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ABSTRACT

A computationally efficient procedure for analyzing the response of 3-D talil buildings to earthquake
ground motion including foundation interaction is presented. The building is modelled as a lumped
mass system considering 3 dynamic D.O.F (two orthogonal horizontal translations and rotation about
the vertical axis) at each floor level. The building base is modelled as a rigid circular disc attached
to the surface of a linearly elastic half space. Five base D.O.F are considered (horizontal translations
in two orthogonal axes,rocking about these axes and twisting about the vertical axis). The structural
displacements are transformed to the normal modes of vibration of the fixed base building.
Frequency dependent impedance functions of the foundation are considered in the analysis. The
seismic excitation is represented by the horizontal components of ground acceleration which are
considered as stationary random processes. Spectral analysis is conducted in the frequency domain
to evaluate the r.m.s values and mean peak values of the structural responses. Some parametric
studies are carried out on an example building to study the effect of soil and structure parameters

on the response.
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INTRODUCTION

It is well known that the deformability of the
foundation affects the structural response [1] and this
effect depends on the properties of structure relative
to its foundation. Also,when a heavy structure is
supported on a deep soft soil layer,a considerable
energy will be transferred from the structure to the
soil and the base motions may differ drastically from
the free field motions. In general,both the ground
motion modification and interaction effects may be
important. These effects can be incorporated using
finite element method (FEM) of analysis of the
entire soil-structure system. Gupta et al [2]
employed 3-D finite element model to study the
nigid surface foundation,and developed a hybrd
method which partitions the soil into a near field
part (that is combined with the structure as a super
structure) and a far field part. However,FEM
becomes costly for complex problems having large
number of D.O.F, and the modal analysis does not
offer any significant reduction in the computational
effort. Recently,the boundary element method
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(BEM) has been developed [3]. This method

requires only the discretization of the surface of
domain. The interaction effects are included by
modelling the contact surface between the structure
and soil as a rigid plate supported on the surface of
the soil layer (that is idealized as an elastic half
space) and the interaction forces are obtained using
impedance coefficients which are evaluated [4,5] by
solving a mixed boundary value problem. Gutierrez
and Chopra [6] presented a substructure method for
analyzing structure with interaction effectin which
the dynamic of a rigid plate on the soil layer is
analyzed separately from the structure;the resulting
impedance coefficients appear in the structural
equations. These equations are then analyzed to find
the structural response.

Different techniques are employed for analyzing
the earthquake response of tall buildings. Step-by-
step numerical integration scheme was used by
Parmelee et al [7] for multistory building on flexible
foundation assuming frequency independence of
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foundation stiffness and damping;this approach is_

general but involves large computational effort.
Moreover,the foundation impedance functions
relating the forces and displacements are frequency
dependent, therefore the analysis is better to be
conducted in frequency domain. In the Fourier
analysis [6] the ground motion is transformed into its
Fourier components and the seismic response is
obtained by combining the steady state responses of
the frequency components whose contribution is
significant. Chopra and Gutierrez [1] developed an
efficient method combining the mode superposition
and the Fourner transform technique for 2-D
earthquake analysis of multistory building including
foundation interaction. But,the 2-D idealization is
not appropriate neither for unsymmetric buildings
having non-coincident centres of mass and stiffness
nor for symmetrical buildings subjected to rotational
component of ground motion [8]. In such cases,the
lateral motions in the two orthogonal directions and
torsional motion are coupled and a 3-D model must
be used [9,10]. When the foundation interaction is
considered,the standard modal analysis is not directly
applicable because the building does not possess
classical normal modes due to the frequency
dependence of foundation properties. Even if these
properties are approximated by frequency
independent values, the damping of structure and
foundation will not usually be so related to permit
classical normal modes. However,the modal analysis
has been applied by establishing equivalent modal
damping values for the interaction system that is
based on energy ratio criterion [11].

In seismic design practice of tall buildings,3-D
analysis using response-spectrum is more preferable
than an elaborate analysis based on a given time-
history. On the other hand,in recognition of the fact
that the earthquake is a random phenomenon,the
structural response should be treated as a random
vibration problem and a stochastic analysis has to be
conducted to evaluate the statistical descriptions of
“the response.

-In this paper,the effect of soil-structure interaction

~on the response of 3-D tall building to earthquake
random ground motion is investigated. The system
considered is a shear building on a circular disc
footing attached to the surface of a linearly elastic
half space. 3 dynamic D.O.F are assigned at each
. floor level,namely two horizontal translations in x,y
directions and rotation about the vertical axis. 5 base
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D.O.F are considered,i.e two horizontal translations
in two perpendicular directions,two  rocking
components about these directions and twisting
about the vertcal axis. Frequency dependent
impedance functions of the foundation are
considered in the analysis. The structurl
displacements are transformed to the normal modes
of vibration of fixed base building and the complex
frequency response functions of the response
quantities due to unit harmonic ground acceleration
(expressed in complex form) are obtained by solving
only 5 linear complex equations. The seismic input
is represented by the horizontal component of
earthquake ground acceleration incident at an angle
w.r.t X direction and is modelled as stationary
random process characterized by a Power Spectral
Density Function (PSDF). Stochastic analysis is
carried out in the frequency domain to evaluate the
r.m.s values and mean peak values of the building
displacements and base forces.

IDEALIZATION OF ANALYTICAL MODEL

The building-foundation system considered is a
linear n-storey 3-D building on flexible foundation
(Figure (1)). The mass of the building is assumed to
be concentrated at the floor levels. The floor slabs
are assumed to be rigid in their own planes,thus
leading to 3 dynamic D.O.F per floor,namely,two
lateral translations in two orthogonal directions x and
y and a rotation about the vertical axis. The
structural damping is assumed to be proportional to
mass and stiffness. The base of the building is
idealized as a ngid circular disc of neghgible
thickness resting on the surface of a linearly elastic
half space. The system is subjected to the horizontal
free field ground motions u (t) ugy(t) in x and y
directions. The response of the system is completely
defined by N displacements of n floors (N=3n) plus
the five interaction displacements at the base.

EQUATIONS OF MOTION

The N differential equations expressing the
dynamic equilibrium of n floor masses can be written
as

[m] ()" +[C] b+ [K] ul =(0} 1)
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Figure 1. Idealized building-foundation system.

In addition,there are 5 equations expressing the
equilibrium of the building-foundation system in
translations in x and y directions,rocking about x,and
y axes,and rotation (twisting) about the vertical axis
Z

_2; myii +my(di, +i,)+V, (=0
i

’g; myi +my(l, +iy ) +V,(©=0

n
Y mhi$ 4L 6 +M@® =0 2
i1 7

=0

n
Z} mhi' +1, 8,+M,(t)
,-z; Iisétj, “Io,(ég,*éo,) +T (=0

where {u} is a vector containing floor displacement;
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Uyl and rotations GJ-Z ,Jj=1,....n; [m] is the diagonal
mass matrix; [K] is the dynamic stiffness matrix of
the fixed base building; [C] is the viscous damping
matrix; V. (t), V (t) are the base shears in xy
directions; M, (v), y(t) are the base moments about
x,y directions; T, (t) is the base torque about the
vertical axis z; m,l,, are the mass and mass moment
of inertia of the footing; m;h. are the lumped mass
and height of jth floor; and ItX,Ity are the total mass
moment of inertia about x,y axes:

n n
TS 3!
X j=0 x Ity ]=0 JY
in which Ijx,I-y,Ij2 are the mass moment of inertia of
j th floor about its own X,y,z axes,respectively;
u ,ug,,e , are the free field translations (in xy
directions) and rotation (about z axis); qu’UOy’GOz are
the rigid body translations (in x,y directions) and
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rotation (about z axis) of the footing; GX,GY are the
rotations of the footing due to rocking about x,y
axes;and utjx ,utjy ,thz are the total displacements
and rotations of the centre of the mass of j th floor
and are given by 2

t
. =u_ +u, +h.0_+u.
" i Ug, u°. hley uJ.

t _
u jy—ua’+u(,’+hj6x+ujy 3)

O‘j.=63'+60z+6j1
Substituting Eqgs.(3) into Eq.(1) yields

[m] (@) +[CHu} +[K]fu} +[m] 5, +[m] {I},ﬁo’ %
[m]{I}ﬁoz+[m]{H}x§y+[m]{H}y§x= 4)
- [m] @8, ~fm}(D, g, -[m]10,5,

where  {I},,{I},,{I}, are vectors of influence
coefficients ang {H},,{H},, are the vectors of heights
given as :(H}=th; 0 Oh, 0 0,...h 0 O}T,
{H},=(0 h; 0,0 h; 0......,0 h, 0}T. Also Eqs.(2)
can be rewritten as:

7, [m]ti}+mg, +L, 8, +V (O=-myg,
{I}T,[m]{ﬁ}+m,ﬁ0’+L,°ex+vy(t)=-m,ﬁ,y

{H}Ty[m]{ﬁ} +L‘oiio’ +I, 6,+M, ()= —L,oﬁ,’ (5)
E, fmitahL, b, +1, 6, +M,(®)=-L, i,

D7 [m]fa} +It'()0l +T,(t) = —I'zé by

where

m=3 mp,L, =3 mp, , 1, =L +3 mp?,
P j=0 i=1 =1
.Iby=I'7+.E mjhjz’ltzzz Ij: | :

=1 j=0

For steady state harmonic vibration at frequency w,
the interaction forces acting on the footing can be
expressed in complex form as:
V0=V, e, V. ©=V el | M,()=M,e** ,
- M® =Mye“’" , T,®)=T e

“and the resulting displacements of the footing may
‘be expressed as:
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U, O=T, 6, u, O=T, ™ , 6,0)=0,6' ,
8,)=0,e™ , 8, (=8, ™"

As the translational and rocking motions are coupl
and the torsional motion is uncoupled,these for
and displacements (for linear model of foundation
may be related as :

0 0 K (@) 0 o,
Kyy(@) Kp(w) 0 0 5 3
Ko (0) K@) 0 o [{8.} (6

0 0 Ko@) 0 |g

0 (] 0 Kp(w) b

where  Kyy(w),Kyp (@), Kyp(w), K pr{w) are  the
impedance functions of the foundation and can be
obtained by solving the mixed boundary value
problems arising from applying of a harmonic
force,moment,or torque separately to the disc
footing. Approximate solutions for a circular base on
an elastic half space using certain simplifying
assumptions regarding the conditions of contact
between the disc and foundation surface are
available. The impedance functions are expressed as
[4,5]

Kyy(@)=(K,, +ia,C, JK .. K, p4(®) =(K22+i°ocn)xo, )
Kl ) =Ky (0) =K #ingCa K. s Kpe(0) =Ky + i Co K,

rg=radius of footing; K’s,C’s are dimensionless
coefficients depending on Poisson’s ratio » ; ag= w
1o/Vg Vsn\/ G/p 1s the shear wave velocity in the half
space,G,p are the shear modulus and mass density of
the soil; and K ,Kg ,,Kg , are given as

K, =8Gr/(2-v) , K°x=86r03/3(1 =), K,,z=l6Gro3I3 (t))
where
K, = horizontal static force required to produce a
unit horizontal displacement of the disc with
no restriction on the value of rocking motion.
= static moment required to rotate the disc
footing about x-axis through a unit angle
with no restriction on the value of horizontal
displacement.
= static torque required to rotate the disc
footing (about z-axis) through a unit angle

Ko

X

Ko

Z
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rotation (about z axis) of the footing; ©, 6 are the
rotations of the footing due to rockmg about X,y
axes;and u" ix ,u‘Jy ,thz are the total displacements
and rotations of the centre of the mass of j th floor
and are given by

J‘.=us,+“°,+hiey+“j,

t -

u j’~us’+u0’+hj0x+u. 3)

Jy
eti.=es.+e°.+ei.
Substituting Egs.(3) into Eq.(1) yields

[m]@) +[CTa}+ (Kl [0, G, +[m](D,, +
[m]{D,8, +[m]{H 8, +[m}H) 6, = 4)
- [m]{I}xﬁgx—[m]{I}yﬁgy—[m]{I}zé&
where {1}, {I},,{I}, are vectors of influence
coefficients ang {H} {H} are the vectors of helghts
given as :(H}=th; 0 Oh, 0 O,... ho 00T,

{H} ={0 h, OO hz 0, ......... ,O hn 0} . Also Egs. (2)
can be rewritten as:

7 [m]fi}+mg, +L, 8 +V (O)=-my,

g it +mii, +L, 0 +V (H)=-mJ,
{H}Ty[m]{u}+Lr°uoy+be6x+Mx(t) —L,oﬁ’, (5)
{H}Tx[m]{ii}+L,°ﬁol+1b’éy+M,(t)=—L,°1'i‘x

{7 [m]fi}+1, 8, +T,(0) w10,

where
n
m, Z E ] ] 2 be=Itl+Zl:mjllj2’
J-
(SRS
=1 j=0
For steady state harmonic vibration at frequency w,

the interaction forces acting on the footing can be
expressed in complex form as:

V0=V el , M()=M_ et ,

, My(t) =lCIye it

V,()=V et
, T,)=T &'

and the resulting displacements of the footing may
) be ‘expressed as:
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U, (O=T, ¢, u, M=, ¢™ , 6,))=0,¢'
8,)=0 ¢ , 8, (=6, e™"

As the translational and rocking motions are coupled
and the torsional motion is uncoupled,these forces
and displacements (for linear model of foundation)
may be related as

V.| K@ 0 0 Ky 0 P
v, 0 Ky Ko@) 0 0 |Po
M=l 0 K@) Kpgde) 0 o |8t (6
My| [Kmv(@) 0 0 Kyplw) 0 |fg
Tl 0 0 0 0 Kn()
where  Kyy(w),Kyp(@), Kyp(w), K p{w) are  the

impedance functions of the foundation and can be
obtained by solving the mixed boundary value
problems arising from applying of a harmonic
force,moment,or torque separately to the disc
footing. Approximate solutions for a circular base on
an elastic half space using certain simplifying
assumptions regarding the conditions of contact
between the disc and foundation surface are
available. The impedance functions are expressed as
[4,5]

wo(@) =K, +ia,C, OK K (m)-(K.anoCn)Ko (7)
PRy Ky s oK

rg=radius of footing; K’s,C’s are dimensionless
coefficients dependmg on Poisson’s ratio » ; ag= w
ro/Vg Va=V'G/p is the shear wave velocity in the half
space, G,p are the shear modulus and mass density of
the soil; and K ,Kg ,,Kg , are given as

K, =8Gry/(2-v) , K, =8Gty’/3(1-v) , K, =16Gr;’/3 (8)
where
K, = horizontal static force required to produce a
unit horizontal displacement of the disc with
no restriction on the value of rocking motion.
= static moment required to rotate the disc
footing about x-axis through a unit angle
with no restriction on the value of horizontal
displacement.
= static torque required to rotate the disc
footing (about z-axis) through a unit angle
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The real and imaginary parts of the impedance
functions represent the stiffness and damping
coefficients,respectively for the foundation.
Numerical values of KII’CII’KZZ’CZZ’KZI and CZ]
obtained by Veletsos and Wei [4] are shown in
Figure (2). While K33,C33 are calculated from the
compliance functions given by Luco and Westmann
-[5] and reproduced in Figure (3).
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Figure 2. Stiffness and damping coefficients (after
veletsos and Wei Ref. [4]).
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Figure 3. Torsional compliance (after Luco and
Westmann Ref. [5]).

RESPONSE TO HARMONIC GROUND
EXCITATION

- . o4 H
For a harmonic ground acceleration ug(t:)=e""t
acting at an angle « (w.r.t x direction) on a linear
structure,

l'is!(t) =cosael®t | i, (t)—smae 6 (t) =Seiot 9)

where S=f(sin a.cos ). Any response quantity X(t)
of the structure is expressed as X(t)—X(w)e"" t where
X(w) is a complex frequency response function.
Thus for the system under consideration,

u®=u(w)e’,u, () =Ty (@)e'',u, () =Ty (0)e'*",

8,(0=8,(@)e',0,=8,(0)e"",8, (=B (@™ (4,

and
V0=V (@', V,(9=V (@)e", M,0)=M, ()"
M,®=M,(0)e™", T,()=T (@)e'*" (10b)

where u(w), Upy(w), Ugy(w), ) @), o (@), By, (@),
v (@), v (w) M @), M (w), and ¥ (w) are complex
frequency response functlons to bc determined.
Substitution of Eqs 9 and 10a into Eq. 4 leads to

[-o’[m] +i[C]+K]lu(w)} -’ [m}i,5, (©) -’ [m}D,5, ()
- m{l,8, (@)-o*[mlH)8 (0) -« [mlH) 8, (0)=  (11)
~[m]{}, cosa -[m]{ﬂysina -[m}{D,S
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As wellsubstitution. of Egs 6,9,10 into Egs. 5 yields

-0, Tmlfu(0))-0'my, (0)-6™L, 8 ()

Ky l(@) (0) *K ypy(@)B () =-m,cose
- ml{[}yT[m]{ﬁ(w)} - mzm‘ﬁo’(w) - w’L‘“f_)x(m)

K yy(0), (@) Ky (0)8,(@)=-mgina

-, Tm]i(w)} -0 L, T, () - ol,,e (@) 12
‘ +KVM(o))uo’(u)+Km(m)6x(w) —L,osma
~o™H), Tim]fa(0)}- 0L, & (@) -0, 8 (@)

Ky (@) (@) +K ()8, (@)=L, cosa
-0, "fm]i(0)} -, By (@) +K ()8 (@)=-1,5
Utilizing the mode superposition method with the
transformation:

W) =[$HZ(w)} (13)
Egs.11 and 12 are transformed into J+5 equations (J

is the number of mode shapes considered in the
analysis) as follows:

(~0?+2i{0,0 +0HZ(0)- 0L, T, (o) - szyﬁo(m)
—sz e (©)- w21: 0 (@)~ szr e ()= (14)
—L cosa—Lysma—L S i= 12 ..... J

and

,(m) » m;to (o)) ~%L, 6 (@)

_wZE
+K,,,;(w)uo (oo) +Km(w)6 (w) —-mgcose.
- (ozz L

+KW(«.>)uo (w)+Km(<o)0 (w)=-mgsina

Z,.(o))—mzmﬁo (0)-w’L, e (@)

-wZZLr Z(@)-o?L, 7, (w)-w21,,xe,(<.>) Cas)
| +;{-:,M(w)uo’(o))+KM”(a))9x(m)j=—L,osina

‘_ 5;,;?_21: Lr, Z{w)-™L, 7, (@) —Qzlb,5y(w )
5"'51:;4(m)i§x(m)_+xu,,(w)6y(w)='—L,ocosa |

J
“0?Y ] L Z ()-8, (0)+K 8, (0)=-1,.S
i=1 z 0z z z
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where
oLy =(6)TmID, L, =(6) [m]L},

L, =($)"fm}D
Lz, =()"[m](H}, ,Lr, =(¢)"[m]E,,

Z(w) is the ith modal displacement;w; ,(¢;) are the

lth natural frequency and normalized mode shape
(i.e (¢ )T[m](qs )=1) which are obtained by solving
the equation of undamped free vibration of the fixed
base building;and ¢; is the modal damping ratio of
ith mode.

For a particular excitation frequency w,Eqs 14,15
represent J+5_ complex linear equations in the
unknowns  Z(w),i=1,2........... J,uox(w),uoy(w),e (w),
& (w) GOZ(w),and can be expressed in a matrix form
as

[A()[{5(w))={P} (16)

where

(8 (@) =1Z,(0) |8, (), (©),8,(),8,().8, (@)}
PIT=|( -L, cosa-L, sina -L,s)|,-mcose,-msina,(17)
-L, sina, -L, cosa, I, S!

and [K(w)] is the matrix of frequency dependent
coefficients. The solution of Eq.16 for a particular
value of w gives the vector {§(w)},from which the
complex frequency response functions (transfer
functions) for any response quantity can be obtained
using Egs.13,6,and 3.

_Note that from Eq.14 each generalized coordinate
Z(w) can be expressed in terms of Uy (w), U, (w),
9 (w), [2) (w), and GOZ(w) Thus,substitution of these
exprcssxons into Egs. 15 leads to only 5 equations
in the unknowns uy(w) , T (w)G (w)e (w),and
8y,(w) which can be solved using any standard
subroutine.

RESPONSE TO EARTHQUAKE GROUND
ACCELERATION

The earthquake excitation is represented by the
horizontal component of ground acceleration that is
incident at an angle a w.r.t x axis. This component
is considered as stationary random process with zero

mean characterized by the PSDF Sﬂg((o)whlch can
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be obtained in two different ways:
() From the response spectrum using
relationship derived by Kaul [12] as

the

Sﬂ‘(m)=2CS‘2(w)/1|:(.)[—2ln{—(1t/w’I')ln(1 -0} (18)

{=damping ratio; r=exceedance probability which is

taken as 0.15; T=earthquake duration taken as 15
sec; and S (w)=ordinate of response spectrum at
frequency w. Figure (4) shows the derived
PSDF, Sy, (®)  corresponding to an
acceleration response spectrum for {=0.05

average

(1) Using the modified Tajimi-Kanai PSDF
suggested by Clough and Penzien [13]

Sy (@)=So[HyGw)* i) 19
So= spectrum of white noise bed-rock

acceleration,and H,(iw),H(iw)are transfer functions
of two filters above the bed-rock,where

|H (iw) |2 = 1 +(2C’8wlwa)2 ]
A [1-(0/0 P P+2{0/o )

4 (20)
I, Giw) 2= iy

[1-(0/w*P+Q{w/w)

»$y are the resonant frequency and damping ratio
of the first soil filter; wg{; are those of the second
soil filter. For one sided spectrum,Sis given as

So=0% JIf IH,(0) 2K (o) fdo (1)
4 .
where
ozu'=variance of ground acceleration= f §; (w)do (22)
’ s  §

Figure (5) shows two normalized spectra (w.r.t Og)
of ground acceleration corresponding to two different

-conditions of soil;for the first spectrum w,=,{, =0.3,

V=70 m/sec(representing soft soil medium),and for
thc second spectrum w g=57,§y= 0.6, V=600m/sec
(representing firm soil mcdmm% and. (d.)f=0 lwg,g‘f =§'g
for both spectra. Since the system considered is
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linear,the responses will be also stationary random
processes with zero means. The PSDF Sgp(w) of
response quantity R(t) may be given as [14]

D 2
Se(©)=[R(@)[’S, (@) (23)

<+ 4n

1 v

% Damping=5%

°

2
¥
N\

3

w2

[=]

w

-9

‘ e - 2 o
1 2 S 10 20 S0 100

Freguency w (rad/sec)

Figure 4. Ground acceleration spectrum denved by
Kaul’s method.
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Figure 5. Normalized spectra of ground acceleration.

where |R(w)| is the magnitude of the complex
frequency response function of response quantity
R(t) at frequency w . The root mean square
(r.m.s)value of response quantity R(t)(same as the
standard deviation gg) is obtained as the square root
of the area under the PSDF curve i.e
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rmsRB)=0y= | [Sy(w)dw (24)

0

The mean peak value of response quantity R(t),is
obtained as

pe=K “og (25)

K'is a peak factor given as [15,16]

K *=/2In(v,T)+0.5772/,/2In(v,T) (26)

vois the rate of zero crossing expressed as
Vo=—1/A) A 27
L @

where A\y,A, are the zeroth and second moments of
spectrum Sp(w) about the frequency origin,and are
given as

A= [@™Sg(w)dw (28)
0

NUMERICAL EXAMPLES AND DISCUSSION

The plans of symmetrical (A) and unsymmetrical
(B) buildings are shown in Figure(6). The buildings
have 16 storys of height 3m each. For each floor,the
lumped mass my=144 KN.sec?/m and rotational mass
(mass moment of inertia) 1,=7217,7831 KN sec®.m
for buildings A and B, respectively. For reinforced
concrete: the modulus of elasticity E=21000
MP,_,Poisson’s ratio »=0.15,modulus
G=E/2(1+v),and mass density p=2.4 KN sec’m* and
the modal damping ratio {=0.05 for all modes. For
soil:»=0.33,0=1.6 KN sec /m*. For footing:the mass
my=5m=720 KN sec?/m,radius 1p=8.5m which 1is
equivalent to the plan area of the building. Seismic
input:the earthquake ground motion is assumed to
act hornizontally in y direction (i.e the angle of
incidence =90 w.r.t x axis);the ground acceleration
is considered as stationary random process with zero
mean,characterized by PSDF which is given by Eq.
18 or Eq. 19-
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Figure 6. Plans of the buildings A,B.

Effect of Soil Structure Interaction

The effect of soil-structure interaction depends on
the relative stiffness of building and its foundation
soil (represented by the shear wave velocity of the
soil,Vy). The wave parameter 7y represents a measure
of this relative stiffness where y=T; VJH (Tis the
fundamental period of the building of height H). For
the example buildings of height 48% the
fundamental periods are 1.664,and 1.873 sec for
buildings A and B ,respectively. Consequently,
v=0.0347V and 0.0390 V/ for buildings A and B. V;
is taken as variable parameter ranges between 70 |
m/sec (representative to very soft soil) and 600 m/sec
(for very stff soil providing almost a fixed base
condition) i.e vy ranges between 2.43 and 20.82 for
building A and between 2.73 and 23.4 for building
B. The varation of mean peak values of responses
with V_ is shown in Figures (7) and (8) for buildings
A and B ,respectively. It can be seen that there is no
difference between the structural responses for
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V=600 m/sec and those of fixed base building. In
general,the interaction effects are pronounced for
low values of V. As V, increases the total
displacements decrease while the base
shearsmoments,and  torque increase,ultimately
reaching their fixed base values. For very flexible

- base (V=70 m/sec) the displacement in the direction

of earthquake (y-direction) is more than twice that of
the fixed base. However, the other two
displacements (x-direction and rotation) increase only
by 78 and 15% ,respectively. On the other hand, the
base shearsmoments and torque are 12-13%,23-
i28%,and 43% less than the fixed base values,
respectively.

* Effect of Torsional Coupling on Response

~ The symmetric and unsymmetric buildings A and
B shown in Figure (6) have nearly the same lateral
stiffenesses in x and y directions. Comparing their
responses (shown in Figures (7) and (8),
respectively),it can be seen that the response
quantities in the direction of earthquake wave
propagation (y-direction) of case (B) are less than
those of case (A). This may be due to the effect of

. torsional coupling. On the other hand, considerable

responses are induced in the other D.O.F’s. The
responses in the three directions of unsymmetric
building (B) may produce more critical stresses in
the individual members compared to those
developed in symmetric building (A)

Effect of the Nature of the PSDF of Ground
Acceleration

' The results shown in Figures (7) and (8) are
obtained using PSDF, Syg(@) given by Eq.18 . The
base torque is obtained again using the PSDF given

by Eq.19 for firm soil condition and compared with
that obtained using Eq.18 with V=600 m/sec. The
two values are nearly the same indicating that the
two spectra have the same energy and the spectrum
given by Eq.18 is valid for firm soil condition.

‘However,it is already known that different values of
V., represent. different

. soill  conditions,and
consequently different dynamic characteristics of

- filters (wg ,g‘g,wf ,and {) should be assigned for each
_soil type. Figure (5) shows these values for very soft

and firm soils and the corresponding normalized
spectra of ground acceleration derived from Eq.19.
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Figure (9) shows the PSDF St (w) of the base
torque for the very soft,and firm soil conditions. It is
clear that the soft soil condition (flexible base) may
yield higher peaks (compare figures 9,10) and
consequently greater torque than that for firm soil
(fixed base) which is contrary to the expected
results. This increase depends mainly on the
closeness of the resonant frequency of the soil layer
(wg=3.14) to the fundamental frequency of the
building (w;=3.355)
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Figure 9. PSDF of base torque for unsymmetric
building for different shear wave velocities using
corresponding spectra (Eq. (19) and Fig. 5).
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Figure 10. PSDF of base torque for unsymmetric
building for different shear wave velocities using
spectrum derived by Kaul’s method (Eq. (18) and
Fig. 4).

CONCLUSION

A method for analyzing the seismic response of 3-
D tall buildings including foundation interaction has
been presented. The system considered is a
multistory shear building on a rigid footing attached
to the surface of a linearly elastic half space.
Frequency dependent impedance functions
representing the foundation stiffness and damping
are considered in the analysis. The complex
frequency response functions due to unit harmonic
ground acceleration (expressed in complex form) are

Alexandria Engineering Journal, Vol. 35, No. 5, September 1996

‘obtained by only solving five complex equations

using the normal modes of vibration of the fixed

base building. The PSDF of response is obtained

from that of earthquake acceleration using the
spectral approach in the frequency domain.
The results of the present study show that:

1- With the increase of base flexibility (soft soil
condition) the displacement response increases
while the base forces are reduced. The increase
of displacements may be as high as 100% while
the decrease of base forces may be as much as
40%,for very soft soil condition. However,if the
input excitation spectrum is also modified for the
soil condition this trend does not appear to
remain valid.

2- The torsional coupling in general influences
considerably the response of tall buildings. The
response quantities in the direction of earthquake
are reduced due to this effect,while in other
D.O.F’s considerable responses are introduced.

3- The effect of soil-structure interaction on the
torsional response of unsymmetric building is
significant at lower frequencies. For flexible base
condition the peaks of the PSDF of base torque
occur at frequencies less than the fundamental
frequency of the fixed base building.
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