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ABSTRACT: This research investigates the method of parameter identification for base-
isolated buildings with a limited number of sensors. The base-isolated superstructure is
considered as separated substructure from the isolation layer that shifts the natural
frequency of the building away from the dominant frequency components of the ground
motion, and is thus modelled as a shear type linear model. The structural response for the
unrecorded floors are first predicted using a system of simultaneous linear equations with
unknown parameters presented. Then a Gauss-Newton algorithm, which is based on
solving a sequence of linearization least squares approximations to the nonlinear least
square problems, is employed to identify the story stiffness and Rayleigh damping
coefficients of the structure.

The performance and robustness of the proposed identification method is demonstrated
using a simulated structure and different initial guesses, both with and without added
noise. The numerical results show that the estimated story stiffness and damping
coefficients converge to the exact value using different initial guesses without
measurement noise, and are robust to noise with the average error within 16% even with
10% added noise. Finally, the estimated response for unrecorded floor are compared to
the true response. The results indicate that the method is capable of predicting the
structural response of the base-isolated building accurately using limited sensors.

1 INTRODUCTION

The isolation of structures from the ground motion is an effective way to protect the structure from
damage in a strong earthquake. The basic concept of base isolation is to provide a low lateral stiffness
between the structure and the foundation to lengthen the nature period of the building from its fixed-
base value, moving the period away from the dominant period of the seismic ground motion. Thus, the
transition of the earthquake motion and force to the superstructure of the isolated building can be
significantly reduced.

Successful field performance of base isolated buildings was first recorded and validated in the
University of South California Hospital building during the 1994 Northridge earthquake (Nagarajaiah
and Sun 2000). Due to the lead rubber bearing isolation system, peak roof acceleration was reduced to
50% of the foundation acceleration, and the peak drift of the superstructure was less than 30% of the
code specification. The measured response of two high damping rubber bearing isolated buildings in
Miyagi and Chiba, Japan were investigated during the 2011 Tohoku earthquake (Miwada et al. 2012).
The study confirmed acceleration reductions in both buildings, and the maximum accelerations at the
floor above the isolated layer were 41%-83% of those in the basement. The strong motion seismic
records of Fukushima Dai-Ichi Nuclear Power Plant were also reported in the Great East Japan
earthquake in 2011 (Hijikata et al. 2011). The base isolated structure performed well in horizontal
motion with the response reduced by 30% from the basement pit.
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A number of researchers have investigated the system identification methods for base isolated
buildings using different system models. Stewart et al. (1999) identified the structural modal
parameters of four base isolated buildings using an equivalent time-varying linear model, based on the
assumption of the superstructure as a SODF system and the isolation system with time-varying
effective stiffness, to characterize the isolation performance during the earthquake. Furukawa et al.
(2005) proposed a least squares output-error minimization method to identify a base-isolated building
affected by the 1995 Hyogoken-Nambu earthquake in Japan. The superstructure was modelled as a
rigid body and the isolation system was identified based on three different models: a linear equivalent
model, a bilinear model and a trilinear model. Results show that the model parameters can be
reasonably estimated and the trilinear model best fit the recorded response time histories.

Huang et al. (2009) developed an iterative trial-and-error optimization procedure, based on a
simplified bilinear model for the base isolation system and a multi-story linear model for the
superstructure. They identified the structural parameters of a base isolated building using a Masing
criterion to transform a multi-valued hysteretic restoring force function into a single-valued function
so that ordinary optimization method can be applied. Xu et al. (2014) recently proposed a two-step
regression analysis procedure to identify the physical parameters of a base isolated structure. A
bilinear model was chosen for modelling the base isolator and the superstructure was assumed as a
single degree of freedom system. The hysteresis loop was divided into different half cycles according
to the zero velocity points and multiple linear regression was applied to those half cycles to yield
equivalent linear system stiffness and damping.

For all these system identification methods, a key element is the choice of proper models for the base
isolation system and superstructure. The choice is primarily based on the actual or expected response
of the building and isolators, and is critical for accurate identification. Since the isolated building
should be quite rigid in comparison to the isolation system, a superstructure is frequently assumed to
be a lumped mass that reduces the computational efforts significantly (Kulkarni and Jangid 2002).
Otherwise, a multi-story linear model is considered for the superstructure (Kulkarni and Jangid 2003).
For the base isolation system, a nonlinear hysteretic model (Park et al. 1986) is widely used to
characterize the nonlinear force-deformation behaviour of the lead rubber bearings experiencing the
inelastic seismic response expected by design (Gavin and Wilkinson 2010, Matsagar and Jangid
2008). However, the properties of lead rubber bearing can be modelled using a spring equivalent linear
horizontal stiffness in the case that the ground motion is not very large or the base isolation system has
no yielding under the ground shaking (Chen et al. 2007). Hence, the isolation layer response may vary
from the expected performance or have a range of behaviours, and thus have a significant, negative
impact on the identified model’s accuracy.

Christchurch Women’s Hospital (CWH) building is the only base isolated building in the South Island
of New Zealand. The performance of the instrumented CWH building was investigated using the
recorded accelerations at the foundation, first and top level during two major earthquakes in 2011
(Kuang et al. 2014). The results indicate that the superstructure of the building does not approximate
as a rigid body as might be expected. The base isolation system was still within the stiffer linear range
and did not lead to the period separation of the ground shaking and the building during these events.
Thus, a four degree of freedom linear shear model is used for the parameter identification of the CWH
base isolated building with the accelerations recorded for the first and fourth degrees of freedom, as
well as the ground motion inputs in the basement.

In this study, an identification method is proposed to identify the equivalent stiffness and Rayleigh
damping for the four degree of freedoms linear system. The response for the unrecorded degree of
freedom were estimated based on a simultaneous linear equations. A modified Gauss-Newton method
was then employed to identify the equivalent stiffness and Rayleigh damping of the system. The
performance of the proposed method is demonstrated and validated using a simulated structure.
Robustness is investigated using different initial guesses and by added 10% RMS noise.
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2 IDENTIFICATION METHOD
The equation of motion for the base-isolated building subject to seismic excitation is defined:

MX +CX +KX = -MIxq (1)

where X=[X1 X, X3 x4]T; the mass matrix M=diag(m; m, mz m,); and the stiffness matrix K and Rayleigh
damping matrix C are defined:

K1+K2 —K2 0 0
-K Ky +K K 0
K = 2 2 3 3 (2)
0 —K3 K3+K4 —K4
0 0 -Ky Ky

Cii -Cp 0 0
~Cy Cpy -C 0
C= aoM + alKT = 21 22 23 (3)
0 -G Cz3 -Cgy

0 0 —-Cy3 Cy
Therefore, the equation of motion for the first and fourth DOFs at t=t; can be described using
Equations (1)-(3):

fi = my (% +Xg) +Cra¥g = CraXp + (Ky + Kp)xg —Koxp =0 (4)
fai =My (Xg +Xg) —Caz¥g + CagXg —Kyxg + Kgxg =0 ()

where and %, %, and Xq are measured; the velocities , , x, and displacements x, and x, can be

obtained by direct integration after band pass filtering (Boroschek et al. 2003, Chaudhary et al. 2000,
Sridhar et al. 2014, Yang et al. 2003). Equations (4) and (5) can then be rewritten in terms of
unknowns X, and Xs:

X+ P(K2,Cp2) %o = Qu(Kq, K2,Cp1,Cpa 1) (6)
X3+ P2 (K4, Cy3)Xg = Q2(K4,Cy3,Cas, 1) (7
where:
P(K2,Cp2) = ﬁ; Q1(Ky,K3,C3,Cpp0t) = M Gy (K + o) + iy (8)
Ci2 Ci2
Ky | My Xy +CygXg + KyXy +myXg
P2(K2,Cpp) = ——; Q2(K4,Cy3,Cyq.t) = (9)
Cu Cas
The general solutions for Equations (6) and (7) are:
X (t) = el PG +J-Q1(K1' K2,C11,C12,t)ej PG gy (10)
(0= 0 (B4 [0,(Ky, Cap, Car el * 0 aty (11)
For each time step h=t;-t;.;, the free terms Q, and Q, can be written as a moving average:
Q- Q1(K1,K2,C11,Crp,t-1) + Qi (Kq, K5, Cy1,Cyp, 1) o <t<t (12)

2
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K4,C43,Caa,ti_1) + K4.C43.Cus.ti
Q2i=Q2( 4:C43,Cus |1)2 Q2(K4,Ca3,Ca4.ti) f <t<t, (13)

Hence, Equations (10) and (11) can be rewritten:

() = e (THIE (A + aQuel %) (14)

X(t) =& 7072 (B + aQpe ) %) (15)
where A; and B; are constants determined by initial condition at t=t;;. If x,(ti.1) and xs(ti.1) are known

from the prior time-step t=t;.;, then the constants A; and B; can be determined using Equations (14) and
(15):

A =X (ti_1) — 4 Qyj (16)
Bj = X3(ti_1) — 1Qyi (17)

Then from Equations (14)-(17), the complete estimates for x,(t;) and xs(t;) with sampling time interval
h=t;-t;; are obtained iteratively given x,(0) and x5(0) to start:

Xa(ti) =X (tig)e "' +ag1-e " )Qy (18)
Xa(ti) = Xa(tig)e "' ® +ay(1-e 7" 2)Qy (19)
Thus, the identification error function can be defined:

£(0)=_ f;(0)+ Y F5i(0)+ Y 31 (0)+ Y 4 (6) (20)
i=1 i=1 i=1 i=1

where n is the number of time step; 0= [Ky, Ky, K3, K4, @, a1] is the parameter vector and identified by
minimizing the error function using a Gauss-Newton formula:

06 =90 _g 3T 1ITRE) (21)

where s is the iteration time step, « is the step length and J is the Jacobian matrix of f;(8(®)):

J:[Jl RN P Jn]T (22)
o 00) ot (09) ot (0))  af (0°) oty (0°) oty (0©)
6K1 6K2 8K3 @K4 @ao aal
o (00°)  afy(0°)) o (0°)) af(8F)  afy,(89)  afy ()
Ji = 6K1 6K2 8K3 8K4 8a0 8&1 (23)
Yot (09) oty (09) oty (0)) g (0)) oty (0°)  ofy(0©)
8K1 6K2 6K3 6K4 6a0 8&1
o (0F) oy (0) ofy(0) oty (0F) ofy () oty ()
Ky K, K Ky dag day

where R® is the error matrix at iteration s:

RO _[t,0) £400) - £509) 1500 - £, (0O)-.- f4n(§(s>)r (24)
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3 SIMULATION AND VALIDATION CASE STUDY

A numerical study is carried out to validate the performance of the proposed procedure in a controlled
example where everything is known. The example structure is a four degree of freedom system with a
set of parameters: m;=3892e+3kg, m,=12974e+3kg, m;=2595e+3kg, m,=3892e+3kg, K;=728kN/mm,
K,=1120kN/mm, K3=280kN/mm, K,=300kN/mm. The Rayleigh damping coefficients are a,;=0.261
and a,=0.0087, yielding damping ratio of 5% for the first and second modes. The simulated structure
was subjected to the El Centro earthquake, 1940. The system response was simulated using a Runge
Kutta integration method with a time step of At=0.005s.

The calculated response data was utilized without added noise first, for proof of concept of
identification procedure. Figure 1 shows the estimates and convergence of the proposed parameters
with different initial guesses for Ki4 and ag4. It can be seen that the final values of the estimated
parameters converge to the exact values with different initial guesses. Thus, the identification method
can yield accurate estimates of equivalent stiffness and damping coefficients of the system with clean

measurements.
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Figure 1. Parameter estimation performance with different initial guess values.
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Figure 2. Comparison of the estimated and true response for the unmeasured DOFs using initial guess
2009% of exact parameter values: (a) 2nd DOF; (b) 3rd DOF.

Figure 2 compares the estimated response and true simulated response for x, and xz using an initial
guess 200% of the exact structural parameter values. The estimated response matched well with the
simulated response, which indicate the method can yield good estimates of the unrecorded response
for x, and x; with clean (noise free) acceleration measurements of the first and fourth DOF.

To assess the robustness to noise, a 10% RMS noise was added to the measured ground and structural
accelerations. The mean values of the estimated parameters for 100 Monte-Carlo runs with random
added noise and different initial guesses, are shown in Table 1.

Table 1. Mean estimated results with 109% RMS noise for different initial guesses.

Parameters Ky K, Ks Kq ag a;
(KN/mm) (KN/mm) (KN/mm) (KN/mm)

'Zr(‘)'(t)'(;: T valle 1456 2240 560 600 0522  0.0174
Estimated value 738 1053 231 395 0.336  0.0093
True value 728 1120 280 300 0.261  0.0087
Monte-Carlo mean absolute error 1.4% 6.0% 17.5% 31.7% 28.7% 6.9%
Average error of parameters 16.6%

'128'(?/: g??rsje value 1092 1680 420 450 0392  0.0131
Estimated value 734 1074 241 340 0.296  0.0091
True value 728 1120 280 300 0.261  0.0087
Monte-Carlo mean absolute error 0.8% 4.1% 13.9% 13.3% 13.4% 4.7%
Average error of parameters 8.7%

gg(f/'oa:)??r?::value 364 560 140 150 0131  0.0044
Estimated value 670 1132 301 242 0.212  0.0093
True value 728 1120 280 300 0.261  0.0087
Monte-Carlo mean absolute error 8.0% 1.1% 7.5% 19.3% 18.8% 6.9%
Average error of parameters 11.5%
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The average error of the estimated parameters is 16.6% with the largest Monte-Carlo mean error
31.7% using an initial guess of 200% of exact parameter values. However, the average error of the
parameters estimates decreases to 8.7% with the largest Monte-Carlo mean error 13.9% using initial
guess of 150% of exact values and 11.5% with the largest Monte-Carlo mean error 19.3% using an
initial guess of 50%. Thus, the initial guess affects identification accuracy with measurement noise.
However, the estimated response using the estimated parameters shows good agreement with the true

response for the unrecorded DOFs, even with 10% added noise using an initial guess of 200% of exact
parameters values, as shown in Figure 3.
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Figure 3. Comparison of the estimated and true response for the unmeasured DOFs with 10% added noise
using initial guess 200% of exact parameter values: (a) 2nd DOF; (b) 3rd DOF.

4 CONCLUSIONS

This research develops and identification method for the estimation of stiffness and Rayleigh damping
coefficients of a four degree of freedom shear linear model that represents the CWH base isolated
building. Numerical proof of concept and validation showed that the estimated structural stiffness and
damping coefficients converge to the exact values using different initial guesses without measurement
noise. The identification results with 10% added noise show that initial guesses of the estimated
parameters affect the identification accuracy with measurement noise. Finally, the estimated response
matched well with the simulated true response for the unrecorded degree of freedoms, even with added
noise using an initial guess of 200% of the exact value. Thus, the identification procedure is capable of
identifying the stiffness and damping coefficients and predicting the unrecorded structural response
accurately for the proposed shear linear model with a limited number of sensors.
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