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SUMMARY

A practical seismic design method for multistory buildings with eccentricity
is proposed based on linear and non-linear dynamic analysis for building models
subjected to ground motions in the x~ and y-directions, simultaneously.

Damage prediction is evaluated based on the proposed shear and torsional
capacity and the design shear force and torsional moment for each story of the
buildings.

INTRODUCTION

The practical seismic design method for multistory buildings with eccen-
tricity is not established because of the complexity of linear and non-linear
response analysis.

This paper deals with a practical design method for multistory buildings
with eccentricity subjected to ground motions in the x- and y-directions consid-
ering the damage prediction for each story of the buildings.

STRONG EARTHQUAKE GROUND MOTIONS

Modified ground motions have the predominant period Tg=0.4 sec. and the
stationary duration Tp=20 sec. in average. The linear response spectrum for
single~degree-of-freedom systems with damping ratio £=0.05 is shown in Fig. 1,
which is the average computed by a step-by-step time integration response
analysis using 20 artificial earthquake ground motions. The response values are
approximately proportional to 1/T, when the fundamental natural period T of the
system is longer than the predominant period TG of ground motionms.

In seismic response analysis, linear and non-linear building models with
eccentricity are investigated by using 20 pairs of the different combination of
the above-mentioned artificial earthquake ground motions in the x- and y-
directions, simultaneously.
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Gi : Center of gravity in i story Kgi: Torsiomal rigidity in i story
Ci : Center of rigidity in i story Mi : Mass in i story

Kxi: Rigidity in x-direction in i story 1Ii : Moment of inertia in i story
Kyi: Rigidity in y-direction in i story

fxi,fyi: Eccentric distance in x— or y-direction in i story
fxi, fyi: Distance in x- or y-direction between center of gravity in
i story and center of rigidity in i+l story

RESPONSE ANALYSIS FOR BUILDING MODELS

For the reason of simplicity, the following assumptions are used for the
earthquake response analysis of building models with eccentricity.

1) Buildings with eccentricity are represented by shear-type multistory building
models with a rigid floor diaphragm in each story.

2) Horizontal rigidity and strength of each vertical member of the building
models are independent in the x- and y-directions, respectively, regardless of
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the intensity and direction of the external horizontal forces acting on the
models, because of the limilation of computer capacity.

3) Each vertical member has sufficient ductility and deformation capacity with
origin-oriented and elasto-plastic restoring force characteristics with 5%
damping as shown in Fig. 2 and Fig. 3, respectively.

Fig. 4 illustrates a building model with two-axes eccentricity. The equation
of motion (undamped free vibration) and the elastic stiffness matrix K are shown
in Eqs. (1) and (2). For the response analysis of building models, a step-by-
step integration method (linear acceleration method) is used.

STORY STRENGTH RATIOS eRx AND eRy
FOR BUILDING MODELS WITH ECCENTRICITY

For multistory buildings, story strength ratios Rx and Ry to reasonable
linear design story shear forces in the x- and y-directions are the reasonable
and approximate measurement to predict the damage concentration when they are
subjected to severe earthquake motionms.

Qpx QPZ
= — = 3
Rx O Ry Uy (3)

where QPx and QPy are the strength of each story in the x- and y-directioms, and
QLx and QLy are the linear design shear forces of the corresponding story in the
x~ and y-directions, respectively, when such buildings are assumed to be elastic
without yielding.

The above-mentioned concepts can be extended to multistory buildings with
eccentricity by using story strength ratios eRx and eRy with torsional effect
corresponding to each story of the buildings.

Fig. 5 shows an m x n frame floor plan of a multistory building with two-
axes eccentricity in the x~ and y-directions and the replaced 2 x 2 frame build-
ing model considering the story structural properties of the building with eccen-
tricity. In the replacement of m x n frame model to 2 x 2 frame model, the con-
sideration for torsional rigidity of the models is not included. The torsional
effect due to torsional rigidity is considered as additional eccentricity in
design of building models.

In Fig. 5,
Q: Center of design shear force G: Center of gravity
S: Center of story strength
Qpxi+ly: = Qpx2-ly2, QPyr+1x1 = QPy2+lxe (4)

fx,fy: Distances between the center of design shear force Q and the center
of story strength S in the x~ and y~directions, respectively.
1x,1ly: Plan dimensions of the replaced 2 x 2 frame buildings in the x- and
y~directions, respectively.
Qpxi,QPyi: Shear strength of xi and yi shear resisting frames in the 2 x 2
frame building, respectively (i = 1, 2)

The torsional story strength ratios eRx and eRy which correspond to the
values of story strength/linear design shear forces in the x~ and y-directionms
can be defined as follows, by using shear and torsional capacity and design shear
force and torsional moment surface as illustrated in Fig. 6.

eRx = OA/OA' ~ oc/oC', eRy = 0C/0C' ~ OE/OE'
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In Fig. 6,

Qpx = QPx1 + QPx2

n

Shear capacity
Qpy = Qpy: + QPy2

Tpg = QPyrelx + Qexrely. .. - Torsional capacity
Qrx = Qux1 + QLx2
Design shear forces
QLy = Qly: + QLy2
TLx = QLX'fy
Design torsional moments
TLy = Quy-fx &)

If the shear strength QPx and QPy of the x and y shear resisting frames are
independent, regardless of two directional non-linear response due to two direc-
tional ground motions, the torsional story strength ratios eRx and eRy can be
approximated as follows,

eRx = i L + 1
2 'TLX—O.S TLyl + QLX TLx+O.5 TLy QLx

+
Tpe Qpx Tpo Qpx
1 1 1
eRy = -—{ + }
2| Ty - 0.5 Tix| R Quy Ty +0.5 Tpx + Quy (6)
Tpg Qpy Tpe Qpy

ADDITTONAL ECCENTRICITY DUE TO TORSIONAL EFFECT

Additional eccentricity due to torsional effect is examined by linear re-—
sponse analysis using single story building models with one-~axix eccentricity.

Fig. 7 shows additional eccentricity fx' for various values of j',

. K fx!
where j' = %, j =V f% , 1=V % , when j'> 1.0, max. ~§— 2 0.4 D

For this reason, ten percent (10%) times the maximum x and y plan dimensions
in each story are used as the additional eccentricity, regardless of the direction
of applied design shear forces for multistory building models as well as single-
story building models with eccentricity, considering safe side approximation.

NON~LINEAR RESPONSE OF BUILDING MODELS WITH ECCENTRICITY

Non-linear response analysis is carried out to compare response values of
two story building models with one-axis eccentricity with the corresponding
values of two story building models without eccentricity.

The two story standard building model without eccentricity is shown in Table
1. Two story building models with eccentricity are divided into two types of
models as follows.

Type 1 1lst story with eccentricity, 2nd one without eccentricity
Type 2 1lst story without eccentricity, 2nd one with eccentricity

Story plan with various arrangements of eccentricity with respect to the
story rigidity as well as the story strength is shown in Table 2.
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The maximum plastic deformation of the weak frame in each story of the
building models with eccentricity having the story strength ratios eRx and eRy
are compared with the corresponding values in the building models without eccen-
tricity having the same elastic story rigidities Kx and Ky and the same story
strength ratios Rx and Ry in Fig. 8 and Fig. 9, respectively.

CONCLUSION
It is confirmed that severe damage is observed in a particular story with

the minimum strength ratio based on the shear and torsional capacity and the
linear design shear force and torsional moment surface for each story of the

buildings with eccentricity.
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Table 1 Standard model
Lx=Ly M 1 Kx=Ky Qux=QLy
(cm)  (t-sec?/cm) (t.sec?/cm) (t/cm) (t)
2 800.0 0.1 10667 41.34 118.55
1 800.0 0.1 10667 41.34 191.19
Natural period of model Tp = 0.5 sec.
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: Center of strength

Normalized frame capacity

: Normalized frame rigidity



