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SUMMARY

Presented in this paper is the effect of bi-directional ground motion on the
inelastic response of space structure by using a method of stochastic earthquake
response analysis which extends the formulation of Prof. Y. K. Wen et al.

The parametric analysis of various frequency ratios and various strength ratios of
perpendicular axis of structures is performed.

INTRODUCTION

Since Dr. N. C. Nigam introduced the interaction effect of bi-axial shear
force on the response analysis, some investigations on the analysis of space
structures have been studied by various investigators using different approaches
(Refs. 1,2). Recently, the author and others did shaking table test of single-
story space frame structure and compared the results of response analysis with the
test results (Ref. 3). However, from the restricted results of the deterministic
analysis, the general conclusions could not be obtained.

The objective of this paper is to obtain the more general tendency of the
interaction effects from the nondeterministic analysis. Profs. Y. J. Park, Y. K.
Wen and A. H. Ang represented the method of a random response analysis of hystere-
tic systems under bi-directional ground motion by introducing the differential
equation of hysteretic formulation (Ref. 4). The method presented here, is similar
to or expansion of the above method, where the equations of motion directly
considering different frequency characteristics between perpendicular axes of
space structures are presented and hysteretic constitutive law is introduced by
considering the yielding condition and it's associated flow rule.

METHOD OF ANALYSIS

Equation of Motion The equation of motion of single story space structure sub-
jected to horizontal ground motion Fy is given by eq. (1)

M35 + C505 + Q5 = -MjFj j=x,y (1)

whe;e, Mj,gj and Q4 are mass,damping coefficient and restoring force,respectively.
Uj,Uj and U4 show displacement,velocity and acceleration. Suffix j shows X- or ¥-
axis of perpendicular direction of a space structure. Restoring force is divided
by two component: Linear component and hysteretic component, the latter of which
is interacted each other according to yield condition.
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Nondimensional equation of motion can be derived by initial stiffness Kj,
yield strength Qj=KjAj and fundamental circular frequency of X-axis wx Of space
structure as follows:

(G} + 2nl0]l0) +afwl?lu) + (1-a){w]’(a} = -[ANE) )
wnere (u) = (uguy)T, (£] = (£, £y)T, (@} = (@)
[w] = [1 0 al=M1 0 h = Cj/2/MjRj
O'wy/wx 0 Ex/zy

uj = U3/83 , a3 = Q5/05 , wj? =Rymy , My =My = M
(t/T)2 = Ry/M , £x(t) = Fy(T) ox?Bx . Ey(t) = Fy(T) /oy Ay

In the above equation, frequency ratio wy/wy and strength ratio QY/QX=(wy/waZy/3x
are introduced as parameters of each direction.

Hysteretic Characteristics of Complex Model Nondimensional equivalent force is
defined by using simplified yield curve. And the rate of plastic deformation of
j-axis is expressed by orthogonality condition of Reuss.

q = alax,qy) = (ax2+qy?)1/2, ﬁj"ﬂ% i=x,y (3)
Differentiating eq. (3) and assuming total deformation equal to the sum of elastic
and plastic deformations, the following equation can be obtained.

. . . )
qj = Auje = A(uj_l-ggg (4)

Equivalent incremental force § and constant 1 are obtained by considering the
incremental plastic work. The differential equation of hysteretic formulation is
‘approximately obtained by substituting A into eq. (4) as follows:

(n-2)/2

dx Aﬁx‘(qx2+Qy2) {ﬂ}GXQXIQX+7ﬁXQX2+ﬁ|ﬁyqleX+7ﬁyQXqY} (5)

qy = Aﬁy'(qy2+qx2)(n_z)/2{B[ﬁyQyqu+7ﬁyqy2+B|ﬁx@xIQy+7&nyQX}

The parameter 8,7 and n represent the shape of hysteresis. Parameter A=A,-8pE des-
ignates the time dependent stiffness which varies with dissipated energy (Ref. 5).
The above equations agree with the formulation presented by Y. K. Wen et al.

(Ref. 4), when n=2 and qj=5j2j. The nondimensional hysteretic energy dissipation
is defined as follows:

. = e 24 .
(1-) gyt (@ /wy) 2 (By/Bx) 2ayty |
= = 12
1+ (y /ox) * (By/Bx)
Bi-directional Horizontal Ground Motion Horizontal ground motion considered here
is stationary or nonstationary white noise (Ref. 6).

E = (6)

rh
%
ot
~
"

I(t)Ex (L) -

rh
<
t
i

I(t)Fy (L)

where I(t/to)=a(t/to)bexp(—ct/to), max|I(t/to)l=l
a =20.18, b = 2,85, ¢ = 0.75, tg =wyTx = 27

Spectral characteristics of soil foundation are represented by filtered shot-noise,

1 + 4hg2( w/wq)z

8
{1-(w/wg)?}2 + 4hgZ (o /fwg) 2 So ®

$(@ = |Hg(w) |?%so =
where, So means power spectral density of white noise, and wg,hg show predominant

frequency and damping ratio of filter, respectivly, which are supposed to be same
for two directional component without cross correlation.
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State Equation Equation of motion of single-story space structure subjected to
bi-directional filtered shot noise are obtained from egs. (2),(7) and (8).

(1) + 2hlwlla) +elwl(u) + (1-2)[w]l?(q)

- (wg/wy) 2[A1(V] - Zhglog/wx) (A1) = (0} (9)
¥} + 2hg(eg/oyx) (V] + (0g/ex) 2(v} = -1(£)[ () (10)
where (v} = (vy,vy)T, (E()) = [Fx(t),Ey(0)}]

Vector {g} in eq. (9) is expressed as follows by using eq.(5) and the equivalent
linearization technique presented by the references (4) and (7).

Ay + Cypqly T Cpndy + cx3ﬂy * Cypady = 0

0 (11)

dy * Cyily * Sy29y * Cy3¥x T Cyqdx T

Coefficient ¢y is detailed in reference (8). The state equation of the system is
given from egs. (9)-(11l) by

d
—iY} = [G}{Y} + {F 12
aoly) = [Gliy} + {F) (12)
where, {Y},{F} and [G] are state variables vector,input vector and coefficient
matrix, respectively. Supposing that input motion is Gaussian random process,
each state variable is =zero mean and covariance matrix [S] is given by

[s] = ELUVI-2LIYVYD) (v} -0V DT = ey )T (13)

Sum of eg.(12) multiplied by (Y}T from the right and similar equation of trans-
position lead to eq. (14)

-—[s} = [G1[s] + [s1(G]T + [B] (14)

where 38,8=I(t)22ﬂ5x, Blo'10=I(t)22nSy, Bj,§=0 otherwise

Sx:Sy:power spectral density of X and Y directions

STOCHASTIC RESPONSE OF SPACE STRUCTURE

Two types of anisotropic system are considered here. One type is frequency
ratio wy/wy varying system with unit strength ratio QY/QX=1.O. The other type
is strength ratio varying system with unit frequency ratio wy/wx=l.0. The
other parameters are constant,that is, h=0.02, a=0.1, hg=0.5, 2rSo=0.6, B=r=0.5,
n=2 and 63=0.03. Standard deviation and mean of response under stationary white
noise are shown in this chapter. Nondimensional displacement D is defined as
Uy, Uy divided by limit displacement of X-axis and nondimensional
hysteretic energy E is also defined as hysteretic energy of X- and Y-axis Ey, Ey
divided by twice the elastic potential energy of X-axis QXAX.

Response of Unit Strength ratio Figure 1 summarizes the interaction
effect with the freguency characteristics of space structure and input motion.

We can see that interaction effect is larger in the direction of smaller frequency
which is likely expected smaller ductility response under uni-directional

motion. Response of hysteretic energy dissipation is similar to that without
interaction for various values of wy/wx and wk/wg, the reason of which may be
interpreted as large deformation is induced by decrease of restoring force due

to interaction.

As shown in Fig.2, interaction effect on ductility response increases consi-
derably in both direction in the case of deteriorating system.
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Suffix I means uni-directional motion

Response of Unit' Frequency Ratio Figure 3 summarizes the effect of
strength ratio of perpendicular axis. The effect of interaction is large for the
strong axis which is smaller ductility response under uni-directional motion. As
shown in Fig.3(a), the ductility response of Y-axis is less than 1 in the case of
Q /Qx*4 That is the reason why the displacement of stronger axis under bi-
dlrectlonal input is less than the response under uni-directional input.
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Figure 4 shows the same response considering deterioration effect as compare
with the responses without deterioration. Interaction effect appears remarkably in
both axis and ductility ratio considering deterioration increase in not only stro-
nger axis but in weaker axis. On the other hand, the response of hysteretic energy
dissipation considering deterioration decrease considerbly, because of deterio-
ration of restoring force.
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CONCLUDING REMARKS

In order to make clear the effect of bi-~directional ground motion on the
inelastic response of space structure, parametric study was performed. From the
restricted results, the following concluding remarks were obtained.

1) Displacement responses of not only X-axis but Y-axis increase when predominant
frequency of ground motion is smaller than the frequency of space structure.

2) In the case of anisotropic system with unit strength ratio, the interaction
effect appears mainly on the response of lower frequency axis of structure and on
the direction of smaller ductility response under uni-directional motion. On the
other hand, the response of hysteretic energy dissipation under bi-directional
motion decreases due to plastic deformation at relatively low level of restoring
force.

3) The effect of deterioration is remarkable in increasing the displacement resp-
onse become about twice the response without deterioration in the case of unit
frequency ratio.

From the above results, considering that the column member at the base is
inevitable to behave inelastically under severe earthquake ground motion, it is
noted that such members must possess enough deformation capacity, especially,
for the reinforced concrete columns which are used to deteriorate.
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