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RESPONSE OF BUILDING-FOUNDATION SYSTEM
TO AN EARTHQUAKE MOTION

*N., MUNIRUDRAPPA
INTRODUCTION

In all the cases of Earthquake excitation, it has been assumed that the
earthquake motions are introduced as spacified quantities at the structural
support points, In effect, these important dispiacements ‘are assumed to
depend only on the earthquake generation and wave! mechanism and are
not influenced by the response of the structure, In actual fact, the structure
and the soil on which it is founded form a combined dynamic response
mechanism, and there may be significant feaed back from the structure
into the soll layer, Hence, the extent to which the structural
response may alter the characteristics of earthquake motions observed at
the foundation level depends on the rslative mass and stiffnass properties
of soil as well as the structure. Thus the physical properties of the founda-
tion medium forms an important factor in the intensity of the earthquake
response of structures supported on it. Because of these reasons the
soil layer will have influence on the structural response to earthquakes.
The effects of soil condition in the response calculation are taken as
follows :

(i) The soil is considered without the structure and its effect on the
characterisitcs of the vibratory waves propojatad upwards from the base
ment rock to the surface is evaluated. The resulting soil surface accelerations-
without the structure are termed as the free field motions,

(ii) The structural response to the frea fisld motions is computed by
taking into account the interaction of the soi! and struature, if the interaction
is considered to be significant.

In the soil structure interaction analysis, the influence of the foundation
must be represented in the analysis by an appropriste mathematical model.
Various types of mathematical models are used for such analysis depending
on the geometry of the boundaries and interfaces between different material
properties as well as in the form of the foundation medium supporting
the structure.

Hence this phenomenon of soil structure interaction has been recogni-
sed by research workers and many dasigners all over tha world, to be an

*Assoclate Professor of Civll Engineering, Facully of Engineering, (U.V.C.E.) Jnanbharathi,
Bangalore University, Bangalore-560 0568, INDIA, '



2 Bulletin of the Indian Society of Esrthquake Technology, March 1987

important factor in the behaviour of structures during seismic excitation,
Several methods have been proposed for incorporating the effect of the
interaction into the analysis and design of structural systems. However, the
m-jority of these methods are based on highly emperical derivatives which
have severe short comings or inconsistancies that limit their ability to
properly model the phenomenon.

Many of the investigators dealing with the influence of flexibility of
foundatfon on the seismic rasponsa of a structure have assumed the
foundation to be represented by a homogeneous, isotropic elastic haif
8pace. The structure is assumed to be situated on the surface of the
foundation medium and the interaction forces at the soil structure interface
are produced by both the horizontal translation and rocking of the elastic
foundation medium, -

Parmelee, ot al. (1967) studied this interaction problem on a similar
structural system, however, the input motion was assumed to be harmonic;
thus yielding only steady state response.

The purpase of the investigation presented in this study deals with
the dynamic coupling or interaction between a single storey elastic structure
and the fiexible elastic foundation medium, when the system is subjected
to an earthquake motion, The foundation medium is represented by an
isotropic, homogeneous elastic half space. The earthquake effect resul-
ting in ground acceleration is simuiated by a transient time dependent
function which exhibits the characteristics of the system resembling those
of strong motion seismic disturbances.

2. REVIEW OF LITERATURE

Numerous analytical studies have bean conducted to investigate the
dynamic response of the building, however the majonty of these invag-
tigators have assumed the structure to be attached to a rigid foundation
med'um (Berg 1960, Clough 19"61, Lee 1966, Penzien 1960, Tung and
Newmark 1955),

In reality, most of the buiidings are situated on flexible foundations
and the results have shown that the response of the structure is influenced
by its supporting foundation medium [Kyoshi, et al. (1949), Suheyiro
(1932) and Tanabashi, et al. (1953)]1 Within the past few years several
investigators have directed their efforts towards the problem of determining
the manner and extent of this influence on the response of structures.
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Several methods have been proposed to represent the mass, damping
and stiffness characteristics of the foundation media by discrete parameter
models. The difficulty arisen with this approach is that there appears to
be no rational approach for evaluating the approximate parametric
constants,

Reissner (1936) studied the vertical translation of s rigld circular mass
by assuming a uniform pressure distribution between the mass and the
medium, Sung (1953) studied the problem but considered three different
pressure distributions. Toriumi (1955) in addition to vertical translation
included the horizontal translation and rotation of the plate about its
diameter Bycroft (1958) considered these three modes in addition to
torsional mode. He assumed stress distribution corresponding to statjc
loading conditions and obtained approximations to the displacements of
rigid plate by taking a weighted average of the resulting displacements
taken at the centre and periphery of the plate. Paramelee et al. (1968)
presented a method for the seismic response of a single storey elastic
strusture situated on elastic foundation medium which are represented by -
an elastic half space. The dynamtc properties of the haif space are defined
by steady state motion. The solution to the equation of the motion is
obtained by harmonic analysis, by subjecting the system to a psuedo
strong motion earthquake by a method slmilar to harmonic anzlysis, with
the foundation properties redefined for each harmonic component. By
inspecting the frequency dependent nature of these properties, it is found
that good approximations to the seismic response of the interaction system
may be obtained by taking the average values for the foundation proper-
ties in the range of the harmanic frequencies. of the earthquake excitation,
The results indicate that the response of the structure may be increased or
decraased, when compared to the response of the same structure on rigid
foundation. The review of the above research investigations reveals the
effect of response with respect to the treatment of the foundation being
- considered as rigid or flexible. This leads to no intermodel coupling or

coupling of the system.

Hence, from the practical point of view of an engineer, designing for
seismic soil-structural systems, the most important basic assumptions used
in the devalopmant of the elasticity solutions are (i} the structure is situated
on the surface rather than having a partial embedment into fhe found-
ation medium, and {ii) no ‘intermode coupling has been assumed in the
derivation of the solution for the various model responses (which are not so
npractice),
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A situation is encountered with increase in frequency in recent years,
about the seismic design of a massive structures embedded at a considerable
depth in a soil deposit; This is often the case for the design of nuclear
power piants and pumping plants. A typical example is shown in Fig.5
and 6 where a massive structure, with a base pressure of about 9000 psf,
a height of 120 fest; and a natural period ot vibration of about 0.25 sec. is
embedded at a depth of about 76 feet below the ground surface.

This example leads to an important aspect of the seismic design of a
structure wherein the evaluation and importance of the dynamic interaction
between the struc'ure and surrounding soil play an important rale. This has
been generally considered by representing the effects of the soil on the
structural response by a series of springs and dashpots (Fig.5) by modelling
the sail-structure interaction system by the discrete mass approach modal
(Fig. 3) or finite elemsnt model (Fig. 4). These are the usual methods
which are generally used to model the system and each method has its
advantages and limitations and sometimes leads to different evaluation of
the seismic regponse of the structure.

Parmelee and Kudder (1973) studied the dynamic response character-
istics of tall buildings having their bases embadeed on a flexible foundation
media using discrete parameter modsl for tha soil structure system. The
dynamic parameters of the foundation "svstem in the form of theijr dyna-
mic stiffness and associated radiation damping constants are determined
using the dynamically loaded half space developed by Karasuddhi, Lee and
Keer (1968). Thase interaction coefficients were developed from elasticity
solutions generated by Bycroft (1956) and Gladwell (1967), wherein no
intermodal coupling was assumed. These coefficients are used in the evalu-
ation of the seismic response of a building embedded into an elastic founda-
tion medium, '

Hence the object of the present study is to- consider the recently
developad salution for the dynamic response of embedded structures and
a solution which considers the intermodal coupling. The results are used in
a convenient form with respect to the evaluation of the response of building
foundation interaction systems. The response of the system is exprassed
in the form of displacements resulting due to stiffness coefficients and
associated radiation damping coefficients. These cosfficients characterise
the dynamical properties of the elastic, semi-infinite foundation medium.,

_The response of the building-foundation system is further studied by
introducing the embedment effect into the dyanamic interaction coefficients,
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3. FORMULATION OF THE EQUATIONS OF MOTION

The response of the structure is studied by an equivalent dynamic
model having fewer degrees of freedom. Full scale structures of actual
structures subjected to transient loading indicate that the general method
of replacing a complex structure by a suitable dynamic model yields satis-
factory results for engineering purposes. Thus this study wiil utilise a
mathematical model whose properties can be defined so that it will repre-
sent the dynamic response of any given buiiding in its generalised, or
normal co-ordinates. This simple mode! is shown in Figs. 1 and 2
with three degrees of freedom, (horizontal translation of the basemass m,,
horizontal translation of the topmass m, and rocking or rotation about an
axis which bisects the cross sectional area of the base and lies on the hori-

zontal boundary plans of the half space, i.e. an axis passing through point
'b7).

Top mass. m
/

}J I
C
k

r

SR TR A

K

Base mass mp \‘(j
b

——
21 —
Foundation medium

Fig. 1 Dynamic Mode!

To have the dynamic model compatible with the conditions of Bycroft
solutions, some assumptions are necessary with respect 1o the foundation
medium, the building model and the seismic waves,

4. ASSUMPTIONS

The basic assumptions on which this analysis is based is as follows ;
(i) The ground or foundation meditm, s a semi infinite, isotropic
linearly etastic body.
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(i) The soil properties do not change during the vibration.
(iily There is no slippage between the base and foundation,
(v} The base of the building model rests on the surface of the ground,
(v) The base of the building model is flexible/rigid and circulsr in plan,

(vu) The seismic motion is not violent enough to produce plastic

strains or separation between the base of the modal and the foundation
medium,

(vii) The seismic waves come vertically upward from minus Infinity



8 Bulletin of the Indien Sozisty of Earthquake Technology, March 1987

to the boundary plane of half space, and
(viif) The seismic waves induce a free-field motion of the foundation
medium which is purely horizontal.

5. EQUATIONS OF MOTION

The structure-foundation system as shown in Fig. 1. is an
idealised model representing a single storey structure, which is circular In
plan and has three degree of freedom i.e. horizontal translation of the top
mass, ‘m’, horizontal translation of the rigid base mass, my, and ratation of
the system about an axis on the horizontal boundary plane through the
pint ‘b’,

The deformed shape of the building is as shown in Fig. 1 where
Up and U ere respactively the absolute horizontal displacements of the
centre of the basemass and top mass with respect to a fixed refarence.
These quantities can be expressed in terms of the free fieid earthquake
displacement, u, and the relative displacement of the system as

Ug == ug 4 up Mm

U=ug+u+htd +u (2)
in which up=the interaction translation of the base mass, ¢, the interaction
rotation of the base mass, u the flexural displacement of the top mass
relative to the base mass and ‘h’, the storey height. Taking inte consideration
the effect of cross coupling, the equations of motion of the system as
shown in Fig. 1 (b} would be

My + Uy ) 4+ C U+ Ku = — m, @
m(l..l.+ati.;b +u) 4+ dr l.'.lh + duny lit# + Kr Uh+KHTu¢ =——mal.;; (4

mh? (u 4 uy + 94U ) + dar Up-+ds Ugs +Kar Ub+Ka Ug = —mhiug(5)
in which
_ (m 4+ my) .

fTTem : (8)
and _ o

2= [1 + a (b/2h)7] . N
and Ky and dy are the translational dynamic stiffness and the associated
translational radistion damping coefficients tepresenting the foundatjon
media, while Ky and dp are the coefficients of rotational mode, Ke; end
drt are the intermodal coupling coefficients. The other expression in Eqn.
(1—5) represents a single storey interaction system as shown in Fig. 1
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which has a base width of 2b and rests on a surface of a homogeneous
elastic half space.

Dividing the Egn. (3) Eqn (4) and Eqn. (5) by m, my, and mh? the
Eqn (3), (4) and (5) reduce to

u + u., + u¢ - 20?41:.1+m8.ru= - E'.g - (8)
" 51_1_'__ * drt - +K'r
u+aub+u¢+ U+ m u’s -n,TUb
+J‘“u ¢.—_"-_ K ()
. - e dRT -
Knt Kr X
e e e g (10)
The interaction coefficients parameters are given by
A; = dy /m : 11)
. Ay =dar/m : - (12)
A, = Krt/m : ' {14)
. Ag = dr/mhs ‘ o (1B
As=Kp /mhs - (16)
Ay=Ag/ht = dgr / mhs | 0
Ag=A,/h* = Ker / mh? (18)

Introducing these termimology and substituting in place of «,* and A being
equal to KIM and C/2 4 km, the Eqns. (8) (9), and (10) get simplified

to

' '-|.+l'l.b+;-;¢ +2“’rl.u+‘9r"= “.;-'c . {19}
;.;-l'a.l;b +U¢ +A, l.'b"l'Ai U¢ +A,; Ub"‘ﬂ'Adu,ﬁ ="‘°“:'l (20)
u+ub+nu¢ +Agup + Agup + Aan + A'uqs = —u, (21)

where _ ) : |
& = [{m+mg)/m] | . (22)
n = [1+(b/2h)] _ . : (23)

u, = the grcund acceleration
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It should be cobserved that A; obtained for steady state harmonic
motion, are frequency dependent. Consequently Eqns. (19) to (21) can
only deal with harmonic excitation: i.e. A; are functions of the frequency

of the input function G, which must be harmonic.
6.1 Earthquake Acceleration Function

To study the seismic response of the interaction system an approximate
acceleration function is simulated from the actual earthqueke acceleration
function. This function is represented by series of harmonic components
by Bogdanoff, Goldberg and Bernard (1960). Goldberg, Bogdanoff and
Shatpe (1964) suggested a random acceleration function of the form :

uglt) = 0 . <0 (24)
. ¢ it ‘
U.(t) -'TJ 21EJ coscht + ‘FJt) 120 (25)

in which £, T, are real positive numbers with u; <ws <w, and ¥y, Wy,......
¥, are J independent real random variables uniformly distributed over the

interval O to 2=, .
To reduce the amount of computational time Bogdanof! et al. (1960)

suggested ten terms which would be quite sufficient assuming E; and 3
are constants, .
Hence the acceleration funciton used in the present study is given by

Ug (1) = 0 <0 (26)
. 10
Ug(t) = 0.50 t, — 0.333t z 08 (o)t + 7)) 130 (27

Expanding each term in Eqn. (27) in to a Fourier series, the earthquake
acceleration function takes the form

. 10 N ,

u‘ (t) = JE 1 2 1 an sin ant EO . (28)
in which B B

S = nn/T

and by = the Fourier coetficient of nth term of the Fourier seriag corres-
ponding to the Jth term of the acceleration function,
T=time interval over which the function is to be represented
N=Number of terms required to represent the function

e
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- N
Ug (ty== Z Zuyg Cy sing, nt =0 (30)
n=1
in which
and . .
10
Cn = Z an . (32)
J=1 :

(l'l"-'—-‘1, 2, --'onN)
For the investigations, the time intervat ‘T* is selected to be 20 sec. and
200 terms to represent the function with sufficient accuracy.
62 Solutions to the Equations of Motion

The equations of motion (19--21) can be solved 'N’ times once for

each harmonic of Jgu (t) of the input function I'.I.. (t). Since the system is
linearly elastic the tota! response will be the superposition of ‘N’

components, :
N

ub (t) = = Upa (1) - (33)
n=1
N

Uy (=2 Uynq) (34)
N

u(t) == I uy (1) (36)
ne=1

For the ntt component, the Eqns. (19, 20, 21) get modified when
substituting Uga (t) inte the Eqn. (19), (20) and (21), and are given by

. L) .

tpn + U¢n+ Up + 2w A Uq + wi; Un=_’.':'¢ll (36)

i-;bn + ;¢n + .ll’n - A, .ubn + As.Ubn-I-Aa Ubn+A4udn= -:Ugn (37)

Ubn -+ 73;-;11 <4 l--l-n + A':;an + A; ;¢n+A.Ubn 4+ A¢U¢n=—;n {(38)
Introeducing the operator D = d/dt

D= D D=D, D=D ‘ . (39)
These form the operators of the equation,
The equations are further reduced to

XD 4 yD* 420" + 204Dz + whz = — (40)
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*XOR + YD +2D% + A1 Dx 443 Dy + Ayx + Ay — g (41)

XD¥ 4 nyD* 4 D32 4 A;Dx 4 ADy + A,x +AY=—y, (42)
Rearranging the terms, :

D' + D3 + (D + 20 D + wty) 2= -y, . (43
(@D + AD +A) x4+ (DP+AD+ ANy +Dry = ~auy  (44)

(D2 + AD + AdX + (103 4 AD + Agy 1 Diz = —ijt (48)
Let .

J = (D8 + 2 D t wi)

K = {2D? 4 AD + Ag)

L = (D + AsD + A)) '

M = (D' + A;D + Ay) (48)
N = (qD2 4 AD + A)) '

P =- ti;n.x%-lrbn-v=“¢ ' Z = Up

a
Then Eqns. (43) t2 (45) reduce to the form

Dix + Dty + Jz = — P s | (47)
Kx +Ly + D3z = — ,p (48)
Mx+Ny+Dtz = — P (49)

The Eqns (47) to (49) represent three simultanecus equations with x, v,
and z as unknowns representing the response Parameters up,, u oo’ and uj,.:
. . "

After solving these equations, we get

x = (B —ad) — (Ds—JL)y]P (60)
(D4—KJ)
y = [A/B] P
and _ ‘
' P I"(«B—LA) K[B{a—1) — A{L—N
Z=5 wNg— — B(K—-M)( )]] (&1)
where -
A = oaD4-—D4-{-KJ—KDs + MDs —MqJ (52)

- B = DYL—N) + K(NJ—D*) 4 M(D*4—JL)
Substituting the ccrresponding vatues of ABKL,M, and N, in the Eqns (60)
to (52), the equations get modified to

x(B) = [D*(1—a) + «NJ — JL + LD? — NDsjP '(53)
¥(B) = [GD‘—-D‘{-KJ-—KD'-{-MD!_MaJ]p (64)

and

2(B) =[(aB—LA)- K(D‘+aNJ—aD‘—JL+LD=—ND!)]E:-:- (86)
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By referring to Eqns, (53) to (55), it can be observed that X,y and z are
functions of ‘B'. To obtain the values of the rasponse parameters Upp, U én

‘and up, both the left hand side and right hand side of the Eqns, (53)— (65)
are to be expanded, Therefore by expanding the left hand side of the
expression of the eqn. (53) we get into the form :

X(B) = xD4(L—N)+K(NJ ~D%) +M(Di—JL) (66)
Substituting the values of JK/L,M.N it gets into the form

D% (—a 41—+ an) D5 (—A,~A;—alhgtrA,+ 2a% wrA—20;A)

+DYA, — Agtabg+A A+ -{}A,-{-Zac..\,?\ﬁls F2ehnPy+ 8o’y -~ 28504

—wt—Agl, Aj—2urAd A)4-D3(AA, +A3As+ 20 Aoy + 20,MA Ay

+ 20r\nAy F0dal gttt By — 28 gor— A oty— A gAg—2A,A gorh—ut,

~ Ag - AgA7—2A0A) 4 D2(ALA,+ 20,08 1Ag+ 20 AA A 0ty aBg i wt AL A,

T oolmAy - Ay wl — 244 0p\A; — A,A, wlp — AjAg — 2A,A; u A

—Agwd) + D (20h AgAy + w2 AJA, + ws, Aghs — AgA, wt,

—~2A A5 0k — AlAq wl) + (AgAg 0t — AA, w?)] {57)
This can be written in a simplified way as

[B1D® + BaD*® + 804 - p,D? 4 D2 4 3D & B7] Ubn == L{upn} (68)
This remains same even far uq&n and uy,

Similarly
and ¥(B) = L{y) = L{uy) (69)
z(B) = L(z) = L(up) (60)

L(Uyn). L(uén)and L(up) should be equated to the corresponding expanded

form of the R H S of the expressions associated with Xx(B) and z(8B).
Hence for the nth component uyy, U ¢n and uq, substimtin 'G,n {t) in Egns,

{53) — (55} leeds to
L (ubn) = [D4(1 — o 4 an — 1) + D (xA, + 2 an—20h--A)
+D.(GA3 + 2'91-7\0.A5 -} ﬂT]'”’r —_ Ngr _ 2”.& — Ao) o4 D(Zw,?\q,A,

+ aApwly — Aa'ﬂzr —— 2uA Ag) -+ (GAG ol — ‘“’l‘Ai)] lj;ﬂ (61)
L (U,,,n) = ‘[(Av (1 — a) D3) 4 D2 (2urhA; + Ay — 20AA; — aAg)

TD(20:AA; + wiA; — gAgul; — g A, 204)+ (0l A; — afy wty)] Uen

: (62)
L(up) = [DS(GAQ — Az — Ar -+ Apy) + D2{aAg = AsA, — Ay — A, .
- —f—A;m—i— AIAg) -+ D(-—- AA, — AgAg + A3A5 + A;Ag) + (—-Ad-\g

+ AgAq)lugn | (63)
in which the operator 2 D2
L= B,D% - 83D + 304 + 5, D 4 g0 + BsD + B, {64)



14 Bullstin of the Indian Society of Earthquake Technology, Mareh 1987

where
Br=[(1-a) + % («a—1)] . (68)
Ba = [(A1(n—1) = A; (1+a) + 2ane; — 2wrA)}] (66)

Ba = [(Ay — Ay + aAg + AJA; + 04+ 200 A,

+ 260/ 1Ay + apwty — 2 Ay aph — i,

— AtAy — Ay —2a A\ — A {67)
Be = [(ArAs + AjA; + 20haAy + 20AAA;

"l" 2&;1 'QA’ + “’r GAs ot 2Aaﬂrl +ﬂ’r'qu

_— A?"‘gr - AIAI - ZA'I'AI"'H'A — ol — Aa'—AgAv—ZAvﬂr?\)] (68)

fs == [(AsAs + 2eA A8y +20A A,A; + ot x84 - Wl LY

ool ly — Ay aty — 2A30,AA; — AjAg0l — A,Ag

— 2AA7 ok — Ay wly)] (69)
Ps == [(20rA AgAy -+ iy AjAq -+ w3 AjA, — Aghgesty
. —2AA A — AgAr0t )] (70)
Br = [(AgAguty — AA, oty)] : (71D
The particular integral of the nth component may be obtained in the form
UPphp (t) = Epg cOsL2 nt 4~ Fyy sin Q,t (72)
UPn (t) = Edy cos Qnt + Fo, sin Qpt _ (73)
upn (t) - En cos Qnt + Fn sin ‘)nt . (74)

where
_ BaXs — 8,X;
bn 88y — 8,8,
=8 =
bn 8y8s — 8,8,
8gY3 —va
Fon ™ a0s — oo, (76)
= 03Y1 — 8,V
P 8383 — 8,8,
E — 8323 — 842,
n 8383 — 818,
F = 821 —8:12
n 838y — &, a,
and
8, = — (8, (XL6) + Q4 (XL4) — Q2, (XL2) - XL -
8y = (%, (XL6) — Q3 (XL3) + Oy (XL1)
8 = — [Q% (XLB) + Q% (XL3) — Qu (XL1)]
8 = — [Q% (XL6) + Q40 (XL4) — Q1 (XL2)
%y = Col— % (XA3) + (XR1) n)
Xs = Cp[R% (XR4) — f2, (XR2) 4 XR]
Y1 = Ca[3% (YR3) + (YR1) Qn]
Ya = Ca[—Q2 (YR2) + (YR) Qu]

&®
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Fig. 7 Earthquake Acceleration Function as Defined by Eq (6-49)
.. and (6-52)
’ ® 2y = Ca[— Q3% (ZR3) -+ N (ZR1)] (76),
2y = Cy[—Q* (ZR2) - (ZR) Ru]
a Substituting the values of Eypn, Fun, Edy, Fén, En and F, in Eqns, {72), (73)

and (74), the values of the response parameters uPy,, uPé, and ur, are
evaluated. To have the complete solution with respect to the total response
of the system, complimentary solutions, has to be evaluated,

Hence the total solution for the nth component is then given by

Upn (t) = w 1) + us (t) (77)

un (t) = wry O+ s, (t) (78)
Un (t) =Py (1) - ucy (1) (79)
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6. RESULTS AND DISCUSSION

The numerical ¢omputation for the solution of the problem has been
carried out in IBM-360 and DEC-1090 Computer of Indian Institute of
. Science, Bangalore. iIn obtaining the complimentary sofution for each
harmonic, the value of A, By in the operator are those assaciated with
the frequency Q,, and ug. The validity of the complimentary solution 8o
obtaned is veritied for a representative test problem. From the ressults
it was found that although each of the seven complimentary solution are
of the same order of magnitude as their particular solutions, the sum of
the ssven complimentary solutions are approximately eight of magnitude
smatter than the total particular solution i.e. the complimentary solution
vanish for practical purposes. Hence to evaluate the response of the
system the particular solution is used. The interaction system is subjected
to ‘an acceleration function defined by equation 6.50 with N=200. The
exact solution is obtsined by superimposing two hundred particular
integrants and their associated complimentary solutions.

To compare the results the example problem studied by Parmelee,
et al, (1967) is taken into the analysis, wherein the dynamic interaction
coefficients ere introduced resulting due to ‘intermodal coupling. Further
the response study has been made for different values of Poisson's ratio
(v) equal to 00, 0,10, 0.26, 0.35, 0 60 and shear wave velocity (V;)
equal to 300 fps, 400 fps, 600 fps, 800 fps, 900 fps, 1000 fps, 1200fps
and 2000 fps. The response parameters uy, ug and u are obtained with-
out embedment of and with embedment of building { foundation
respectively. The study has been made fora single storey building as
assumed by Parmelee, et. al. {1967).

The results obtained are discussed in the following sections.

61 Comparison of the restlts with the example pfbt_ﬂiem of
Parmelee, et. al (1967).

Parmelee, et al (1987) studied the interaction problem of single-
storey structure - foundation system subjected to seismic excitation. In
‘the analysis the interaction dynamic coefficients resulting due to foundation
media has not been taken into account. The corresponding response
curves under the above data has been represented in Fig. 8. The results
are independent of dynamic, coupling between the structure and its flexible
foundation medium. To show the importance of the intarmodai coupling,
the dynamic interaction coefficients, are introduced in the problem studied
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Fig. 8 Response Curves for Example Problem (After Parmele Iet. 8l)

by Parmelee ot al (1967) and the results are presented in Fig. 8. By
comparing the results it can be seen that the reponse parameters uy, ug and
u representing the horizontal displacement of the base mass, interaction
rotation of the base mass and flexural displacement of the top mass vary
appreciably with respect to the response curves of response problem, studi-
ed by Parmelee, et. al (1967) respectively, (Fig. 8). From the results it
can be seen that the intermodal coupling due to foundation media will give
rise to an important aspect of the economy in the design of structures,

The parametric study has been made with reference to single-storey
structures for using about the importance of dynamic interaction coefficient
resulting due to soil structure interaction, The parameters considered, and
their values are discussed in gection 6. Their importance on the response

of the system (up, ugé, u) are briefly discussed and concluded in section
71,72, 7.3,

7. DISCUSSIONS AND CONCLUSIONS

A method is presented for investigating the seismic response of soil-
structure system in which the building is embedded into the elastic
foundation medium. The imporatance of the foundation media as the
integral part of the stuctural system has been considered, since the flexible
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Fig. 9 Response Curves

foundation  can attenuate or amplify the flexural response
of a structure depending upon the characteristics of  the
building and the foundation media as well as the embedment of the
building. The procedure proposed in the proceding sections incorporeting
the effect of soil-structure interaction provides sufficient flexibility and
accuracy in evaluating the structural - response parameters for practical
applications. Hence depending on the characteristics of the structure and
he ground motion under considaration the effect of soil structure interaction
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may increase or decrease or have no effect on the magnitudes of the
maximum forces induced in the structure itself. From the results discussed
in the preceding sections, it can he seen that the soil-structure interaction
will reduce the design values of the base shear and moment froin the levels
applicable to a rigid base condition, Becuase of the influence of the
foundation Rocking, however the horizontal displacement relative to the
base of elastically supported structure may be larger than those of the fixed

base structure,

For the problem studied on the dynamics of soil structure interaction,
the importance of dynamic coupling due to dynamic interaction coefficients
are considered and its imporatance can be seen from the analysia of ths
results. The response parameters up, ug and u are studied under the

effect of Poission’s ratio (u) shear wave velacity (V;) and embedment
ratio (3). The results are discussed in detall in sections 6 1. The mejor
discussion and conclusions inferred from the results are as follows.

7.1 Response parameter up (horizontal Interaction displacement of
the base mass)

From the results it can be seen that the response parameters Up, U ¢and

u decrease with the increasing shear wave velocities. Decrease in value
of the response parameter uy, reveals that the hotizontal interaction
displacement of the base mass decreases as the shear wave velocity
increases and its effect is not much predominant. The maximum responsge
value can be seen for a shear wave. velocity of 300 ft/sec., u=0.00 and
3=0.00. The response parameter u, further decreases with increase
in embedment ratio, The influence of the shear wave velocity and Poisson‘s
ratio with increase in embedment ratio will not have ahy influence on the
values of the response parameter (Figs. 10-29).

7.2 Response parameter u " (interaction rotation of the base mass./

Hersin also, the response paramster uy, represents a similar behavjour as
being observed in the case of response parameter u,. The maximum value
of the rotational dispiacement is observed for shear wave velocity of 300
fps, u = 00 and 8 = D.00. The value is much lower than that of the
hor zontal displacement of the. basemass uy. At higher velocities the value
reduces to & very low value of the order of 104 to 105 feet. Even with
increasing, Poisson’s ratio the value of the response parameter u é decreases,
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From the magnitude of the values it can be seen that the effect of the
inter modal coupling will not have any influence on the response of the
system due to interaction rotation of the base mass. Comparing the values
with that of the structure-foundation system resting on a rigid base, it can
be seen that the base moments and shears are reduced considerably, hence

the advantage of flexible structure-foundation system. (Ref. Figs. 10-29).
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7.3 Response parameter u (flexural displacement of the top mass).

From the results it is seen that the value of the response parameter u

L J
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increases for shear vrave velocity of 300 fps, and 600 fps. For velocities
higher than these velocities, the response behaviour almost remains cons-
tant. Hence from the results it can be concluded that the effect of shear
wave velocity will not have any appreciable effect on the flexural displace-
ment of the structure, The same conclusion is valid even in case of
increasing Poisson’s ratio and embedment ratio. (Ref. Figs. 10-29)
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Hence by comparing the response of the structural systems under a
steady state excitation, with dynemic coupling due to dynamic - interaction
.coefficients and in comparison with no intermodal coupling, it was found
that the inclusion of the intermodal ccupling terms resuits in  varistion of
the response by considerable percentage reduction in the wvalues of the
response parameters. Therefore it can be concluded that the intermodal
coupling terms KT and drrt significantly alter the response of the interaction
system of a building type structure resting on an elastic foundation medium,
It can bs concluded further, that for practica! purposes the dynamic stitfness
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and radiation damping characteristics of an elastic foundation media can be
assumed to be constant and are determined by the physical properties of
the system. b, 8, vsand . In the discussion of the various curves shown
in Fig. 9 to 29, the comparison of the flexural response between flexible
and rigid foundation media is done point by point along the response
curves, it was noted that the foundation media with a higher shear wave
velocity, say, 6000 fps closely approximate a'rigid foundation, The maxi-
mum tlexural response with reference to Fig. 30. indicates that founca.ion
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media with a shear wave velocity of 1000 fps may be approximated by a
rigid foundation for practical purposes.

From the detailed analysis of the single storey buildings, considering
the intermodal coupling, it appears that the interaction of the structure-

foundation system is significant only for shear wave velocities lowef than
1000 fps. Thisis found to be true even in case of single-storey buildings

where in the intermodal coupling was not taken into the analysis of the
prablem. (Fig. 30).
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The method of analysis proposed herein provides an approach for
investigating the transient response of an elastic structure-foundation
interaction system to seismic disturbances, Coasidering the dynamic
interaction coefficients k;, dy, dg kg, key, and dpr being the trange
lational dynamic stiffness associated translational radiation damping
coefficients of the foundation medium, cosfficients of the rotational
mode and the intermodal interaction coefficients respectively.

Further the effect of the embedment ratio {3 = H/b) of the structure-
foundation system has also been considered in the evaluation of the
structural response parameters uy, u é and u,
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