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ABSTRACT

It is common in practice of building design to suppose a ground motion consisting only of vertically
incident shear waves. Such an idea neglects the spatial variation of ground motion under the base of the
building . In this study effects of incoherent ground motion on earthquake response of torsionally asymmetric
buildings resting on flexible soil are investigated and various types of waves are considered.
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INTRODUCTION

In practical seismic design of conventional buildings it is common that ground motion to be taken as
constant over all points of structure-soil interface and structure is assumed to have a fix base. Although for
a structure based on bedrock that is a reasonable assumption, but it is not the case for flexibly supported
buildings. Presence of building affects the free-field motion of a flexible site considerably and the total
dynamic system consisting of soil and structure is completely different than the rigid-soil assumption. To
solve the problem, usually effective input motion taking account for spatial variation of excitation is
calculated either by averaging the varying ground motion over surface of foundation (Iguchi, 1982; Hahn
and Liu, 1994) or discretizing the structure-soil interface into elements and using boundary element method
(Wolf, 1985). Then a dynamic model for soil-structure system is constructed which includes the desired
dynamical characteristics of the soil and the structure.

In this study, a one story model of a general unsymmetric multistory building resting on flexible soil is
selected. Using elastic theory of wave propagation, various body and surface waves representing the ground
excitation are formulated. Then a parametric study revealing important features of dynamic behavior of the
system is done. The main purpose is to evaluate the lateral and torsional response of the system with
different degrees of asymmetry under different types of waves.

DYNAMIC MODEL

Figure 1 shows the dynamic model used in this study. It consists of a one-story building with mass m and
height h which models a general unsymmetric multi-story building, a rigid-circular foundation with the



mass mg and radius r, and a flexible half-space with hysteretic damping ratio Eg, Poisson ratio V and shear

wave velocity v .
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Fig. 1. a) dynamic model; b) degrees of freedom; c) plan of story (mass m).

The system is defined with the following dimensionless parameters:

1) Non-dimensional frequency @ = r/v, in which @ is frequency of excitation, r is radius of circular
plan of building's story as well as foundation, v, is shear wave velocity in underlying soil.

2) Dimensionless hight h =

3) Mass ratio #T =mq [ P r3) in which 0 is mass density of the elastic half-space.

4) The stiffness ratio of the system in lateral motion O; =W, h/vg in which @, is fixed-base frequency of
the structure in lateral motion. It may be different for x and y directions.

5) The stiffness ratio of the system in torsional motion W, =W h/vg in which @, is fixed-base torsional
frequency of the structure.

6) Ratio of eccentricity in x-direction €, =€, /r and in y-direction €y=e,/r; in which e, and e, are stiffness
cccentricities of the plan of the building along the x and y directions, respectively. Corresponding to
positive values of €, and €,, points 1 and 2 of the plan of building in figure 1c show the stiff sides of the
building .

7) Hysteretic damping ratio of building § .

In this study the following numerical values are used: /4 =1.0 and @, =0, =W, =2.0 which are associated

with relatively stiff buildings for them soil-structure interaction is more highlighted, m 9 /m=0.33, §=0.07,
£,=0.05 and v=0.33.

Ninc degrees of freedom is used for the system: two horizontal and one torsional motion for the mass m and
all the six possible degrees of freedom for the massm,.

METHOD OF ANALYSIS

Dynamic equations of motion in frequency domain are written and summarized in matrix form as is shown
in equation 1:

[s{u}=1{P} 1)

In the above equation, {U } is the 9 X 1 vector of unknown responses, {P} is the 9% 1 load vector consisting
of appropriate combinations of input motion of the foundation having 6 degrees of freedom: displacements



along x, y, and z axes and rotations about the same axes. Input motion of a surface foundation which is
equal to its kinematic response (Wolf, 1985) , is calculated from the free-field earthquake motion. It has

been known that this "effective motion" is highly related to the ratio 1/v, in which v, is the apparent wave
velocity in the horizontal direction which is equal to v, /cos@ for body waves whereby @ is angle of
incidence of S- or P-wave measured from the horizontal. For surface R-waves, again v, is a function of
53,", and v, . For undamped soils and v =0.33, v, for Rayleigh waves (R-waves) is 0.933 v, [S ] is 9

X 9 dynamic stiffness matrix of system consisting stiffness terms of structure and soil. [S ] is calculated
using the dimensionless parameters as above and stiffness and damping of soil. The value of these latter
terms are calculated by discretizing the soil-structure interface into clements and makinguse ofthe conventional
boundary element method (Wolf, 1985). The same method is used for calculating the effective input motion
from the free-field earthquake excitation. Seismic motion is supposed to be consisted of body SH,SV, and P
waves, and surface Rayleigh waves propagating along x-axis, but each time only one type of the waves is
included in the input motion.

DYNAMIC ANALYSIS AND RESULTS

Figure 2 shows the result of the analysis of system for harmonic loading of an SH-wave. It is clearly visible
that while horizontal response of system for horizontal incidence decreases by about 10 percent comparing
to vertical incidence, a strong torsional response arises. Figure 3 shows the phase angle between lateral and
torsional displacements. It is seen that for most of the frequency domain (except for @ <1), the motion is

180° out of phase resulting considerable difference between displacements of stiff and soft sides of
building (points 1 and 3 in figure 1c, respectively). In figure 4 ratio of lateral displacements of these corner
points is depicted that shows strong values at two torsional-mode frequencies of the system. Also, for high
frequencies this ratio is highly related to the degree of eccentricity. In figures 5, 8 and 10 lateral and
torsional motions of system for propagating SV-, P- and R-waves are shown. The selected incident angles
of SV- and P- waves are associated with highest responses. Strong torsional response is seen for e/r>0.3
while effect of the Rayleigh waves is considerably higher . The same behavior is observed in figures
6,7,9,11, and, 12. Also, in figure 9 higher torsional response is seen for lower mass ratios 777, i.e., for
lighter foundations or the ones with greater areas.
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Fig. 2. Spectra of u ,, and 18, SH-wave Fig. 3. Phase angles of u y and r0,, SH-wave

as harmonic, M =2.25, €, =0. as harmonic, 711 =2.25, €, =0, & g, =0.
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Fig. 4. Spectrum of ratio fu , 3/u 1), SH-
wave as harmonic, m =2.25,Q ¢; =g.
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Fig. 6. Phasc angles of u , and r8,, SV-
wave as harmonic, M =2.25,€,=0.5.
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Fig. 8. Spectra of u ,, and r8,, P-wave as

harmonic, M =2.25,€,=0.5, & p=55.
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Fig. 5. Spectra of u, andr8,, SV-wave
as harmonic, m =2.25, €,=0.5.
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Fig. 7. Spectrum of ratio Ju,4/u 5}, SV-wave
as harmonic, M =2.25, & g, =70,
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Fig. 9. Spectrum of ratio [u ,4/u |, P-wave
as harmonic, & p=55, €,=05.
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Fig. 10. Spectra of u ,, and r8,, R-wave Fig. 11. Phase angles of u , and r8,, R-wave
as harmonic, /M =2.25, €,=0.5. as harmonic, M =2.25, €,=0.5.
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Fig. 12. Spectrum of ratio |u ,4/u ,5),
R-wave as harmonic, e_y =0.5.

The same system is analyzed for the N-S component of El-Centro 1940 carthquake. Figure 13 is an
in-structure acceleration response spectrum of the stiff and soft sides (points 1 and 3 in figure 1c) which
shows an additional strong peak at fundamental torsional frequency of system. Also in this figure considerable
differences between response of corner points 1 and 3 for £>2 HZ is seen. Figure 14 shows the variation of
lateral acceleration response of structure due to incident R-waves normalized to those of SV- and P-waves.
This again shows the higher effect of R-waves for lower frequencies. Finally in figure 15 the ratio of

responses of corner points 2 and 4 (figure 1c) for incident R-waves is shown. The difference is higher for
larger frequencies.



3.0 T T T TTTTT T

g
=
T

ACCELERATION(g)

—
-
=

0.0

Fig. 13. Acceleration response spectra, N-S component of El-Centro 1940 as free-field motion associated
with SH-wave, & g; =0.0; i =2.25, &,=0.5, r/v; =0.06s.
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Fig. 14. Acceleration response spectra of i, for R-waves normalized to those of SV- and P-waves, N-S
component of El- Ccntro 1940 as free-field motion associated with R- ,SV-, and, P-waves

respectively; & =70' O, = 55°, it =2.25, €,=0.0, 1/v;=0.06s.
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Fig. 15. Acceleration spectrum of #,4/t,,, N-S component of El-Centro 1940 as free-field motion
associated with R-waves, 71 =2.25, r/v ; =0.06s.

CONCLUSION

Based on the results of this study, it can be concluded that:

1. Horizontally propagating waves have remarkable increasing effects on response of unsymmetric soil-
structure systems.

2. For shallow incidence of SH waves, a big torsional input motion is induced to the structure that gives
rise to the torsional response of system due to unsymmetricity.

3. In the case of SV, P and R waves, torsional response is increased for buildings having foundations with
lower masses or to a much higher degree, with larger areas (greater radius).

4. Response of higher levels of building is much more sensitive to R waves than other types of waves.
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