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1.  Introduction

An accurate mathematical model of the structure is 
important for reliable dynamic analysis and response 
prediction, which is a basic need of modern engineering. 
System identification is one of the tools used to estimate 
system properties and to validate/update analytical 
models. 

System identification can also be used for structural 
health monitoring and damage detection and thus helps 
in understanding changes in structural characteristics 
and operating conditions.

Beck et al. (1980) have developed an efficient 
method called “the modal minimization method”. The 
method is an output error method and uses modes as 
parameters. The method was found to be efficient for 
identifying dynamic properties of a 42-story building. 
Lin and Papageorgiou (1989) and Papageorgiou and Lin 
(1991a, 1991b) have applied the modal minimization 
method in several buildings, which experienced strong 
earthquakes. They studied buildings with closely spaced 
frequencies that exhibit strong torsional response (Lin 
and Papageorgiou, 1989). They also used the modal 
minimization method to study soil structure interaction  
(Papageorgiou and Lin, 1991a). Papageorgiou and Lin 
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(1991b) also performed system identification of repaired 
buildings and found that microcracks in structural 
members dissipate considerable energy, which causes 
increase in damping. Li and Mau (1991) used the least 
squares output error method and were able to identify 
torsional modes due to lateral-torsional excitation.

Safak (1989a) has presented the discrete time 
domain system identification methods, including 
recursive methods. Safak (1989b) has also presented 
the identifications of linear and nonlinear systems using 
recursive techniques. Safak and Celebi (1991) applied 
discrete time domain method to identify the properties 
of a 49-story building. They found the method to be 
reliable and effective. Shinkozuka and Ghanem (1995) 
and Ghanem and Shinozuka (1995) have carried out 
theoretical and experimental verification of system 
identification methods, mainly the extended Kalman 
filter, the maximum likelihood estimation, the recursive 
least squares, and the recursive instrumental variable 
with moving window. Marmarelis and Udwadia (1976) 
used the Weiner technique to track the evolution of 
nonlinearities in a 9-story building. The Weiner technique 
is a nonparametric identification technique which is 
computation intensive and hence is not practical. 

In this study two new approaches are proposed 
to perform system identification of base-isolated 
buildings: (1) full state measurements are not available; 
hence, a reduced order observer is used to estimate the 
unmeasured states; and (2) a least squares technique with 
time segments is developed to identify piece-wise linear 
system parameters. The observer is used to establish the 
initial conditions necessary for the time segments.
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Elastomeric isolators or Lead-rubber bearings 
attached between the superstructure and the foundation 
provide lateral flexibility and energy dissipation 
capacity. Flexible behavior of elastomeric bearings 
leads to longer fundamental period—longer than both 
its fixed base period and predominant periods of ground 
motion. The response is reduced due to this period 
shift in the dominant fundamental mode. The proposed 
identification technique is used to estimate the change 
in periods due to yielding of the leaber-rubber bearings. 
The periods and the damping ratios are computed based 
on identified state space model. Comparison between 
recorded and identified response is presented. It is 
shown that system parameters can be estimated reliably 
using the presented technique. 

2  Description of base-isolated  USC hospital 

    building

The USC hospital building is a base-isolated 8-story 
(7 stories above the ground and a basement), steel braced 
framed building. Overall dimensions of the building in 
plan are 92.35 m in length and 77.11 m in width. The 
building has ten bays in the east-west (EW) direction 

and twelve bays in the north-south (NS) direction as 
shown in Fig. 1. It can be observed from the Fig. 1 that 
the floor plan is asymmetric with two wings connected 
by a necked down region of the floor/base. All concrete 
floors are supported by metal decking and a grid of 
steel beams. The superstructure bracing is located at the 
building perimeter. The steel superstructure is supported 
on a reinforced concrete base slab. Reinforced concrete 
beams below, and drop panels below each column 
location are integrated into the concrete base slab. The 
isolators are connected in between the drop panels 
and footings below. Reinforced concrete pedestal are 
provided for back up safety, which are also supported 
on the footings. The seismic isolation system consists of 
total 149 isolators with 68 lead-rubber isolators on the 
periphery of the building and 81 elastomeric isolators 
at interior locations as shown in Fig.1. The building 
is located near the intersection of highway 5 and 10. 
The Raymond fault and the Newport-Ingelwood fault 
are the nearest faults to the USC hospital building site. 
The building was designed using spectrum compatible 
earthquakes—with the spectrum defined as 1.2 times the 
0.4 g ATC-3-06 or UBC spectrum corresponding to a 
soil type of S1.

Figure 1 shows the sensor locations in the 
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building instrumented by California Strong Motion 
Instrumentation Program (CSMIP, Shakal et al., 1994). 
The sensors (accelerometers) at the foundation [channel 
(CHN) 5], lower level or base (CHN 9), fourth floor 
(CHN 13), sixth floor (CHN 17), and roof (CHN 19) 
measure acceleration time history in the north-south 
(NS) and are centrally located. To measure accelerations 
in east-west (EW) direction corresponding sensors are 
at foundation [channel (CHN) 7], lower level or base 
(CHN 11), fourth floor (CHN 15), sixth floor (CHN 21), 
and roof (CHN 23). Lateral-torsional motion is recorded 
by sensors (CHN 6/8, 10/12, 14/16, 18/20, and 22/24) 
located at the east and west end of the corresponding 
floors. Three sensors (CHN 25, 26 and 27) are embedded 
in the ground to record the free field ground motion 
while vertical response of the foundation level and 
lower or base level i.e. measured using sensors CHN1/3 
and CHN2/4 respectively. The recorded time histories of 
ground acceleration at CHN 5 and 7, free field motion at 
CHN 25 and 27 and acceleration histories at roof at CHN 
21 and 23 are presented in Fig. 2.

3  Basic equations in system identification

The equation of motion is as follows

        
Mu Cu Ku MR f&& & &&+ + = − = −ug                 

(1)

where 
&& &u u u, ,  are the acceleration, velocity, and 

displacement vectors respectively, &&ug is the ground 
acceleration, R is a unit column vector, M is the mass 
matrix, C is the damping matrix, and K is the stiffness 
matrix.

The state space equation is formulated as follows by 
defining
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The state space equation is 

     &x Ax Bf= +                                 (2)

where x
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The output equation is formulated as

                      y = C x + D f                               (3)

where y is the output vector and  C, D are the parameter 
matrices defined as follows

                     C = I ;    D = 0

Equations (2) and (3) define a linear time invariant 
dynamic system in state space form; the equations in 
discrete time are

                 xt+1 = A xt + B ft                 (4)

and

         yt = C xt + D ft                 (5)

Taking z transform of Eqs. (4) and (5) 

       y (z) = H (z) f (z)                              (6)

where 

           H (z) = C (zI−A)−1 B + D  

In general form, when H(z) is parameterized as B(z)/ 
A(z) where B and A are polynomials in z−1.
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which can be written as 

          A (z) y (z) = B (z) f (z)

   yt = −aI  yt−1
 ... −an  yt−n+ bI  ft−1

 ... + bm  ft−m 

             yt =  θTΦt                                         (9)

where
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Hence identification error becomes

            εt(θ) = yt −  θTΦt            (10)

Least square criterion can be defined as 
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Since output yt does not reflect full state, a reduced 
order observer is used to estimate the unmeasured 
states, as shown in Fig. 4. Since the full system satisfies 
the observability condition, a reduced order observer 
(Brogan 1991) is developed using 
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in which xm = measured states and xu = unmeasured 
states.
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                       Pr = Aumxm + Bu f       

Kr= reduced order observer gain matrix.
In discrete time 

     
          

˘ ˘x A x K y Pu r u r r rt t t t+
= + +

1                    
(15)

The identification of nonlinear system is 
approximated by piece-wise linear systems. Eqs. (1) 
through (15) are applied for each piece-wise linear 
system. It is assumed that the system maintains constant 
equivalent linear stiffness and damping properties.

4  Numerical results and discussions

Two dimensional analytical model with linear 
superstructure and equivalent linear isolation system 
(Fig. 3), with one degree of freedom (DOF) per floor, 
is developed in the EW and NS direction. Equivalent 
stiffness changes due to nonlinear behavior of lead-
rubber bearings as shown in Fig. 3. The building 
superstructure details from as built drawings and 
bearing prototype test results (Nagarajaiah et al., 
2000a) are used for establishing the analytical model. 
The lead-rubber bearings yielded during the Northridge 
earthquake (Nagarajaiah et al., 2000a) and the resulting 
peak displacement was nearly 28 mm in the NS direction 
and nearly 20.3 mm in the EW direction. The equivalent 
linear stiffness, shown in Fig. 3, corresponding to an 
average displacement of 25.4 mm (Nagarajaiah et al., 
2000b) in EW and NS directions, is used in the analytical 
model. The computed periods and damping ratios, based 
on the 9 DOF analytical model of the building, in 
EW and NS directions are presented in Table 1 and 2, 
respectively. 

Measured output at only four of the nine DOF is 
available from the Northridge records in the EW direction 
and the NS direction. The output at the remaining five 
DOF in the EW and NS directions needs to be estimated. 
A reduced order observer based on the analytical model 
in the EW and NS directions are developed to estimate 
the output at the remaining five DOF. The block diagram 
of the state space model and the reduced order observer 
is shown in Fig. 4. The use of the observer is also 
essential for establishing the initial conditions for the 
time segmented least squares identification. 

In order to identify the equivalent linear properties of 
the 9DOF model first the identification is performed from 
0 to 30 secs in the EW and NS directions, the identified 
periods and damping ratios are shown in Tables 3 and 
4. The first mode period in the EW direction is 1.21 sec 
and 1.24 sec in the NS direction. The computed periods, 
shown in Tables 1 and 2, are 1.39 secs in the EW 
direction and 1.34 secs in the NS direction. The reason 
for these differences is due the fact that the time domain 

identification from 0 to 30 sec presents only the average 
properties that existed during the entire Northridge 
earthquake. This becomes evident if the simulated 
displacement and velocity time history response in 
the EW direction, generated using the identified state 
space model, is compared with the recorded response 
as shown in Figs. 5 and 6. Differences between the 
recorded and simulated response in EW direction are 
evident from 15 sec to 22 secs in Figs. 5 and 6 primarily 
due to the yielding of the isolators and resulting change 
in the system properties, which cannot be captured by 
identification from 0 to 30 secs. For brevity, only EW 
responses are shown; similar response features occur in 
the NS direction also. Hence, the identification from 15 
to 22 secs needs to be updated using the presented time 
segmented least squares algorithm. It is assumed that 
the system properties remain constant from 15 to 22 
secs. The reduced order observer properties are updated 
based on the identification from 0 to 30 sec. The initial 
conditions needed for the identification are generated 
from the measured outputs and estimated unmeasured 
outputs using the reduced order observer (Eq. 15). 
The periods and damping ratios obtained from the 
identification performed in the EW and NS directions 
between 15 to 22 secs are shown in Tables 1 and 2. The 
periods of the first two modes are increased in both the 
EW and NS directions due to yielding of lead-rubber 
bearings. The simulated and recorded displacement and 
velocities time history responses in the EW direction are 
compared in Figs. 7 and 8. The improved comparison 
between the simulated and recorded response in Figs. 
7 and 8 is evident, which shows the ability of the 
observer based time segmented least squares technique 
to converge more precisely to the properties during 
this period. The computed and identified periods and 
damping ratios in the EW and NS directions from 15 to 
22 secs shown in Tables 1 and 2 show reasonably good 
agreement. Torsional periods and damping ratios have 
not been identified in this study primarily because the 
torsional response was negligible (Nagarajaiah et al., 
2000a, b). A full three dimensional identification would 
be required in the case where torsion exists. 

USC hospital base isolated building is a nonlinear 
system due to the smooth bilinear behavior of the 
lead-rubber bearings. The identified results clearly 
indicate that the lead-rubber bearings yielded between 
15 and 22 secs during the Northridge earthquake and 
the fundamental period lengthened to nearly 1.35 secs 
(average of 1.28 and 1.43 secs) preventing response 
amplification. Effectiveness of the base isolation system 
in reducing the response during Northridge earthquake 
is primarily due to fundamental period lengthening and 
dominant first mode response. The fundamental period 
of 1.35 secs (average of 1.43 sec and 1.28 sec in Table 
1 and 2) was well beyond the predominant periods of 
the ground motion spectral accelerations—the spectral 
accelerations during Northridge earthquake were 
significant only up to a period of 0.5 secs (Nagarajaiah 
et al., 2000a) and reduced significantly past 0.5 secs. 
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Increased damping of nearly 15 %—due to yielding 
and bilinear inelastic behavior of lead-rubber bearings—
as compared to the original 2 % damping in rubber also 
contributed to the reduction of response. It is observed 
from the acceleration time histories at the foundation and 

roof, shown in Fig. 2, that the base isolation effectively 
deamplified the accelerations: (1) CHN5-NS ground 
acceleration of 0.37 g was reduced to CHN21-NS 
roof acceleration of 0.21 g; and (2) CHN7-EW ground 
acceleration and CH21-EW roof acceleration were both 
0.16 g, hence no amplification occurred.

   Table 1 Computed and identified periods of USC hospital 
                 building in EW direction

  

Mode
Computed Identified: 15-22 s

T (s) ξ (%) T (s) ξ (%)
1 1.39 12 1.43 16
2 0.61 14 0.54 12
3 0.29 8 0.25 6
4 0.18 5 0.16 3
5 0.13 4 0.11 3
6 0.10 4 0.09 3
7 0.08 4 0.08 4
8 0.07 5 0.07 4
9 0.06 5 0.06 5

Table 3 Identified periods of USC hospital building in EW 
              direction

Mode
                 Identified: 0-30 s

T (s) ξ (%)
1 1.21 15
2 0.51 11
3 0.25 6
4 0.16 3
5 0.11 3
6 0.09 3
7 0.08 4
8 0.07 4
9 0.06 5

 Table 2 Computed and identified periods of USC hospital              
              building in NS direction

Mode
Computed Identified: 15-22 s

T (s) ξ (%) T (s) ξ (%)

1 1.34 14 1.28 15
2 0.56 13 0.53 12
3 0.27 9 0.25 6
4 0.16 5 0.16 3
5 0.11 4 0.11 3
6 0.09 4 0.09 3
7 0.08 4 0.08 4
8 0.07 5 0.07 4
9 0.06 5 0.06 5

 Table 4 Identified periods of USC hospital building in NS 
               direction

Mode
                Identified: 0-30 s

T (s) ξ (%)
1 1.24 16
2 0.50 11
3 0.25 6
4 0.16 3
5 0.11 3
6 0.09 3
7 0.08 4
8 0.07 4
9 0.06 5
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Fig. 5   Comparison of recorded and simulated displacement          
        time history (0-30 sec) in Northridge earthquake in
             EW direction 
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Fig. 7. Comparison of recorded and simulated displacement 
         time history (15-22 sec) in Northridge earthquake in 
            EW direction 
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Fig. 6. Comparison of recorded and simulated velocity time 
         history (0-30 sec) in Northridge earthquake in EW 
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5   Conclusions

System identification of base isolated USC hospital 
building using a new observer based time segmented 
least-squares technique has been presented. It is 
assumed that the system maintains constant equivalent 
linear stiffness and damping properties in each time 
segment. The evolving equivalent linear dynamic 
properties of USC hospital building during Northridge 
earthquake have been identified using the presented 
technique. The computed and identified periods are in 
reasonably good agreement. The comparisons between 
the simulated response using the identified model and 
recorded responses indicate good agreement. Hence, 
it can be concluded that it is possible to estimate the 
piece-wise linear dynamic properties of nonlinear base 
isolated buildings using earthquake responses and the 
presented time domain technique.

From the system identification study it can be 
concluded that in USC hospital building during 
Northridge earthquake (1) the lead-rubber bearings 
yielded and prevented amplification of response, and (2) 
the fundamental mode period lengthened to nearly 1.35 
secs during the intense portion of the response from 15 
to 22 sec and the response was reduced due to period 
lengthening.
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