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Abstract Soil-structure interaction (SSI) of a building
and shear wall above a foundation in an elastic half-space
has long been an important research subject for earthquake
engineers and strong-motion seismologists. Numerous
papers have been published since the early 1970s; however,
very few of these papers have analytic closed-form solu-
tions available. The soil-structure interaction problem is
one of the most classic problems connecting the two dis-
ciplines of earthquake engineering and civil engineering.
The interaction effect represents the mechanism of energy
transfer and dissipation among the elements of the dynamic
system, namely the soil subgrade, foundation, and super-
structure. This interaction effect is important across many
structure, foundation, and subgrade types but is most pro-
nounced when a rigid superstructure is founded on a rela-
tively soft lower foundation and subgrade. This effect may
only be ignored when the subgrade is much harder than a
flexible superstructure: for instance a flexible moment
frame superstructure founded on a thin compacted soil
layer on top of very stiff bedrock below. This paper will
study the interaction effect of the subgrade and the super-
structure. The analytical solution of the interaction of a
shear wall, flexible-rigid foundation, and an elastic half-
space is derived for incident SH waves with various angles
of incidence. It found that the flexible ring (soft layer)
cannot be used as an isolation mechanism to decouple a
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superstructure from its substructure resting on a shaking
half-space.
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List of symbols

a Radius of the semi-circular rigid foundation

a Radius of the semi-circular flexible foundation

a, Coefficients of the free-field waves

B Width of building

A, Complex constants

B’(ll)7 B’(lz) Complex constants

Cp Shear wave velocity in the soil

Cg, Shear wave velocity in the building

Cp, Shear wave velocity in the flexible foundation

fi Force per unit length acting on the rigid
foundation from the flexible foundation

o Height of the building

H'(x)  Hankel function of the first kind with argument

x and order n
H<2)(x) Hankel function of the second kind with
argument x and order n

i Imaginary unit

n Subscripts used for sequence number

Ju(x) Bessel function of the first kind with argument
x and order n

k Wave number in the soil k = »?/ Cp

ky Wave number in the building &, = w? /C By

Mg Mass of shear wall per unit length

My Mass of rigid foundation per unit length

Mr Mass of flexible ring per unit length

y Angle of incidence for SH waves
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A Amplitude of the displacement of the
foundation

w Amplitude of the displacement of the total
wave field in the soil

with) Amplitude of the displacement of the free-field
wave in the half-space soil

w(B) Amplitude of the displacement of the wave
field in the building

w®) Amplitude of the displacement of the wave
field in the rigid foundation

w®S) Amplitude of the displacement of the scattered
wave field in the soil

w® Amplitude of the displacement of the incident
plane wave in the soil

w® Amplitude of the displacement of the reflected
plane wave in the soil

U Shear modulus of the soil

Ly Shear modulus of the shear wall

o Density of the soil

Op Density of the shear wall

Pr Density of the rigid foundation

Ps Density of the flexible ring

w Circular frequency of the incident SH waves

on Unit impulse function

€ Dimensionless parameters

1 Introduction

The study of soil-structure interaction (SSI) began during
the late 19th century. In the early part of the 20th century, it
slowly evolved and developed due to research on the
design of nuclear power plants and on improvements in the
safety of building structures due to significant earthquake
events around the world. More recently, the sophistication
of SSI modeling has grown at a fast pace due to the
increasing computational ability of computer technology
and in response to the demands of research in the field of
non-linearity of building materials and soil media.
Reissner (1936) observed the natural effect of soil
inertia and established that it lay in the inertial properties of
the soil media. He also discovered that the radiation
damping into the soil contributed a great deal to the
response of a structure, thus marking the beginning of SSI
study using the analytical method. A number of years later,
Housner (1957) demonstrated that the variation of density
and elasticity in the soil media caused a change in seismic
wave propagation velocity that led to the reflection and
refraction of incoming seismic energy. This phenomenon is
understood as wave passage or Kkinematic interaction.
Additionally, the weight of a structure generates inertial
forces that impinge on the soil media when responding to
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seismic waves, causing additional deformation in the soil
known as inertial interaction. The integration of the
dynamic response of a structure and the supporting soil
media causes the inertia effects. The structure deforms to
dissipate the energy caused by incoming seismic waves
and, in turn, the waves scatter away from the structure,
increasing the soil deformation.

The topic was taken up again in 1969 by Luco (1969),
who focused on the diffraction of normal incidence plane
SH waves by an elastic shear wall resting on a rigid semi-
circular foundation embedded in soil media. Trifunac
(1972) generalized Luco’s analytical solution into cases for
arbitrary oblique incidence angles of SH waves. Analytical
solutions of the dynamic interaction of shear walls with
circular rigid foundations embedded in the half-space were
derived and evaluated. This analysis demonstrated that
waves scattered from a rigid foundation contribute signif-
icantly to the surface ground motion near the shear wall
and at distances at least one order of magnitude greater
than the characteristic length of the foundation. Therefore,
waves reflected and diffracted by the foundation must not
be neglected when the Fourier amplitude ratios of
accelerograms recorded in and around the building are used
to study SSI. For this reason, when considering rigid shear
walls founded on hard soil excited by low frequency waves
(long period waves), it is possible to obtain base dis-
placements and base shear forces which are higher when
the values are computed neglecting SSI. However, when
considering rigid shear walls founded on soft soil excited
by higher frequency waves, the SSI has a significant effect
on displacement and base shear force and should be care-
fully considered. In more flexible structures, the effect of
interaction can vary widely for a single structure-soil
couplet and must be considered as depending on the har-
monic interaction of the native vibrational frequency of the
superstructure with the transmitted frequency of specific
seismic waves in the soil as affected by the soil’s stiffness.

In the early 1970s, Lee and Westley (1973) investigated
the influence of SSI effects on the seismic response of
nuclear reactors using a three-dimensional model subjected
to vertical propagation of SH waves. The normal incidence
SH waves used the analytical method along the two
orthogonal directions and a spring-mass model for struc-
tures attached to the foundations. Luco and Contesse
(1973) presented closed-form analytic solutions for the
two-dimensional out-of-plane problems related to the
interaction between elastic shear walls fixed on rigid cir-
cular foundations that are subjected to vertical and oblique
angles of incident harmonic SH waves. Wong and Trifunac
(1975) extended the analytical solutions for the incident
plane SH waves to shallow or deep elliptical rigid foun-
dations, as well as to multiple buildings and foundations.
The solutions to these problems showed that buildings that
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are closely spaced could affect the fundamental frequencies
(or period) of the neighboring buildings due to SSI.

Lee (1979) studied three-dimensional analytical solu-
tions for the interaction of a single degree-of-freedom
oscillator supported by a semi-spherical foundation for the
harmonic P-, SV-, and SH waves. Kobori and Kusakabe
(1980) investigated rigid rectangular and circular founda-
tions welded to the surface of elastic half-spaces, and
subjected to harmonic seismic waves. Triantafyllidis and
Prange (1988) studied the dynamic interaction of two rigid
circular foundations embedded in elastic half-space, and
subjected to Rayleigh waves impinging at an arbitrary
angle. These studies demonstrated that forces react on the
foundations perpendicular to the incidence of propagation,
in addition to forces in the direction of the motion.
Todorovska (1993) studied the in-plane foundation-soil
interaction of circular foundations embedded in elastic soil
media. The research mainly focused on the influences of
wave passage and the depth of the foundation below the
half-space for in-plane SSI. In the same year, Hryniewicz
(1993) investigated two two-dimensional trip foundations
based on a semi-infinite medium embedded in a homoge-
neous half-space excited by anti-plane SH waves.

Figure 1 is the realization of the two-dimensional
mathematical model in this paper presenting the interaction

B=2a

“b,CBb

H,Cp

RIGID FOUNDATION

FLEXIBLE\\

]
FOUNDATION W

Fig. 1 The mathematical model SSI with semi-circular flexible and
rigid foundation

of an elastic shear wall (structure), flexible-rigid founda-
tion, and the elastic half-space for incident plane SH
waves. The foundation consists of a semi-circular rigid
foundation which is wrapped with an elastic semi-circular
flexible foundation. The lower semi-circular section can be
modeled as flexible for soft soil or as rigid for hard soil—
such as bedrock—which provides a more accurate mathe-
matical model for the shear wall or structure interacting
with the soil media. This accuracy is important in modeling
an SSI with a stiffer layer of soil overlaying a more flexible
layer. An engineer goes through a decision making process
when selecting the optimum type of foundation system for
soil deposits that are soft and not suitable to support the
superstructure. Selecting an optimum system is based on
the principle that cost-effective alternatives such as soft
ground improvements must be sought first before consid-
ering relatively costly foundation alternatives (mat or pile
deep foundation). Soil treatment and stabilization are
techniques to enhance some aspects of soil behavior and
improve the strength and bearing capacity of soft ground
conditions. Through the process of soil treatment, the
property of soil supporting the superstructure foundation is
modified and improved in comparison to the surrounding
strata. This layer of modified soil will alter the seismic
wave propagating from the half-space to the superstructure
foundation. The model in this paper will accurately analyze
this interaction and assist in selection of optimum foun-
dation systems.

In this paper, the displacement of the shear wall struc-
ture and flexible/rigid foundation and the ground motion
close to the subjected structure are investigated and com-
pared the results with Luco (1969) and Trifunac (1972)
which studied the interaction of a shear wall, rigid foun-
dation, and the half-space for incident SH waves. Luo
(2008) also studied this problem but the derivation and
final equations here are much simplified with improved
convergency and accuracy of numerical results. Moreover,
the emphasis here is different, where the graphs computed
here are confirmed with the results of Trifunac (1972) for
only rigid foundation case, and the effect of shear wall
structure response due to the flexible ring is studied. The
base shear force of the wall structure is also studied with
various thicknesses and stiffnesses of the flexible ring.

2 The mathematical model

2.1 The model

The model studied in this paper is a two-dimensional
rectangular building resting on a semi-circular rigid foun-

dation of radius a which is wrapped with an elastic semi-
circular flexible foundation of radius @ embedded in a half-
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space, as illustrated in Fig. 1. All materials here are
assumed to be homogeneous, elastic, and isotropic. The
material constants, namely shear modulus and wave speed
of the half-space soil, building, and flexible foundation are
denoted by u,Cy and py,,Cp,, and ug, Cg,. The contacts
between the soil, foundation, and building are assumed to
be fixed with no slippage between them and with the
assumption that the foundation is removable.

A train of parallel harmonic incident SH waves impinge
on the foundation from half-space at an incidence angle y
with respect to the horizontal axis. The width and height of
the structure are 2a and H, respectively. A Cartesian
coordinate system (x,y) and a corresponding polar coor-
dinate system (r, 0) have been defined with the origin at the
center of the semi-circular foundation.

2.2 The free-field waves in the half-space

The incident wave field consists of a train of plane waves
of unit amplitude with harmonic frequency , wave speed
Cp, and wave number k = kg = w/Cg. The incident waves
can be expressed in both the rectangular and polar coor-
dinates as follows:

_ ei(klekyy) — ei(xcosyivsiny)7

1
ikr(cosy cos 0—sin y sin 0) ikr cos(y-+0) ( )
=e =e ,

and the reflected plane waves can be written as

w (x,y) =
w(r,0) =

i(kXerk‘.y)

_ ei()c cos y+ysiny) ,

(2)
1kr (cosycos O+sinysin0) _ 1krcos(y70).

The e~" harmonic time factor is present in all wave
equations, and will be understood to be omitted from all
equations. Here y is the angle of incidence or reflection
with respect to the horizontal axis; k, = kcosy and k, =
ksiny represent the components of the SH wave number &
along the x- and y-axes, respectively. Applying the Jacobi—
Anger Expansion (Pao and Mow 1973),

Z &n( :l:1

where i = v/—1 is the imaginary complex unit, and J,,(.) is
the Bessel function of the first kind with order n.

=S,
=S,

g ikrcos0 w(kr) cos n, (3)

eikr cos()

(kr) cos[n(y £ 0)],

eikrcos(y+0) (kr)[cos ny cos n@ =+ sin ny sin ny).

(4)

The two formulas in Egs. (1) and (2) can be expanded
into infinite series by using polar coordinates (r, ). The
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free-field wave field is then given by the sum of the rep-
resented waves that are finite everywhere in the half-space
forn=0,1,2,3....

(ff)(r 9) — W(l) + W(r) — eikrcos(",'+9) + eikrcos(",f—@)7

Z 2¢,i"J, 5)

(kr) cos ny cos nf

o0

Z w(kr) cos n0,

n=0

where a, = 2¢,i" cos ny are the coefficients of the free-field
waves, and ¢y = 1, ¢, = 2 for n > 0. The wave field in the
half-space scattered from the flexible foundation is written as

wS (r,0) = ZAnHi(ln(kr) cos(nf) for n>a, (6)
n=0
where A, are the unknown complex numbers to be
determined by boundary conditions and the wave
function, and Hfll)e*i"” represents outgoing waves toward
infinity satisfying Sommerfeld’s radiation condition. The
expression of the wave inside the flexible foundation is
)(r,0) Z[ DHY (ker) 4 B )Hz(kfr)} cosnl

(7)
for a<r<aand 0<0<n where HY (k) and H (kr)
are the Hankel functions of the first or second kind with
argument k¢r and order n; Bgl) and B,(11> are the unknown
complex numbers to be determined by boundary conditions
and the wave functions.

2.3 The wave field within the structure

As pointed out by Trifunac (1972), the displacement of the
shear wall, in the z-direction (out-of-plane), has the same
harmonic frequency  as the rigid foundation, and w(®)
must satisfy the Helmholtz wave equation with y, the axis
pointing vertically down (Fig. 1):

ow®)

e +Iw® =0for —H<y<0 (8)

with ky = @ / Cp, being the building shear wave number,
and Cp, the wave speed in the shear wall. The shear wall
must satisfy the boundary conditions of
oy H f shear wall
U,—— =0aty = —H, at top of shear wall;
b3y (9)

wB) = Ae™" at y = 0, at bottom of shear wall.

Oy, =

Dependence on x in the shear wall is eliminated in
Eq. (8) by the assumption that the foundation is rigid. The
solution of Egs. (8) and (9) is then given by



Earthq Sci (2016) 29(1):45-55

49

w® (y) = Ae 7 (cos kyy —

The shear stress along the interface of building and
foundation could be derived as

ow®)
Tyz | y=0" Mo 6—y

tan kpH sin kpy). (10)

= —(upky tank,H) A. (11)
y=0

The base shear force per unit length of the shear wall fzb can

be expressed as

tan kyH
f2 = —Apky(2a) tankyH = —* Mg ( aZ:] >A~ (12a)
b

From Eq. (12a), a dimensionless function proportional to
the base shear force acting on the shear wall can be
expressed as

ff (tank,H y
(,UzMB - ka

2.4 The action of flexible foundation on the rigid
foundation

(12b)

The action of flexible foundation on the rigid foundation,
f , can be expressed in term of stress as follows:

T
fi= —/ Trz|,—,ad0
0

= —ufkfaz [ kra —|—B (kfa)}
T
X / cos nfdo, (13)
0
where fn cosnfdd =4 ™"~ 0 So fI can be rewritten as
0 0, n£0" """z

£ = mukia | BB (kia) + BEHE (kia) . (14)

3 The boundary conditions
3.1 Displacement and stress continuity

The free-stress boundary conditions of the ground surface
and the
scattered waves wS). The displacement and stress conti-
nuity equations along the semi-circular interface at
0<60<mand r = a, respectively are

should be satisfied by the free-field waves w(')

w4 () |r:a: wE) |r:d for0<0<m, (15)
ui (w(ff) + W<S>) = ,ufg (W(F)) for0<0<m.
a}” r=a ar r=a o
(16)

Substitution of Egs. (5), (6), and (7) into Egs. (15) and (16)
leads to the following two boundary condition equations,
forn=20,1,2,3, ...,

andy (k@) + A,HV (ka) = BVHY (kra) + BPHP) (kea),

(17)
anJ, (k@) + A,H\ (ka)

D' (kea) 1 BOHE (18)

= «|B( >’(kfa)},
where k = ucks/pk is the material property ratio in the
equation for the stress continuity boundary condition.The
boundary condition at the interface of rigid and flexible

foundations can be expressed as given below:

W(F) ’r:a: W(R) ’r:a: Aeii(or (19)

Substitute Eq. (7) into Eq. (19) to solve for B,

B(()1>H(()1>(kfa) + B(()Z)Hé2> (kta) =A forn=0
(

BWH'Y (ka) + BPHP (kta) = 0

n n

(20)
forn >0

B( ) can be written in terms of B ) and A as follows:

—(02) o_(kia) for n =0
B — Hg" (kta) (21)
. B(l) D (ksa)
— L for n > 0.
H (kra)
3.2 The dynamic equation for the rigid foundation,
Wf — Aefiwt

As pointed out by Luco (1969) and Trifunac (1972), dis-
placement of the foundation A can be determined by the
kinetic equation for the rigid foundation,

MRW _ _(ff +fb) ﬂwt (22)

where w®

= —Aw’e ', My is the mass of the rigid
foundation per unit depth in the z-axis and w® represents
the displacement function of the rigid foundation in terms
of time factor ¢ as described in Eq. (19).The foundation
displacement A can be solved from Egs. (12a), (14), and

(22),

HWY (kea
uskema <H<11>(kfa) — HE”Ek:ai H?) (kfa)>

BV,

) H(z)(kra) ¢
@*MR + ok (2a) tan kyH — pekema | =
HO <kra)

A=

(23)

Equation (23) can be further simplified as
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kl—fii(k) where GV = H( )(kfa) ) (kea) — gl)(kfa)Hff)(kfd)—l—

4= T V= aoBl). (24) 5,A0HD (a).

kea® (m+mta“kb ) _ Hy (ka) " " 1

2a \My © Mg keH HY (kra) Substitute Eq. (29) into Eq. (28), B,(1) can be solved
where explicitly.

- H‘3>k B0 _ [ (ka)H'" (ka) — J,(ka)H\" (ka)|H? (kta)a,

Ay = ko T) 25y " kGPHD (ka) — GVHY (ka)

de2 <MR +MB tanka) _ Hl (kr(l)

2a My kyH H((]Z)(kra) (30)
Mg, Mg, and Mg are the masses of the building, rigid  where G,(f) = (kfa) (kfa) l (kfa) (kfa)
foundation, and flexible ring, respectively; py,, p,, pp stand  §, A0H£12>/(kta) _41 /mkea + 9, AoHn (kfa). Solve for
for the density of those three media, sequentially; and  p(1) from Eq. (30)
the Wronskian W [H("(kra), HP (kra)] = [H"' (kra)HP ! '
(kra) — H'") (kya)H?) (k;a)] = —4i/mkra. Other terms can (— A) H? (k¢a)
be found in the “Appendlx > section. fll) = nka ay, (31)

As pointed out by Luco (1969), the natural frequencies
of a shear wall on a fixed foundation correspond to
koH = (2n+ 1)/2. And 4 becomes zero at the values of
knH mentioned in the equation above.

Substitute Eq. (24) into Eq. (21), Bﬁll) can be derived
explicitly in terms of B?),
208" ~BY'H (kra)

H o) forn =20

forn >0

forn=0, 1, 2, 3, 4...

(26)
1 forn=0

where 9, = {0 forn>0"

By substituting Eq. (26) into Egs. (17) and (18), we can
solve for wave function coefficients A, and Bgl) explicitly.

Jo(ka) + AHWY (ka)

0,y — H(l)(kfa)
HY (kea) + In0 = P MY O (ke B(l)7
n ( f ) Hf,z)(kfa) n ( f ) n

(27)
anJ, (k@) + A,H (ka)
SnAo — HD (kea)
= 1 [HY (k@) + | 2220 0 B HOY (k@) | | BD.
n (f) H&z)(kfa) n (f) n
(28)

From Eq. (27), A, can be derived and expressed in terms of
a, and Bﬁll).

A, =

G (1)
HD (ka)HD (kea) | "

J,(ka)
w—m} w9
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~GVHY (ka) + kGPHD (ka)

where ~ Wronskian W (J,(ka),
H\"Y (ka) — J' (ka)H\V (ka)) =
for B\ (n = 0) from Eq. (31),

H (ka)) = —(J,(ka)

—2i/mka. Derive equation

(f %ﬁ) H(()z) (kea)ag
~Gy'HY (ka) + kG HYY (ka)
i 2
(_ %) H(() )(kfa)ao

-~ GVHY (ka) + xGPHY (ka)

B\ =

(32)

By combining Egs. (28), (29), and (31), we can derive the

. . . 2
expressions for wave function coefficients A, and B£l> as

the following:
2i GE,])
( nku) Hﬁl)(kfi)

An == - Qp,

“GVHY (ka) + kGPHD (ka)  H (ka)

(33)
o |_= )[5 St ) (34)
" —GYHY (ka) + KGﬁ)Hﬁl)(k@)

4 Numerical analysis of displacement

As pointed out by Trifunac (1972), the condition for the
envelope of the rigid foundation displacement, A, corre-
sponding to the case of which k = 1, @ — a, is given by

A, = [Jl(k ) — ;(01512 ))Hm(ka)]
o (ka) + Y§ (ka) .
a6
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(@) 2
—Evelope
''''''' Mb =0
15 —Epsilon =0
----- Epsilon =2
----Epsilon =4
R

0.5 -

(ii) 2

15

1A]
-

0.5

Fig. 2 Effect of interaction on A the amplitude of foundation
vibration. i @/a =1, k =1, Mg/Ms = 1, Mi/Ms = 1, ¢ = 0, 2, 4. ii
Mg/Ms = 1, Mg/Ms = 1, ¢ = 0, 2, 4 (Trifunac 1972)

The backbone curve of 4 could be understood as the
displacement of the rigid foundation whose density is
identical to that of the surrounding soil by setting
MB/MF =0 and MR/MF =1.

4i
N )
nkaH, "’ (ka
do= v B, (36)
’“’<MR> Hy™ (ka)
2 \Me) H (ka)

To characterize the problem, the dimensionless parameter
is defined as & = kyH /kta = f;H/fypa. It is seen that the
flexible, slender, and tall shear walls are described by large
values of e.

First, the correctness of the numerical results can be
verified by comparing the results from the rigid semi-
circular foundation case. This is done by setting

(@ 2
—Envelope

—Mb =0

Epsilon=0

--Epsilon =2

---Epsilon =4

Fig. 3 Effect of interaction on A the amplitude of foundation
vibration. i a/a =1.25, kK =2, Mg/Ms = 1, Mi/Ms = 1, ¢ = 0, 2,
4. i ala=125 k=2, Mg/lMs =2, Mg/Ms =1, ¢ =0, 2, 4 iii
d/a = 125, K= 2, MB/MS = 4, MF/MS = 1, &= O, 2, 4

K = utke/pk = 1, @ — a. Figure 2 represents the plots of
the displacement on a Cartesian coordinate system with the
x-axis being ‘wave number’ and the y-axis being ‘dis-
placement’ and the initial conditions shown in the legends.

@ Springer
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—Envelope
—Mb =0
-—Epsilon =0

----- Epsilon =2

----Epsilon =4

wa/p

Fig. 4 Effect of interaction on A the amplitude of foundation
vibration. i a/a =1.50, Kk =2, Mg/Ms = 1, Mi/Ms =1, ¢ = 0, 2,
4.ii aja=150, k =2, Mg/Ms =2, Mi/Ms = 1, ¢ =0, 2, 4. iii
ﬁ/a = 150, K = 2, MB/MS = 4, MF/MS = l, &= 0, 2, 4

The abscissa in these figures is the dimensionless frequency
wa/p and the ordinate is the foundation displacement A4.
The displacement 4 would be equal to one if the movement
of the rigid foundation does not depend on the shear wall.

@ Springer

@ 2

—Neglecting Interaction
—-afa=1.0

6 - ---afa=1.25

----afa=1.5

—afa=2.0

Fig. 5 The base shear force. i x =1, Mg/Ms =4, Mg/Ms =1,
e=2. 1l k=15, Mg/Ms =4, Mg/Ms = 1, ¢ = 2. iii k =2, Mg/
MS:45MF/MS: l,e=2

This serves as a reference value which shows the influence
of the interaction of structure and soil on the movement of
the foundation and consequently on the base shear force.
The results and plots are in line with Luco (1969) and
Trifunac (1972).
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@ 24
——afa=1.0
---afa=1.25
--—-afa=15
—afa=2.0
3 4
~
8
K-
=
—
<
.«/{ /‘:& -
3 4
(iii) 2
35
=
-
o
0.5
W E A
0 kW A W, Ny __(»-",.)\\ . - ..}\._\ -
0 1 3 4

2
/B
Fig. 6 The dimensionless base shear. i k¥ =1, Mg/Ms =4, Mg/

Ms=1,6=2ii k= 1.5 Mg/Ms = 4 MMs = 1, & = 2. iii i = 2,
MB/MS:4’ MF/MS: l,e=2

Figures 3 and 4 represent the displacement curves for
a/a =125 and a/a = 1.50, respectively. The zeros cor-
respond to the fixed-base natural frequencies of the shear
wall. It can be seen that the thickness of the flexible ring
has strong effect on the displacement amplitude of the rigid

foundation. As the ratio of @/a becomes large, peaks of the
displacement amplitude increase significantly. The dis-
placement amplitude increases greatly for low frequencies
and is dependent on the amplitude of the wave in the

flexible ring coefficient B(()l). It is also noticed that the
structure response is independent of the angle of incidence
and only depending on the foundation displacement A.

Figure 5 represents the base shear force acting on the
flexible shear wall for ¢ = 2. When there is no interaction,
the base shear force is infinite for the fixed-base natural
frequencies of the shear wall. When the interaction is
considered, the base shear force is bounded for all fre-
quencies. It can be seen that the thickness of the flexible
ring has little effect on the peaks of the base shear force.

Figure 6 describes the dimensionless base shear coeffi-
cient of the flexible wall structure. For the lower frequen-
cies range which is of special importance for earthquake
engineering, the peaks of the base shear forces are
increased in proportion to the ratio of x = pgke/uk and
decreased for larger a/a. It is also indicated that the base
shear force is bounded faster for higher value of material
property ratio.

5 Conclusions

The analytical solution of the interaction of a shear wall,
flexible-rigid foundation, and an elastic half-space is
derived for incident SH waves with various angles of
incidence. Comparison of these displacement amplitude
plots and the ones in which the superstructure sits only on
the rigid foundation shows that the flexible ring has the
effect of diminishing the ground displacement amplitude
as the building absorbs wave energy and scatters it back
into the half-space that results in increased displacement
amplitude of the foundation and decreased amplitude of
ground displacement. This is an important phenomenon
that differs from the typical SSI models in the absence of
the flexible ring. It also found that the flexible ring (soft
layer) cannot be used as an isolation mechanism to
decouple a superstructure from its substructure resting on
a shaking half-space due to the fact that waves are
transmitted into and scattered from the flexible
foundation.

Interesting results are shown in the graphs of displace-
ment amplitude. The foundation displacement is zero for a
rigid foundation with a fixed-base excited at the natural
frequency of the shear wall. This concurs with the Luco
(1969) and Trifunac (1972) results. However, for a heavy
and flexible structure the peaks of displacement increase
for low frequency waves as the thickness of the flexible
foundation layer increases.
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Base shear forces increase as the rigidity of the flex-
ible foundation layer increases in comparison to the
surrounding soil medium. Interestingly, for high fre-
quency waves, peaks of the base shear force are the same
for all ratios of a/a. For shear walls founded on soft soil
and for low frequencies, the base shear forces are higher
than values computed for shear walls supported on hard
soil. The structure response is independent of the angle
of incidence and only depending on the foundation
displacement.

All of the above analytical solutions are for cases where
the foundations are rigid, non-elastic movable foundations.
Analytic solutions are possible because the foundation has
rigid displacement characterized by only one parameter. A
more realistic assumption would be to allow the foundation
to be elastic. As such, analytic solutions for soil-structure
interaction of a building and shear wall on an elastic
foundation deserve investigation, but this, of course, is a
very challenging research problem.

This paper serves as an intermediate step for such a goal.
It considers the soil-structure interaction of a shear wall on
a semi-elastic foundation, with the rigid semi-circular
foundation being supported by an elastic ring wrapped
around it as the outside layer of the foundation. However,
the solution presented in this paper, though analytic, cannot
be directly adapted to solutions representing a fully flexible
foundation. A sequel to this paper will be to present a new
model with the same foundation geometry, namely an
elastic ring around a rigid foundation, with a new shape of
the superstructure where the analytic solution of the SSI
problems can later be more easily adapted to the SSI of a
flexible foundation.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

Appendix

The mass of the soil in place of foundation, Mg per unit
length is

MS = pnaz = unaz E 2: —ﬂﬂazkz . (Al)
2 2C? ) \k 203
The mass of the building, My per unit length is
2uaH\ (ky 2 2upkiaH
Mg = 2p,aH = — | =—— A2
B Prad ( Ctg) ) (kb) o2 (A2)
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wkmna(kyH ) '
,ubkszvrc B CUZMb N (ka Mb 1
pkma  [20*M, \2 ) \M, ) \kH )
—— | (koH
(2 ) ot
(A4)
The mass of the rigid foundation, Mg per unit length is
2
T
My =" : (A.5)

The mass of the flexible ring foundation, Mp per unit length
is

pema’ pma* (ki pkina’
MF = = 2 2] = 2
2 202 ) \&2 20

(A.6)

where  H(ksa) = —H\" (k;a), HY (ka) = —HP (kta),
ty = w*My/2kkaH, 0? = pkna® /2Mr,  and  2appky
tan kyH = 2aky(0*Mp/2kiaH) tan kyH = (w’Mg/kyH)
tan kpH.
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