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SUMMARY

A method for system identification of linear n-
story structure with rocking and swaying springs and
dampers subjected to earthquake ground motion from the
noise corrupted observations recorded at two spots in
the structure is proposed.

INTRODUCTION

Behavior of the soil-structure interaction varies
with the characteristic of earthquake ground motion.
Utilizing a difference between behaviors of n-story
structures subjected to the ground motions due to the
seismic P-wave and due to the S-wave, a method for
estimating the dynamic properties of the n-story
structure and its supporting system is described in
this paper. The system identification which provides Fig.1 Sway-Rocking Model
the estimates owes to the extended Kalman filter.

Description of the system Liner n-story structure with the equivalent springs
and dampers representing the soil-structure interaction impedances can be shown by
n+2 degree of freedom system illustrated in Fig.1. The equations of motion of the
system subjected to the seismic acceleration (ic'o+f>?o), which is actually measurable
at the basement of the structure, consist of following three equations.

- .n n - n e e .
mi(HiG + Xi) + j§1cinj + E,kijxj = -mi(Xo+yo) , for i=1,2,...,n (1)
(1 + Ie) g+ Geé“' Kg 0+ .Eami(Hi'B"!‘ 'X'i)Hi = -,§1miHi(.X.O +:');0) (2)
1= i=
‘e . n o o T
me¥o + Ok + Ko + Zmy(Hif + %) = - Zn; (¥0+50) (3)
- “

where x3j= the floor translation relative to the base, Hj= the floor height above
the base, 6#= rocking rotation of the base, xp= swaying translation of the base,
yo= the free field earthquake displacement, m; and mg= the concentrated story mass
and the effective soll mass in swaying, I= 2 I; in which Ij= the centroidal mass
moments of inertia, I = effective soil-mass "moment of :Lnertla in rocking, kji and

= the stiffness 1nfluence coefficient and the damping influence coefflclen% Kg
ané = rocking spring coefficient and swaying spring coefficient, Cg and Cyg=
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rocking damper coefficient and swaying damper coefficient.

The model represented by the simultaneous Egs.(1),(2) and (3) will be called
as sway-rocking model in this paper. Now note that nothing links the swaying
motion to the rocking motion in the sway-rocking model. So two models represented
by coupling Eq.(1) with Eq.(2) and coupling Eq.(1) with Eq.(3) can be called as
rocking model and swaying model respectively. Applying the classial modal analysis
to the upper n-story structure, uppper part above the base, one may obtain the
following equivalent rocking model(Ref.1). For s = 1,2,...,n,

do(s) + 2n(s) 4 (8) g5(8) + (w(8))2 qo(s) = _(%5 + ¥g) - H(S)§ (4)

(I + 1+ i%11111I{i2){9'+ Cob+ Kgb= -émiHi(k‘O + ¥o) - éﬁ(s)ﬁ(s)ao(s) ) (5)
in which

q(8) = gls)qy(s), Xp = %B(s)u.(s)qo(s), (6)

where q(s) = sth normal coor 6gﬁte, B(s)= stn participation factoi (s)= itn
element of sth mod?l vector, w'®/= sth natural circula grequency, s)= sth modal
damping factor, H\S/=equivalent height of sth mode, M\S/= sth effective mass.

METHOD FOR IDENTIFICATION

Identification of the upper n-story structure When the free field horizontal
ground motion yp(t) is generated by the seismic P-wave (longitudinal wave)
obliquely incident on, it is natural to consider that position of center of the
rocking rotation may be variable. Since the floor height above the position of
center varies temporally, the floor displacement of the rocking model relative to
the base can be described as x;(t)+H;(t) 6(t). In the actual situation,
furthermore, this variation may occur considerably random and translation H;(t)
6(t) is a slight displacement than x;(t). Therefore observing the horizontal
floor acceleration of the n-story structure subgected to earthquake ground motion
due to P-wave, the acceleration H;(t) §(t) is indistinguishable from the
measurement noise and may be observed as a noise w,(t). Hence adopting the
horizontal acceleration of ith floor relative to the base as necessary
observation, system identification of the model described by the following system
equation (Eq.(7)+Eq.(8)) should be performed in this case.

£:08) 4 2n(8) () §,(8) 4 (@(8))2 g;5(8) = 5 (8) (%) + ¥p) (7)

21 = x; + wp(t) = 2 £5(8) 4 wy(t) (8)
where s

£;(8) = gle)y; () (s), ps (8) = g(s)y; (s),

For discrete time t=k.At (k=1,2,3,..., At=sampling increment), defining the
state variables as follows

ix(8) () = £,68)) 5xp(8) () = £508),  yxs(8) () = E; (8],

(9)
ix (s)(k) =n(s), ix5(8) (1) = w(8),  5xg(8) (k) = p;s(s)

and then getting the state variables ;xq(S)(k+1), 1X2( ) (k+1) and lX3(5)(k+‘1) by
virtue of the l%near acceleratlon method ap?l}ed to Eq.(7) and taking the state
variables ;X (s (k+1), 3x5 )(k+1) and ;x%¢'S/(k+1) to constant, Eq.(7) can be
represented as the follow1ng type of discrete-time nonlinear state equation

%08 (k1) = wi(8)(x; () (%) ,k),  5=1,2,...,n+1 (10)

in which
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%5 8 e41) = [oxq () (k1) 530 (8D (et1) wivnnnn 536 (8) (1) 1T,
In case of multi-degree of freedom system, the state equation becomes
%10 = Doy (D (x5 (1)) 1w RI(x; R (k)10 e
Ly (01D (x5 (041) (1) 1) 1T (11)

in which

1

%MD ), xR ), eninninn., % @) )17
(e (1) £, (1) E,(1) u(1) (1) 5, (1),
£(2) £(2) E(2) 1) ,(2) 5 () LT

X5 (k)

And the measurement equation (8) becomes
z3(k) = [ 001000 | 001000 | ...... 1007000 ] X;(k) + wp (k) (12)

where w,(k) is assumed to be a white noise with zero mean and variance
E[wp(k)wp(k)J = Rp(k) 8x1 in which 637 is the kronecker delta.

By means of the extended Kalman filter for the nonlinear system equation
(Eq.(11)+Eq.(12)), to estimate the parameters h'S w(8) and Pi $) from the noise
corrupted observations have been accomplished by Hoshlya and Saito(ref.2). In
this paper their method also can be applied.

Estimation of rocking dynamic properties Fro the executlo of the
identification procedure described above, estimateg_h §nd pl will be
obtained. Knowing Mp=dialmq,...,my], necessities M s) s M(S)H(s and E(S) can be
obtained through the suitable calculatlons Therefore one should 1dent1fy the
residual unkown parameters (I+Ig + 2 msH;R), Cgp and Ky which are included in the
equivalent rocking model (Eq. (4)+Eq'=1 J)) The rocking model, employable on this
stage of identification, has to be able to represent the behavior of the n-story
structure whose rocking rotation clearly occurs around a fixed point of the base.
In case of the earthquake ground motion that is generated by the seismic S-wave
(transverse wave) vertically incident on, the above mentioned rocking rotation may
occur.
So defining the state variables as follows

1M, 2 =a0®, ceiiiy v =™,y =6,
In+2 = d0(1)r Yn+3 = QO(Z)r seseey Yon+1 T éo(n), ont2 =6 , (13)
Yon+3 = I+ Ie + ,.251 m38i2,  Yon+s = Co» Yon+s = Kg
the equivalent rocking model (Eq.(4)+Eq.(5)) becomes
Y(t) = ®(¥(t),t) (14)
where

Y(t) = [ Yy | Y | Yont3 Yonts Yonts 1T
in which

p e ]T

I

lyr vy2 «eve-¥m | Yn+1

T2 = [ Ynt2 Ynt3 «--++ Yon+1 | Yons2 1%-

The measurement equation takes the following form when the velocity of rocking
rotation is merely observed.
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z (k) =[00 ceeeee 01,0 ceuee 0] ¥(k) + wp(k) (15)
(2n+2)

T(k) = [ 3106) 7206) eener ¥0(0) Fyaq (0 | Fpan(k) ypes(e)

coees Yont2(k) 1 yon+3(k) yop+s (k) yonts(k) 1T

where wg(k) is assumed to be a zero mean white noise with variance Elwg(k)wp(1)] =
Rg(k)sy1. Eq.(14) and Eq.(15) form a continous-state and discrete-measurement
nonlinear system equation. The state vector Y(k) can be estimated from the
observed data of the velocity of rocking rotation by virtue of the extended Kalman
filtering algorithm. Hence the unknown parameters (I+Ie+ ,ilniHi2) Cg and Kg,
which are entries of the state vector Y(k), are estimated siﬁﬂltanously. Yun and
Shinozuka(Ref.3) have performed the system identification of an offshore tower
subjected to wave forces utilizing the extended Kalman filtering algorithm. This
paper adopts the procedure similar to their method for identifying the equivalent
rocking model subjected to the ground motion due to S-wave.

Estimation of swaying dynamic properties From the observed data of ith floor
horizontal acceleration relative to the base of the n-story structure (Sway-
rocking model) subjected to the earthquake ground motion due to S-wave, if the
system identification of the model spesified by Eq.(7) would be compulsorily
performed, the following equation may be determined.

.

£:(5) 4 2np(8) wp(s) §5(8) + (wp(s))2 g,(8) = _ pp () 5y + %) (16)

In the above system identification, since né:ii(s) is nearly equal to {4 which is
indicated in Fig.1, the measurement equation takes the following form.

2= B +up(e) = 2E () +up(e). (7
Here, putting

ppi(s) = Bp(s)yp;(s) | £5(8) = pp, (8) my(s), (18)
then Eq.(16) becomes

io(8) + 2ng(s) wg(s) ay(s) + (wp(s))2 45(s) = = (%5 + 3p). (19)

On the other hand, horizontal dynamic equilibrium at the base level may be
expressed as follows

mo(o + ¥o) + meXo + Ciio + Kaxo + 278 ( #g(®) + % + ¥ ) = 0. (20)
And then deforming Eq.(20), one can obtain
meXg + Cukg + Kmxg —Zé:[ 2hg(8) wy (8)ig () 74 (s)
+ (wp(sh)2 Hg(s) ng(s) 1 = - my(xg + ¥o). (21)

Thus, coupling Eq.(19) with Eq.(21) composes the equivalent swaying model. The
procedure for estimating the swaying dynamic properties is that at first
identification of the above mentioned model (Eq.(16)) should be performed, then
utilizing the results, identification of the equivalent swaying model from the
observed data of the velocity of swaying translation will be accomplished. The
identification procedure for the equivalent swaying model is similar to that for
the equivalent rocking model described earlier.

Simulation on three-story structure A simulation of the above identification
theory on a three-story structure excited by output of the autoregressive(AR)
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§-1204 (MIYAKO) COMP.NS : MIYAGI-OKI 1878-6/12 SAMPLE EARTHOUAKE GROUND MOTION
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Fig.2 Seismogram Observed at MIYAKO (Miyagiken-oki 1978.

6/12 Earthquake) shown in velocity (for input)

Table 1 Assumed Soil Condition

Fig.3 Synthesized Free Field Ground Acceleration

Table 4 Modal Dynamic Properties of MODEL-P
(excited by the ground motion due to

Soil Properties Soil excited | Soil excited P-wave)
by P-wave by S-wave
Mode Oynamic Properties | as Rocking model
Shear Modulus G (kg/cm?) 1200 8630
Natl. circr. freq. 89.968
Shear wave velocity | Vs(m/sec) 250 180 Ist
Damping Factor 0.04828
Soil density p (ton/m®) 1.9 1.8 -
Natl. circr. freq. 27.96
Poisson ratio v 0.45 0.45 2nd
Damping Factor 0.04880
Natl. circr. freq. 40.07
3rd
Damping Factor 0.08184
Table 2 Modal Dynamic Properties of the Upper Structure Natl. circr. freq. 110.1
4th
Mode | Natural Circullar_ | Damping factor | Effective mass Equivalent (rocking) Damping Factor 0.01677
frequency(rad/sec (ton-sec?/cm) hight (ca)
i . . . (o] 934.5 N -
First 10.08 0:05000] 0.0580 Table 5 Modal Dynamic Properties of MODEL-S
Second 27.98 0.05000| 0.004699 |-286.5 (excited by the ground motion due to
Third 10.08 0.06188| 0.0006551| 310.0 S-wave)
Mode Dynamic Properties | as Sway-rocking
model
Ist Natl. circr. freg. 8.837
Table 3 Equivalent Spring, Damper and Mass s -
to Soil-Structure Interaction Damping Factor 0.046867
Natl. circr. freg. 27.89
Direction Coefficients Soil excited Soil excited 2nd
of Movement by P-wave by S-vave Damping Factor 0.05004
Keé (tonecm) ] 2.193X10° 1.16562x10°% 2rd Natl. cirer. freq. 40.03
r
Rockini b Cé (ton-cmesec)| 1.4893X10* 2.074%X10* Damping Factor 0.06192
rotation
le(ton-cm-sec?)| 1.471X10* 1.471xX10* ath Natl. circr. freq. 80.70
KH (ton/em) | 1.8486X10° 1.022x10° (rocking) Damping Factor 0.02507
Swaying CH (ton-sec/cm) 13.96 10.06 Natl. cirer. freg. 103.7
transiation
me (tonesec?/cm) 0.03307 0.03307 (swaying) Damping Factor 0.5078

(TONACH)

LTON/CH)

NOISE LEVEL=10%).DT:0.005(SEC). T:S(SEC) NOISE LEVEL=1(%).DT:C. 00SUSEC ). T=SCSEC)
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(b) Rocking damper coefficient

(a) Rocking stiffness coefficient
Cg (ton.cm.sec)

Kg (ton.cm) (I+Ig+ ZmgHs?)

(c) Overrall mass moments of inertia

(ton.cnm.sec?)

Fig., Sixth Estimation of Rocking Properties of MODEL-S Corresponding to Duration of Observation
(Sampling increment=0.005sec, Duration of observation=5.0sec, Measurement noise level=1.0%)

NOISE LEVEL 1(%).DT=0.005(SEC). T=S(SEC) NOISE LEVEL 1(%).DT=0.00S(SEC). T=5(SEC)
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» ¢ o
o FINAL ESTIMATE = 1.013x103 % FINAL ESTIMATE = 10.15 8 FINAL ESTIMATE = 0.03462
-s!' T g 3
¥ . 2
: S —
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2] 2
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(a) Swaying stiffness coefficient (b) Swaying damper coefficient (¢) Effective soil mass,

Ky (ton/cm) Cy (ton.sec/cm)

me (ton.sec?/cm)

Fig.5 Seventh Estimation of Swaying Properties of MODEL-S Corresponding to Duration of Observation
(Sampling increment=0.005sec, Duration of observation=5.0sec, Measurement noise level=1.0%)
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model, which is fitted to

Table 6 Identification of Modal Dynamic Properties of MODEL-P

a transformed se'I:‘Lsmogram, Measurflen} 0@ Aﬁilg!tageous Observation : | gampltgns (?crement = 0.02 (SEC)
- se level 1. bsolute leration o 0P mMass uration o
was e?(ecuted' l?e W?.Ve ! v Absglute :ggglg:ation of base observation = 5.00 (SEC)
form illustrated in Fig.2 - -
N N Equivalent Equivalent Equivalent
is the NS component in Mode | Oynamic True one 0-0-F system two D-0-F system | three D-0-F system
property value T H

part of the transformed Initial | Estinate | Initial | Estimate | Initial} Estimate
velocity seismogram for Natl.circr. freq. | 9.968 0.0 : 10.44 | 10.44 } 8.959 | 8.959 | 9.974
example. Its original Ist| Damping factor | 0.04828| 0.1 | 0.1018 | 0.1018 | 0.2112 | 0.2112 | 0.04708
acceleration  seismogram Prici. factor | — 1.0 | 0.7550 | 0.7550 | 1.377 | 1.377 | 1.227
was regordedfag MIYAKO in Katl. circr. freq. | 27.96 R 20.0 | 27.95 | 27.95 | 27.96
t%‘e 1 th °. une 1978 2nd | Damping factor | 0.04990| — | — 0.1 | 0.05285| 0.05285; 0.04974
Miyagiken-Oki Earthquake - : : :

N Prici. factor - - 1 = 1.0 !-0.3341 |-0.3341 {-0.2928
(M=7.4). In Fig.2, the YT — ; : YRR

N . atl. circr. freq. B - -— - — . H B

waveforms within SECTION - — : :
A and SECTION B were 3rd| Damping factor | 0.06184 - - - - 0.1 | 0.08178
acknowledged as the Prici. factor | — - i = - i - 0.1} 0.08381

Note ; According to non-damping modal analysis, participation factors for 1st, 2nd and 3rd mode

ground motion due to P- are 1.229, -0.2929 and 0.08368 respectively.

wave and S-wave respec-

tively. Fig.3 shows the synthesized free field acceleration wave-form from the
output of two AR models which are fitted to SECTION A and SECTION B wave-forms.
Assuming the magnitudes of strain of the soils excited respectively by P-wave and
S-wave to be in the ratio 1 to 10, the soil conditions indicated in Table 1 were
set. The three-story structure, when it is on fixed base, has the modal dynamic
properties indicated in Table 2. Equivalent spring, damper and mass to the soil-
structure interaction impedence, which are calculated through Tajimi's
formula(Ref.4) using the numerical values in Table 1 and 2, are shown in Table 3.
Now, the rocking model subjected to P-wave is called as MODEL-P and in case of the
sway-rocking model subjected to S-wave is called as MODEL-S. Modal dynamic
properties of MODEL-P and MODEL-S, calculated by means of nonproportional damping
eigen-value analysis, are indicated in Table 4 and in Table 5 respectively.
Measurement noise was assumed to be Gaussian white noise with zero mean whose
standard deviation coinsides with 1.0 %Z of root mean square of the digitalized
stationary response amplitudes.

Numerical results of identification of MODEL-P are demonstrated in Table 6.
This identification provides a great satisfaction. Fig. 4 shows the temporal
aspect of sixth estimation, namely estimation with sixth iterative renewal of
initial value, of rocking dynamic properties of MODEL-S corresponding to duration
of observation. Fig. 5 shows that of swaying dynamic properties of MODEL-S. One
??.y verify an allowable agreement between true value and final estimate in each
igures.

CONCLUSIONS

When the observations on rocking rotation and swaying translation of the
ba§ement floor are available, the method for system identification described in
this paper bears fruitful results. But usually to obtain these observations is
very difficult matter. So to research a way to get the observation data of the
rocking rotation and the swaying translation will be an important theme.
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