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SUMMARY

A method is developed for the identification of soil-structure system sub-
jected to an earthquake excitation. The identification problem is formulated in
the frequency domain to estimate the stiffness and damping when the system can be
represented as a lumped mass model. The method is first applied to the simulated
data to investigate the identifiability of the parameters. Subsequently, it is
applied to identify the parameters of the three-story soil-structure model from
experimental data by shaking table test

INTRODUCTION

In order to predict the behavior of a structure during an earthquake, a
knowledge of the structural dynamic properties is required. Since almost all the
structures are supported on the ground, a knowlege of the dynmamic soil-structure
interaction is also necessary. In an aseismic design of structures, dynamic models
are synthesized from the properties of structural components, foundation and soil.
However, such dynamic models should be improved, because there still remain many
uncertainties in the synthesis. Fortunately, a large number of records pertinent
to structural behavior during earthquake motions have been accumulated, which
offer us an opportunity to study dynamic characteristics of structure as well as
soil-structure interaction. Using these records, dynamic properties of soil-
structure system may be identified, so that dynamic models are improved.

System identification techniques have been applied to numerous problems in
engineering fields. The identification techniques that have been employed in
earthquake engineering can be calassified as output-error approach. In this
approach, the optimal estimates of parameter values of the dynamic model are
determined by achieving the least-squares match between the responses of structure
and model subjected to nominally the same excitation. Although identification of
structures has been studied by many investigators(Ref.1~5), few reports have
considered soil-structure interaction.

In this study, a method is developed to identify the parameters of a struc—
tural system including soil-structure interaction. The model of structure used
here is a lumped mass linear chain model, in which motion of the foundation is
represented by swaying and rocking. Identification problem is formulated in the
frequency domain to estimate the parameter values of stiffness and damping of the
structural system and soil-structure interaction, using a set of input and output
records.
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PROBLEM FORMULATION

SYSTEM MODEL Fig.1 shows the system model considered in this study. The system
model consists of lumped masses and foundation. It is
assumed that the masses are connected by springs and m
dashpots. The foundation is also modeled as a lumped 5:1 n F_%}—J ky

mass whose motion is assumed to be swaying and rocking.
In the figure, masses are represented by m:;, spring con-
stants by ki, damping coefficients by c¢; and heights be- i :

tween masses by h; ; i=1,2,---,n. The swaying parame- n
ters of foundation are represented by mo, ku, cu and the _+ T r_%}_J ir
rocking parameters by Jo, ks, Cr, hr, where Jo is moment m r

of inertia of the foundation and hg is the depth of
rocking center from the ground surface

Denoting the frequency acceleration response of Eg
masses and the foundation by {X(w)}={Xn(®), Xn-1(®), X
v Xi(w), Xe(w), 6 (w)} ;(6 represents a coor- el
dinate of rocking of the foundation.), the equation of Kp 3
motion is expressed in the frequency domain by °Rr
{~o2[M]+i @ [C]+[K]} {X(w)}={f} 0 Fig.1 System Model
where [M], [C], [K], {f} are mass matrix, damping matrix, stiffness matrix and
external force vector, respectively. [M] is a diagonal matrix whose diagonal
components are Ms, Mp-1,*°*, MWy, Mp, Jgr, where Jr is moment of inertia of the
foundation and the masses. [C] is expressed by
((Cn ~Chn ~Cnhin 3
Cn+cn—1 “Cn-1 cnhn"cn—lhn-‘l
Ce+1tCe  —Cor Cce+1hc+1-Cche
. (2)
cztC;  —C3 czhe-ci (hi+hg)
citcy n ci(h,+hg)
SYMMETRIC Zcshs?+ceg
=2  +¢,;(h;+hg)?
\ /
[K] is obtained by substituting ¢’s in [C] by k’s. {f} is expressed by {0,0,---,
0,iwcutky, 0} "Z(w), where Z(w) is the Fourier transform of the excitation
Let [A] be {~w?2[M]+iw [C]+[K]}, {X(w)} can be obtained as follows.
{X(w)}t=[A1"1{0,0, --,0, i wcutkn, 0} "Z(w) (3)

ERROR CRITERION It is assumed that the records at arbitrary two points, 1 and u
(u>l), of all masses and foundation are obtained. Denoting the records at the
points 1 and u by x,(t) and x,(t), the Fourier transform of these records can be
calculated as X, (w) and Xy{w). Then the transfer function between the two points
1 and u is expressed by

H(w)=Xu(w) /X (@) 4)

While, the corresponding transfer function of the model, f(w;a), can be obtained
from Eq. (3), in which e@=(a., @z, ----- ) is the system parameters to be identi-
fied. Since W(w; @) is the function of system parameters «, identification is
performed by adjusting the parameters so as to achieve a better matching between
H(w) and H(w; @) over a specified frequency range. The procedure is carried out
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by minimizing the following error function.
N
$= % {H(w,;e)—H(w,)}? — mnin (5)
i=1

where w, is a discrete circular frequency ; @i, @2, -+, ®n. The square error §
in Eq. (5) can be minimized using optimization technique such as Successive Linear

Programming (SLP).

APPLICATION

NUMERICAL EXPERIMENT Since a purpose of this study is to examine the identifi-
ability of the system parameters by presenting method, simulated data are used
here instead of recorded data. In the analyses, the transfer function of a system
is calculated at frequencies of equal intervals between 0.1 Hz and 25 Hz in log-

axis, which is used as H(w) in Ea. (5)

We apply the method to a three-story structural system. The numerical exper-
iments are performed on the assumption that ;
1. The masses at all floor levels are known.
2. The hight of each story is known.
3. The mass of foundation and its moment of inertia are known.
Generally, the recorded data used in identification of a structure are obtained
inside the structural system. Then, the transfer function between any two of floor
levels and the foundation is determined regardless of the swaying parameters of
the foundation(ks, cu). Therefore, the parameters to be identified are reduced to
stiffness and damping of the structure(k:, kz, ks, ¢i, €z, cs) and the rocking
parameters(kg, cg). Table 1 shows the values of parameters of the system con-
sidered in numerical experiments.
Identification is performed for Table 1 Exact Value of Parameters
three cases, in which following h
simulated data are used ; m
Case 1 data at the first floor

—

oobml [t (el [

level (m;) and the foundation % %g.g ggggg %gg.g %.g
Case 2 data at the second floor . . .

level (m2) and the foundation 1 35.0 100000 200.0 3.5
Case 3 data at the third floor R L0X104 2. 8X107 400000 3.0

level (ms) and the foundation Jk%t.m.SZ] [t-i? [t-m-s (m]

Initial values are given for the
parameters such that spring constants(k., kz, ks) and damping coefficients(ci, cz,
cs) of the structure are 150000 t/m and 300 t-s/m, respectively. Initial values

for rocking parameters kg and cr are 4.0X107 t-m and 7.0X10% t-m-s, respectively.
The results of identification are shown in Table 2. In the table, initial values

Table 2 Results of Identification

. Initial Value Estimated Value Estimated/Exact
1 ki Ci ki Ci ki / ki co / ¢
3 |1 150000 300.0 81280 154.7 1.0160 0.9667
Case | 2 | 150000 300.0 88209 158.3 0.9801 0.8794
1 1 | 150000 300.0 98270 222.0 0.9827 1.1099
R | 4.0X107 700000 3.0X107 442080 1.0803 1.1052
3 | 150000 300.0 80164 104.0 1.0021 0.6498
Case | 2 | 150000 300.0 90231 198.0 1. 0026 1.0999
2 1 | 150000 300.0 98231 284. 2 0.9823 1.4210
R | 4.0x107 700000 2.9x107 382173 1. 0452 0.9554
3 | 150000 300.0 81394 142.5 1. 0160 1.1039
Case | 2 | 150000 300.0 87055 196.4 0.9673 1.0913
3 1 | 150000 300.0 97539 220. 8 0.9754 0.8906
R | 4.0X107 700000 3.0X107 455856 1.0851 1.1396
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and estimated values are shown together with the ratio of estimated values to
exact values. Spring constants of the structure and rocking of the foundation are
estimated within the error of 4 per cent and 9 per cent, respectively. As for
damping coefficients, the parameters are estimated within the error of approxi-
mately 12 per cent and 14 per cent in Case 1 and Case 3, respectively. In case 2,
however, the estimated value of c, is larger than the exact value by 35 per cent
and cs is smaller than the exact value by 42 per cent, while cz and cr are close
to the exact values. Thus, it is judged that the solution in Case 2 might con-
verge to a local minimum.

IDENTIFICATION OF MODEL STRUCTURE BY EXPERIMENTAL DATA  The identification proce-
dure is applied to the experimental data of mode! by shaking table test. The model
structure consists of soil, foundation and three-story shear-resistant super-
structure such as schematically shown in Fig.2. Material of the soil model is

the mixture of polyethylene powder and salad oil. The foundation model consists
of footing and piles attached to the bottom of the footing. Wooden box(30cmX30cmX
16cm) is used for the footing. Acryl sticks(36@ ¢ lcmX35cm) are used for the
piles. The superstructure model is shown in Fig.3. Acryl plate is used for the
column, steel bar is used for the beem and iron mass is attached to the beem. The
model parameters of superstructure, which are synthesized from the properties of
structural components, are shown in Table 3
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Fig.2 Soil-Structure Model Fig. 3 Superstructure Model

Table 3 Synthesized Value of Parameters of the Model

m; ki h
[kg-s2/cm] [kg/cm] [em]

0.000334 5.580 17.1
0.000908 8.600 16. 8
0.001768 9.630 16.9

—_ O W

| ) TEST 1 IDENTIFICATION OF SUPERSTRUCTURE

In order to verify the behavior of the model being of shear type, the super-—
structure alone was tested under sweep wave excitation by shaking table and the
mode! parameters are identified. The frequency range of the excitation covers
from 2 Hz to 42 Hz, which is sufficient to extract the information of dynamic
properties of the model. The acceleration of excitation is controlled to be 60 gal
throughout the frequency range. Identification of the stiffness and damping of
each story is carried out by matching the transfer function to the observed one.
Table 4 shows initial values, estimated values and the ratio of estimated values
to synthesized ones of the parameters. The estimated and observed transfer func—
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Table 4 Result of Identification (TEST 1)

Initial Value Estimated Value Est. /Syn.
i k; Ci k; Ci k; /ki

3] 5.800 0.0041 5.915  0.0010 1. 0160
2] 8.600 0.0088 8.471  0.0056 0. 9801
1| 9.630  0.0130 9.463  0.0224 0.9827 }
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Fig.4 Transfer Function between First Mass and
Footing in Superstructure of TEST 1

tions between the first floor level and the footing are shown in Fig.4. Table 4
shows that the estimated values of spring constants are close to the synthesized
ones in Table 2 within the error smaller than 2 per cent . Good matching is
obtained between the transfer functions in Fig.4. It is found from Table 4 and
Fig.4 that the identification of the superstructure is satisfactory and the
behavior of the model is of shear type as expected.

I} TEST 2 IDENTIFICATION OF SOIL-STRUCTURE SYSTEM
The soil-structure model is tested under the same condition as TEST 1. In

advance of identification of the system, we illustrate the influence of rocking of

the foundation. The tansfer function be-

tween the first mass and the footing is Z 3 TEST 2

shown in Fig.5 together with the corre- - CEST 1

sponding transfer function without soil- s

structure interaction which was obtained =

from TEST 1. The difference between the o

transfer functions can be seen in the o

resonant peak frequency and its height of iz

the first mode. It is suggested from the < :

figure that unless rocking of the foun- =2 e e
dation i1s considered in the analytical gt 10 108 1o-0
model, the superstructure can not be prop- FREQUENCY (HZ)

erly identified in the soil-structure Fig.5 Transfer Function between
model. First Mass and Footing

Identification of the soil-structure model is performed, using the records
obtained at the top floor level and the footing. The location of the rocking
center (hg=4. 0 cm) and moment of inertia of the foundation(Jr=7.0 kg-cm-s2) are
assumed to be known. The result of identification is shown in Table 5 and Fig. 6.
In the table, initial values and estimated values of the parameters are shown
together with the ratio of the estimated values to the corresponding ones from
TEST 1. Spring constants in soil-structure model are close to the estimated values
from TEST 1 within the error of 6.5 per cent. However, damping coefficients are
considerably different from the estimated values from TEST 1. It is found from
the results that spring constants in the soil-structure system can be identified
from observed data because the estimated values of TEST 2 are nearly consistent
to the estimated values from TEST 1 and the synthesized values of the parameters.
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Table 5 Result of Identification (TEST 2)

Initial Value Bstimated Value TEST2/TEST1
ke Ci ks Ct ki / ki ¢y /¢y

5.800  0.0041 6.299  0.0004 1. 0649  0.4000
8.600  0.0088 8.604  0.0039 1.0157  0.6964
9.630  0.0130 9.688  0.0180 1. 0237  0.8035
80000  100.00 62165  176.76 —_—
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Fig. 6 Transfer Function between 3th Mass and Footing

CONCLUSIONS

A method to identify the system parameters of a soil-structure system has
been developed. The model of the structure used in this study is a lumped mass
linear chain model, in which motion of the foundation is expressed by swaying and
rocking. Identification problem was formulated in the frequency domain to estimate
the parameter values of stiffness and damping of the structural system and soil-
structure interaction using input-output relation.

The method has been applied to three-story structural system. In numerical
experiments, identification was performed using each one of the transfer functions
between the footing and the masses at floor levels. Through numerical experiments,
stiffness of the structure and the rocking of foundatjon have been estimated
within the error of 4 per cent and 9 per cent, respectivery. As for the damping,
however, the accuracy of the estimation was not so good as that of spring con-
stants. In application to the experimental data, it has been verified that the
soil-structure interaction influenced on the transfer function. It has been shown
that spring constants of the soil-structure system can be identified using pro-
posed procedure from observed or experimental data but damping coefficients can
not be accurately identified.
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