezis a hysteretic variablen is the mass coefficient, ar} is the ground acceleration.
The total restoring forcé; (x,z) consists of elastic and hysteretic components l&sife:

Ry (X,2) = ok + akx+ (1- o kz )

where c and k are, respectively, the damping and stiffness adeffts, andO<« <1 is a
weighting parameter. The restoring force is put@gteretic ifa =0 and is purely elastic if
a =1. A hysteresis model with degradation given by [A@ is:

2= gtz 2- 42" ®

In the above expressiom,and 7 are degradation shape functions. In general, dagcm

depends on the response duration and severitynfecgent measure of the combined effect of
t

duration and severity is the hysteretic enerlj;(t):j(l—a)kzxdt dissipated through
0

t
hysteresis from timé= 0 to the present tinte Since the quantit)e(t) = jzxdt is proportional
0
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to E(t), it may also be used as a measure of responstotueand severity. Many functional
relations betweemw , n and ¢ are possible. From practical considerations, botand , are
assumed to depend linearly @nas the system evolves [12, 20]:
v(e)=1+6,¢ (4)
77(5) =1+0,¢ (5)
Two unspecified constant degradation parameggrand 5, are thereby introduced.
From Egs. (1)-(5), there are seven loop parametets, 5,7, n, 5, ,5,) in the Bouc-Wen

model describing the hysteretic behavior. Howeviehas been shown tha& = 1 is quite
reasonable, and hence it will be used in this st@bnsequently, there remain six parameters
(a,pB,7,n9,,6,) in the Bouc-Wen model. To clarify whether evegragmeter contribute

equally to the system response and whether thatiars in some parameters combine to annul
the effect of each other, attempts were made inptst to understand the influence of each
parameter on the system response. For exampleetMd, [20] and Yin, et al. [15] studied the
sensitivity of the Bouc-Wen model parameters usagne-factor-at-a-time method and
provided a graphical representation of the serisitianking. In these loop parametefsand

o, are the most insensitive, the rank does not changer different parametric initial values.
Thus 6, =0 and 6, =0 are adopted in this paper. Then, the unknown hgsie loop
parameters in the Bouc-Wen model are reduced t@,y, n. Chen, et al. [21] used = 1,

£ =01,y=09, n= 2 for the laminated and stirruped rubber bearings, et al. [15] also
suggested thaA = 1, =05, =05, n = 2 for rubber bearings. In this paper, these

parameters suggested by Yin, et al. are adopted feference and the following experimental
results are compared with these suggested values.

Extended Kalman filter

In this section, a brief summary of the extendedm&a filter (EKF) approach is given.
Consider an-DOF structure with the displacement vector,and velocity vectorx . Let us

introduce an extended state vect@ft)={x",x",0"}", whered" =[6,6,,...,6,]" is an n-
unknown parametric vector with (i = 1, 2,..., n) being theith unknown parameter of the

structure, including damping, stiffness, nonlinaad hysteretic parameters. In what follows,
the boldface letter represents either a vector ma#ix. The vector equation of motion of the
structure can be expressed as:

dz(t)/dt=g(z, f,t)+w(t) (6)

in whichw(t) = model noise (uncertainty) vector with zero meaad a covariance matri(t),
andf is the excitation vector. A nonlinear discrete teecquation for an observation vector
(measured responses) can be expressed as follows:

Yi = h(Z k+1 f k+11 k+ 1)+ Vi1 (7)

in which Y,,,is al-dimensional observation (measured) vectot a(k+1)At (sampling time

stepAt). In Eqg. (7),v,,,iS @ measurement noise vector assumed to be ai@Gawdsite noise
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vector with zero mean and a covariance malﬁﬁxkva] = Rd,j, wheredy; is the Kronecker
delta.
Let Z,q,, be the estimate oZ,,; att=(k+1)At, and Z,,y, be the estimate oZ,,; at

t = kAt . The recursive solution for the estimaﬁk,;r]"@l of the extended state vector is given
by:

Zyiqkn = gk T Kl Yisr =2y, i, K +1)] (8)

R R R (At

Zyaw =EZal Yo Yy Y =2+ _[ oAZy, f 1)dt 9)
kAt

Kt = P H o [H keaik P H keak + Rl ™ (10)

In Eqg. (10), Ky, is the Kalman gain matrix®,y and H ., are given by:

Pk = Pier,kPy kq)E{Lk +Qua (11)
Hyak =[00(Z 1, Fria, k+D/0 Zk+1]zk+1=2k+uk (12)

where @, is the transition matrix of the extended statetmefrom Z, to Z,;, and P is
given by:

Pk =1 = Ky H g1 1Pl 1 = Ky H |<||<_1]T + K RKye (13)

In the recursive solution aboveéd is the error covariance matrix of the estimated

extended state vector, and the details of the ElEhad are referred to Yang et al. [10]. To
initiate the recursive solution, the initial valuésr the unknown extended state vector

z(t)={x",x",6"}", including unknown parameters and unknown statove should be
estimated. Likewise, the initial error covariancatrix Py, of the estimated extended state

vector, the covariance matrik of the measurement noise veci(t), and the covariance matrix
Q of the system noise vecte(t) should be assigned as will be described later.

Experimental Studies
Experimental tests

Rubber-bearings GZN110 supplied by Hengshui Zhe®sggmic Isolation Instrument CO.,
LTD were used as the base isolator of a structonadlel, and a mass withh = 132 kg is
supported by rubber bearings as shown in Fig. Tiah earthquake excitations will be used,
including the El Centro and Kobe earthquakes. mt#sts, the base-isolated structural model
was placed on the shake table that simulated diftekinds of earthquakes as shown in Figs.
1(a) and (b). During the tests, the shake table thedmass were each installed with one
acceleration sensor and one displacement sensonetsure the responses. The absolute
acceleration response of the magand the earthquake ground acceleratipwere measured.
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Also, the displacements of the mass and the base measured for the correlation study. The
sampling frequency of all measurements is 200 Hz.

Fig. 1(a). Experir_nental setup (Global) Fig. 1(b). Experimental setup (Local)
Experimental results

To identify the parameters of rubber-bearings,edé#ht unknown parameters in the Bouc-
Wen model will be considered.

Bouc-Wen Model | (3 Unknown Parameters)

First, we consider the loop parametefisy andn to be constants, i.e3,= 0.5, y =0.5 and

n = 2. Hence, the unknown parameters@ateand « in which ¢ andk are the linear damping
and stiffness parameters andis the ratio of post-yielding stiffness to preilgliag stiffness.
Then, the hysteretic nonlinear equation can beitnras:

z=x-084z-05%7" (14)

The extended state vector in the EKF methoﬁ[(@:{ x%zGka}', wherex and x are
the relative displacement and relative velocityspestively, of the mass with respect to the
shake table. The initial values used @y P, Q and R are: Zy, = {0,0,0,0.1,2005} ",

Pgo =diag{[ 11,1,10°,10°10°]} ,R=1, andQ =101 4.

Case 1: El Centro earthquake

In this test, a scaled El Centro earthquake wifhG&A of 0.4y is applied to the base. The
measured earthquake ground acceleratiprand the absolute acceleration response of the

massa, are shown in Fig. 2. Based on the acceleratiorsareanents and the EKF solution, the

identified unknown parameters are presented in Biglt is observed from Fig. 3 that the
unknown parameters converge nicely after 3.5 sexoRdrther, the identified displacements,
including the absolute displacement and relatigpldcement (inter-story drift) of the mass, are
shown in Fig. 4 as blue solid curves, whereas teasured displacements are shown as red
dashed curves for comparison. It is observed frgn4-that the identified displacements match
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the experimental ones well. Thus the parametemiqies in Fig. 3 can describe the nonlinear
hysteretic characteristics well.
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Fig. 6. The identified model parameters, Fig. 7. The identified relative and absolute
case 2: Kobe earthquake displacement, case 2: Kobe earthquake

Case 2: Kobe earthquake

In this test, a scaled Kobe earthquake with a P&A.2g is applied to the base. The

measured earthquake excitatiapand the absolute acceleration response of the maae
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shown in Fig. 5. Based on the acceleration measmtsrand the EKF solution, the identified
parameters are presented in Fig. 6. A comparistwees Figs. 3 and 6 indicates that the
identified model parameters are identical undefediit excitations.

Bouc-Wen Model Il (5 Unknown Parameters)
In this situation, we consider the parameteto be 2.0, i.e.n = 2, and the other loop

parametersg , 4 andy, to be unknown in Egs. (2) and (3). Then, the méel state vector in

the EKF method isZ(t)={ x%zck e B 7}", wherec, k, @, # and y are the unknown
parameters to be identified. The initial values duséor Z, P, Q and R are:
Z40={0,0,0,0.1,20,0.5,05,0.5  P,,=diag{{1,1,1,16 ,16 ,10 ,10 ,f0] R = 3 and

Q=10"14.
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Fig. 8. The identified model parameters, Fig. 9. The identified relative and absolute
case 3: El Centro earthquake displacement, case 3: El Centro eartkgua

Case 3: El Centro earthquake

Similar to case 1, a scaled El Centro earthquakie aviPGA of 0.4 is applied to the base.
Based on the acceleration measurements shown irRFgd the EKF solution, the identified
parameters are presented in Fig. 10. Further,diwatified displacements are shown in Fig. 11
as blue solid curves, whereas the measured dispéads are represented as red dashed curves
for comparison. It is observed from Fig. 11 thae tidentified displacements match the
experimental ones well.

Case 4: Kobe earthquake

Similar to case 2, a scaled Kobe earthquake WRIBA of 0.3y is applied to the base. Based
on the acceleration measurements shown in Fig. & tha EKF solution, the identified
parameters are presented in Fig. 10. As obseneed fig. 10, all parameters converge nicely
after 3.5 seconds. The identified displacementspaogided in Fig. 11 as blue solid curves,
whereas the measured displacements are shown daskedd curves for comparison.

Bouc-Wen Model Il (6 Unknown Parameters)

Experimental data obtained previously will be amaty again by including the loop
parametern as an unknown parameter. In this case, the madealves 4 unknown loop
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parameters and 2 unknown linear parameters. Haheeextended state vector in the EKF
becomesZ(t)={x % z ¢ k&, 8,7, 3. The initial values forZ, P, Q and R are:

Z4o=10,0,10,0.1,40,0.5,0.5,0.5,%} P,, = diag{[1,1,1,16 ,16 ,10 ,10 ,10 ,20 ]R = 10
andQ=10"1,.
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case 5: El Centro earthquake displacement, case 5: El Centro earthquake

Case 5: El Centro earthquake

Based on the measured data in Case 1 for the BtcCearthquake excitation and the EKF
approach, the identified results are shown in Figsand 13, respectively, for the unknown
parameters and the displacement responses. A cmparf Figs. 3, 8 and 12 indicates that the
identified parameters are identical for all BouctWWodel | and Bouc-Wen Model Il as well as
Bouc-Wen Model Ill for the El Centro earthquake itadton.

Case 6: Kobe earthquake

Based on the measured data in Case 2 for the Kafithgeake excitation and the EKF
approach, the identified results are shown in Figs.and 15 respectively, for the unknown
parameters and the displacement responses. A csmpalf Figs. 6, 10 and 14 indicates that
the identified parameters are identical for botuB&®ven Model | and Bouc-Wen Model Il as
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well as Bouc-Wen Model Il for the Kobe earthquakecitation. Finally, an examination of
Figs. 3, 8, 12, 6, 10 and 14 reveals that all tlemtified parameters are about the same for all
Bouc-Wen Models and for all earthquake excitatidngewise, the predicted displacement

responses correlate very well with the experimed#dh as presented in Figs. 4, 7, 9, 11, 13
and 15.
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Fig. 14. The identified model parameters, Fig. 15. The identified relative and absolute
case 6: Kobe earthquake displacement, case 6: Kobe earthquake
Conclusions

In this paper, experimental studies have been aiadufor the system identification of
nonlinear hysteretic rubber-bearings. Experimetdats of a rubber-bearing isolator under El
Centro and Kobe earthquakes have been performgdrterate the acceleration response data
for the system identification purpose. The Bouc-Wandels with 3, 5 and 6 unknown
parameters, respectively, have been investigatedpi@sent the hysteretic behavior of rubber-
bearing isolators. The EKF approach has been us@&tkntify the nonlinear parameters of the
Bouc-Wen models for the rubber-bearing isolatarsluding the equivalent stiffness, damping
coefficient and hysteretic parameters. Our expertalestudies demonstrate that the Bouc-Wen
models are capable of describing the nonlinearwehaf rubber-bearing isolators, and that the
EKF approach is quite effective in identifying nioilar hysteretic parameters.
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