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Strong earthquake lfateral forces can induce base overturning moments
that exceed the available overturning resistance due to gravity loads
causing uplift of the basemat. To address the problem of uplift, a time
domain BEM-FEM methodology for a two-dimensional plane strain
soil-structure interaction problem is presented. The boundary element
method (BEM) is applied to the soil medium and the finite element
method (FEM) is applied to the foundation and the superstructure. FEM
interface elements are utilized to effectively simulate foundation uplift
from the underlying soil medium. The two methods are combined
through displacement compatibility and force equilibrium consider-
ations at the soil-foundation interface. A representative problem of a
nuclear containment structure subjected to the El Centro earthquake of
1940 is analysed using the rigorous BEM-FEM and two approaches
employing discrete models in the time and frequency domains. The
results obtained from the approximate models are critically compared
with those obtained from the BEM-FEM approach. The results indicate
that the base shear at the foundation-structure interface can cause
malevolent or benevolent effects depending on various structural and
soil parameters. Further, it is concluded that the effects of uplift on the
structure response cannot be predicted from the linear behaviour under
bilateral contact conditions.
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in the columns. Kennedy et al.’ determined the response

Strong shaking of structures during earthquakes may
result in a partial separation of the foundation basemat
from the soil. The evidence of foundation uplift has been
recorded by Hanson', after the Alaskan earthquake of
March 1964, where ice was discovered under some oil
tanks. Housner? reported the stretching of anchor bolts
of a number of tall petroleum towers during the Arvin-
Tehachapi earthquake, suggesting uplift of the base of the
tanks from their foundations.

The response to a horizontal seismic excitation of a
slender one-storey frame modelled as a single-degree-of-
freedom (SDOF) system was studied by Meek?. Later, he
extended his approach to study the dynamic behaviour of
a core-stiffened, multistorey, shear building on a rigid
foundation free to uplift*. He observed a benevolent
reduction in the maximum transverse deformation and a
potentially dangerous increase in the compressive forces
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of a containment building and a prestressed concrete
reactor vessel placed on flexible soil. They modelled the
structure using a lumped mass idealization, and the soil
using translational and rotational springs with properties
determined by the elastic half-space theory. An experi-
mental, as well as an analytical, investigation of a multi-
storcy steel frame, allowed to uplift when subjected to
seismic excitation, was performed using a two-dimen-
sional nonlinear structural analysis program by Huckel-
bridge and Clough®. They agreed with the observations
made by Meek?®, and added that a reduction of the
ductility, appropriately combined with uplift, can sub-
stantially reduce structural cost. Using a Winkler-Voigt
soil model and a rigid foundation supported at both
edges by simple springs and dashpots, Phycharis and
Jennings’ determined the response of the R.A. Millikan
Library, modelled as a rigid block, when subjected to
dominant seismic pulses. They found that uplift tends to
reduce the rocking acceleration, but rotation can increase
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or decrease depending on the excitation and the param-
eters of the system. Yim and Chopra® used a similar
Winkler-Voigt soil model to obtain the response of an
SDOF flexible system. They observed a reduction of
structural deformations due to uplift. In their most recent
work?, they extended their formulation to analyse multi-
storey structures. Baba and Nakashima'!® considered
the static and dynamic behaviour of a medium-rise
reinforced concrete structure with flexural frames and a
multistorey structural base shear wall which is allowed to
uplift. They concluded that uplift can very effectively
improve the seismic performance of reinforced concrete
structures provided that the shear walls are designed to
undertake the flexural and shear stresses developed at
their bases.

A nonlinear explicit finite difference analysis using the
STEALTH computer code was employed by Vaughan
and Isenberg'! to interpret the results of explosive and
forced vibration field tests on small nuclear containment
structures. Studies using a two-dimensional plane strain
finite element idealization utilizing a Ramberg-Osgood
model for maximum shear strain in each element and a
constant bulk modulus for the soil were conducted by
Roesset and Scaletti'. In their study, the excitation
consisted of vertically propagating shear and dilational
waves. Wolf et al.!? conducted a comprehensive study for
rigid circular foundations subjected to obliquely incident
body wavces as well as surfuce waves. Their analysis was
based on the assumption of frequency-independent stifl-
ness and damping soil propertics. They concluded that
the cffects of horizontal propagating waves are greatly
influcnced by lift-off. Experimental and rigorous FEM
studics on the cflects of loss of soil-foundation contact on
the dynamic responsc of nuclear containment structures
were performed by Weidlinger Associates'® for EPRI in
relation to the SIMQUAKE II program. Such FEM
analyses, however, are expensive because they require
discretization of a large volume of soil under the founda-
tion in order to avoid undesirable wave reflections at the
soil boundarics. Antes and Steinfeld'® determined the
response of a dam allowed to uplift from the underlying
soil media subjected to externally applied impulsive
vertical and horizontal loads. In their analysis, both the
dam and the soil media were modelled with a time
domain boundary element method (BEM). Hillmer and
Schmid'® obtained response of a building allowed to
uplift utilizing a Laplace domain technique, in which the
structurc was idealized with beam elements utilizing
continuous mass distribution and BEM was applied to
modecl the soil media. The nonlinearities were dealt with
in the time domain, while all other calculations took
place in the Laplace domain.

The approach considered in this work extends the
hybrid time domain BEM-FEM methodology devel-
oped by Spyrakos and Beskos'’ and Karabalis and
Beskos'8, who studicd the dynamic response of two- and
threc-dimensional foundations in complete bond with
the soil. In their works the BEM-FEM formulation
employed the BEM to model semi-infinite soil media and
the finite element method (FEM) to model the finite
domain of the structure and the foundation. The BEM is
particularly well suited to model soil domains because of
its ability to automatically account for the radiation
conditions at infinity, and reduces the spatial dimensions
of the problem by one!®-2°% The expressions presented in

this work allow the treatment of elastodynamic problems
involving partial loss of contact between elastic bodies as
is exemplified through a representive soil-structure inter-
action (SSI) problem. Further, the methodology incor-
porates FEM interface elements to model the
foundation-soil contact area to investigate the effects of
the nonlinearities arising from the soil-foundation separ-
ation. The BEM-FEM model is employed to determine
the response of a representative nuclear containment
building subjected to El Centro earthquake of 1940
under unilateral contact (uplift permitted) with the soil
media. Two approximate discrete models are also pre-
sented in the time and frequency domains to gauge their
accuracy over the rigorous BEM-FEM approach. The
three approaches, the rigorous BEM-FEM model and
the approximate models, are critically compared and
design recommendations are given. A parametric study is
also conducted for the parameters that most characterize
structural behaviour, i.e., mass, stiffness, and height of the
foundation-structure system.

BEM-FEM formulation

BEM formulation

Under the assumption of small displacement theory and
homogeneous, isotropic, linear elastic material beha-
viour, the elastodynamic displacement field u(x, t) of a
body under conditions of plane strain is governed by
Navier’s cquation

1
(Cf - C%)“j.u + c%“i.u —i;=— ;b; (j=12) a

where commas and dots indicate space derivatives and
the time derivatives, respectively, p is the mass density of
the material and b, are the components of the body force
distribution in the domain Q. The propogation velocities
of the pressure and shear waves denoted as ¢, and c,,
respectively, are given in terms of the Lame’s constants 1
and u by

A 2
¢ = ;2# and c2=\/l:) )

In a well posed boundary value problem, equation (1)
must be accompanied by appropriate initial conditions

u(x, t) = 4,(x)

ux,t) =p(x)fort =t,inQ+ T 3)
and boundary conditions

u(x,t) = dfx, t)fort > toon T,

t(x, 1) = T(x,t)fort > taon T, 4)

where T = T, + T, and Q denote the boundary and the
interior of the domain, respectively, and the bar indicates
that the values are known.

For zero body forces and zero initial conditions, the
initial-boundary value problems defined by Navier’s
equation and the associated boundary and initial condi-
tions can be expressed by the integral equations?!

1 .
34480 = (Ut = TP ") 6
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where t,; are the surface tractions, the operation *
denotes time convolution and the fundamental tractions,
T}", corresponding to the fundamental displacements
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are given in Patel’2. In the fundamental solution, H
donotes the Heaviside function, and r is the distance
|x — €| between a field point x and a source point £.

Equation (5) can be applied to obtain the displacement
response at the boundary of an elastic body. Once the
boundary value problem is solved, the displacements and
tractions in the interior of the domain Q can be easily
evaluated in terms of the response obtained on the
surface!®2°, A solution of the integral equation (5) in
closed form for general conditions is not possible; thus
resort is made to numerical solution. The numerical
treatment is accomplished through spatial and time
interpolations of the displacement and traction fields.
More specifically, the boundary T is discretized into Q
line elements, while the time variation of the displace-
ments and tractions over each element are assumed to be
constant during each time step. The displacement at the
centre of the element P at the time step N is given by the
following discretized form of equation (5)"’

cotr= § 5 ([[apac]er-oy

- UASF;.';ds]{u""“}) ®

where I=n—m+ 1, G; and F;; are the discretized
fundamental displacements and tractions, respectively. In
evaluating the line integrals of the fundamental solution
pair, singularities appear when p is equal to q in equation
(8) for every time step N. A detailed evaluation of these
singularities is presented in Reference 22. In the next
subsection, the expressions resulting from the application
of equation (8) to every boundary element is combined
through appropriate compatibility with the FEM inter-
face element equations to perform an iterative numerical
treatment of the nonlinearities due to the soil-foundation
uplift.

FEM formulation

The foundation and structure are modelled with the aid
of FEM. The four node plane strain bilinear rectangular
elements with two degrees of freedom per node shown in
Figure I are used in this study. Through standard FEM
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Figure 1 BEM-FEM force and displacement compatibility con-
siderations

procedures, the following equations of motion can be
obtaincd by an assemblage of the individual finite
elements?3-24

[M1{8} + [C{d} + [KI{5} = {f(1)} )

where 8 indicates nodal displacements. {M], [C] and
[K] are the consistent mass, damping and stiffness ma-
trices of the foundation-structure system, respectively,
and {f(t)} is the nodal force vector.

The geometric nonlinearities considered herein result
from the time-dependent nature of the contact area
between the soil and the foundation when uplift occurs.
To treat these nonlinearities effectively, thin layer four
node bilinear rectangular interface elements are used to
discretize the soil-foundation interface. The three modes
of deformation that accurately simulate the uplift of the
foundation basemat are the stick, debonding and re-
bonding modes. An interface element is in the stick mode
when there is no relative motion between the adjoining
bodies and no tensile stresses are developed due to the
external disturbances. Separation or debonding takes
place when the bodies open up due to constraints of
unilateral contact conditions, prohibiting the develop-
ment of tensile stresses as they are incompatible with
constitutive propertics of the geologic materials. If the
interface element in the debonding mode returns to the
stick mode during subsequent loading, rebonding takes
place. Interface elements similar to the one described
above have been successfully used to solve static as well
as dynamic two-dimensional problems, where all do-
mains have been discretized with the aid of FEM?2%:26, In
this study, the equations of the interface elements are
derived separately and then added to those of the found-
tion-structure system prior to establishing the compati-
bility and equilibrium criteria with soil BEM modelling.
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The-aspect-in which the inteface elements differ from
regular elements, such as the ones used to model the
superstructure, is their thickness ratio
t = tinl

r

tneigh

where subscripts it and neign pertain to the interface and
the neighbouring regular FEM element, respectively. The
small value of thickness of the interface element is liable
to cause numerical problems; however, Pande and
Sharma?® suggests guidelines that can be followed to
circumvent the numerical problems. In this study, a
thickness ratio of 0.1 has lead to convergent results.

The stick mode of deformation is treated like any other
regular FEM element with material properties which are
identical to those of the underlying soil media. The
additional stiffness and inertia introduced in the system
are negligible considering the semi-infinite soil media
laying underneath the interface elements. The Young's
modaulus of elasticity is reduced for the interface element
in the debonding mode by

[D]debondin; = OOOl X [D]slick (l l)

where [D],,.« is the material property matrix in the stick
mode. This, in essence, creates a void element with very
little stiffness. In the rebonding mode, the material prop-
ertics corresponding to the soil media are rcassigned,
which brings back the interface clement to the stick
mode. Morc. information on the complete implementa-
tion of the interface clements in the BEM -FEM method-
ology can be found in Reference 22.

Time-stepping algorithm

The two approaches, BEM and FEM, are coupled
appropriately by displacement compatibility and force
cquilibrium considerations at the soil-foundation inter-
face. The displacements of the BEM soil elements are
evaluated at the midpoint, while the FEM displacements
correspond to the FEM nodes as shown in Figure 1. In
order to introduce compatibility between the deforma-
tions of the interface element nodes and the soil motion,
the average displacement of FEM node q is approxi-
mated by the mean value of the nodal displacements at
the ends of the BEM element p. Similarly, compatibility
of forces can be established if each contact force f,
applied at node q is approximated by the mean value o
the two resultant forces P associated with the contact
stresses that develop over two successive elements joined
at their common node. Thus, for the whole interface
region, the compatibility relationships can be expressed
as

{0} = [T1{u} (12)
{F} = [T S} (13)

where [ T] is the transformation matrix composed of zero
and 1/2 entries. In view of equations (12) and (13),
equation (8) of BEM formulation can be expressed as

[T1"[B] = [T)"(BI[TI{s} (14)

where

(8] = 5 (G']"! (1s)

and

[B] =[G'I '([GC*H:" '} + [G°A(e" "2} + -
+ [G"){t'}) — ([(H*]{u" "1}
+ [Hu" "2} + - + [HY){u'}) (16)

in which superscripts denote the time steps at which the
quantities are evaluated and ! represents the length of the
element. It should be noted that equation (16) represents
the time convolution process stipulated in equation (8),
and indicates that the matrix [B] depends on the com-
plete time history prior to the time step at which it is
evaluated. Combining the BEM and FEM formulations
results in the set of nonlinear equations governing the
response of the soil-structure system:

[MJ{8} + [C1{8} + [K}{o} = {F()} (17

where the subscript of ¢ denotes the time-dependent
nature of the matrices arising from the changing contact
area at the soil-foundation interface; {M,] and [C,] are
the mass and damping matrices, respectively; [K,] is the
equivalent stiffness matrix given by

_[IK)+ [TY(BIT] [TYIB.IT]
[K‘]‘[ [TT7[B.(T] m'[B.,Jm] 18

and the time-dependent forcing function F(t) can be
evaluated from

_[CTYIBCTY + K] (PY7CBLT {80}
d “"[ [TYB.IT]  (B..] ]{{u{}} (19)

where the superscript f denotes the free-field, and sub-
scripts ¢ and e represent the degrees of freedom corres-
ponding to the foundation-soil contact area and the
external discretization on either side of the contact area,
respectively. The nonlincar system of equations (17) is
solved with the aid of the direct integration scheme
presented in the Appendix. A flowchart depicting the
procedure followed for evaluation of the contact area and
the structure response is shown in Figure 2. Initially the
foundation and the soil are assumed to be in complete
bond. For each time step an iterative procedure is
employed to determine the size of the correct contact
area. More specifically, if at the end of a given iteration
the contact area is not the same as the one assumed at the
beginning of the iteration, a new contact area is com-
puted based on the displacements found in the current
iteration. The procedure is repeated until convergence
that renders the contact area.

Approximate analysis

Two approximate models in the time and frequency
domain are presented to assess the accurary of the
BEM-FEM time domain methodology. The models are
utilized to obtain the response of a nuclear containment
building subjected to a seismic excitation under either
bilateral (complete bond) or unilateral contact (uplift
permitted) conditions.

Time domain approximate model

The structure is idealized as a rigid block with mass M
and mass moment of inertia I, resting on a set of
horizontal and vertical spring-dashpot system, as shown
in Figure 3. The equations governing the motion of the
structure for two conditions of contact between the
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Figure 2 Flowchart of the iterative algorithm for BEM-FEM
analysis

foundation and soil, bilateral and unilateral, are pre-
sented. These cquations arc derived under the assump-
tion that the structural responsc amplitudes are small for
scismic excitation. The governing equations resulting
from the lateral, vertical and moment equilibrium of the
forces acting on the entire system are given by??

m m 0
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Figure 3 Time domain approximate model

For the case of plane strain, the spring stiffnesses of the
elastic half-space are approxlmatcd by the followmg
frequency-independent expressions?®

K,—0. Su G, bv (22)
and
G,
=035~ W =7) ) (23)

where G, and v, are the shear modulus and Poisson’s
ratio of the soil, respectively, and b is the half base width
of the foundation. The following expressions of the
frequency-independent damping coefficients C, and C,
are used to approximate radiation damping in the soil

C,= 1L1Trp,c b (29)
and
0.72 b
Co = ———"2” sC2 (25)

The motion of the structure under bilateral contact
conditions is governed by the linear differential equations
(20) for &, =2 and &, = 0. Under unilateral contact
conditions, the governing differential equations are non-
linear, since the boundary conditions change with time.
The transition from no uplift to uplift can be detected by
the presence of a tensile force in the vertical spring and a
displacement in the upward direction. Within each time
step, the instant of transition from stick to uplift or uplift
to stick is obtained by an iterative procedure. Although a
closed form solution of equation (20) can be obtained for
simple excitations, numerical implementation would be
necessary for complicated earthquake-like excitations.
The solution algorithm implemented herein is that of
Newmark's direct integration scheme for nonlinear
problem?’
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Frequency domain approximate model

The containment structure is modelled as a rigid block
supported by a horizontal and rotational spring-dashpot
system as shown in Figure 4. This simple model is
developed to determine the structure’s response under
bilateral contact conditions with the aid of response
spectra. The equations of motion governing the har-
monic horizontal and rocking response of the system are

2
21+ 26D~ 1 -1

2 I
-1 (2’—)'1(1 +28,0) - 1)(1 +h—,°5)

1)

where &, and &, represent the damping ratios characteriz-
ing the radiation damping for the horizontal and rocking
motions, respectively, and the natural frequencies w, and
w, are expressed by

K, K,
w,,=\/'—"5 and w,=\/;"-’ 27

The horizontal spring stiffness and damping coefficient
can be obtained from equations (23) and (25); however,
thc values must be doubled since there is only onc
spring-dashpot system characterizing the soil flexibility
in thc horizontal dircction as shown in Figure 4. The
rocking spring stiffncss and the damping coeflicient for
the case of plane strain can be approximated by the
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Figure 4 Frequency domain approximate model

following equations?8-2°
bz
K, =05n IGL - (28)
PsC; b3
Co =019 ;=5 29)

The natural frequencies w, and o, of the two-degrees-
of-freedom system can be evaluated from equation (26)
as

1 h?
wf'z = 2‘(1 + —Iﬁ)(wf +(l),2)

4 wiw?
[12-rmeiarrem] ©

The soil-structure system does not have classical
modes of vibration; that is, the transformation to modal
coordinates does not decouple the damping terms.
Therefore, this model is used to approximate the funda-
mental frequency of the system, which in turn is used to
evaluate the response amplitude of the structure system
to the El Centro earthquake with the aid of the response
spectra shown in Figure 5b.

The fundamental natural frequency of the system used
in the approximate analysis has been determined by
setting all damping terms &, and £, equal to zero in
equation (26).

2.2
wiw?
o= ot ar on

Following the energy considerations outlined by Wolf2?,
the damping ratio that should be used in conjunction
with w, to determine the response of the equivalent
SDOF system through the response spectra is given by

w? w?
G=gpht ozt (32)

Numerical example

The time domain BEM-FEM methodology and the
approximate models are employed to obtain the response
of a nuclear containment structure subjected to the
horizontal component of the El Centro earthquake of
1940. The containment structure has been studied by
Weidlinger Associates (1982) in their study for EPRI, in
which they conducted experimental and analytical FEM
soil-island analyses for blast loading arising from buried
explosives. The soil is characterized by a shear wave
velocity of 650 ft/s and a pressure wave velocity of 1300
ft/s, while a modulus of elasticity E? = 106 560 369 Ib/ft?,
Poisson’s ratio v, = 1/3 and mass density p? = 3.04348
Ib-s?/ft? are taken to be material properties of the foun-
dation elements. The superstructure is characterized
by a modulus of elasticity E° = 106 577 648 Ib/ft?,
Poisson's ratio v = 1/3 and mass density p° = 0.59006
Ib-s?/ft2. The variation of the foundation and superstruc-
ture material properties for the parametric study are
presented in Table 1. The equivalent two-dimensional
plane strain model and its BEM-FEM discretization are
shown in Figure 6. The soil surface is discretized into 10
BEM elements at the soil-foundation contact area and
five BEM elements on either side of the foundation. This
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Figure 5 (a) El Centro earthquake (1940) acceleration-time history; (b) response spectra for £l Centro earthquake
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Table 1 Variation of structural parameters

Mass p Stiffness E Height H
=307 £, =187 :
MO £0 HO H =875
p=30° E=36
P = p? £, = 560
M £ rE H H=1751
p=p° E=}Fo
pr=3p7 E,=~E
M2 £2 H2 H =262
p=3p° E=p°
BEM-FEM model Table2 Comparison of the horizontal relative response
—r amplitudes
4
Approximate models
Frequency
Mass Time domain domain BEM-FEM
& M=m 1.24 in 1.85 in 1.76 in
E M= M2 1.56 in 2.32in 1.86 in
M=M3 232in 299 in 1.26in
V/ ¥/ X,
OALDUUNAU Y,
¥ ////,/A%/A/////// /7 of complcte bond between the soil and foundation. The
/\ 7\/@@&\// GAN Y Y earthquake acceleration record shown i'n Figure Sa is
+ SISSRSRS + vi numcrically integrated twice and bascline corrections
[ have been made to obtain displacement-time history for

W Foundation Structure
A elements elements

YN Interface X Soil BEM
\\ elements clements

Figure 6 Plane strain BEM-FEM model of nuclear containment
structure

discretization has been selected so that the faster ¢, wave
travels half the length of the BEM element during a time
step, a requirement necessary to secure acceptable solu-
tion accuracy?®. In order to further enhance the solution
accuracy, the BEM kernel matrices [G] and [H] in
equation (16) have been evaluated on the basis of a
further discretization of the 20 elements into five subele-
ments per element. The structure-foundation system is
discretized with the aid of FEM into 13 layers of 10
elements across the length of the foundation, hence the
soil-foundation interface is also discrctized with the aid
of 10 interface elements as shown in Figure 6. No
significant differences in the response time history were
observed between the above discretization and a discreti-
zation consisting of 15 interface elements with a compat-
ible superstructure FEM mesh, establishing a high level
of confidence in the ability of the discretization to
accurately predict the correct contact area at the soil-
foundation interface.

The horizontal relative response amplitudes at point A
for the three models are presented in Table 2 for the case

input in the BEM-FEM formulation. The response
amplitudes for the frequency domain approximate model
arc evaluated in two steps: first, the approximate funda-
mental frequency and the equivalent damping ratio are
obtained utilizing equations (31) and (32), and then the
amplitudes are determined from the response spectra
presented in Figure 5b. The time domain amplitudes are
obtained directly from the displacement response history
calculated for the E1 Centro earthquake excitation. The
magnitudes of the response amplitudes are found to be of
the same order as the one evaluated through the rigorous
BEM-FEM approach; however, the differences observed
are significant. The time domain approximate model
appears to underestimate the response amplitudes for
all threc values of the mass parameter. The frequency
domain approach underestimates the response ampli-
tude only for the lowest value of the mass parameter MO,
and overestimates for the higher values of the mass
parameter. Clearly, the approximate models do not
necessarily lead to conservative results. In addition, the
amplitudes arc found to increase monotonically with
increase in the mass. Such a behaviour contradicts the
non-monotonic behaviour revealed by the rigorous
BEM-FEM analysis, indicating the inability of the ap-
proximate models to predict the actual changes of the
structural behaviour observed when varying the mass
parameter.

The absolute horizontal displacement at point A is
shown in Figure 7 for the first six seconds of the earth-
quake excitation, as it pertains to the strong motion
portion of the El Centro earthquake time history. The
time domain approximate model appears to give higher
response amplitudes than that of the BEM-FEM under



Time domain BEM-FEM seismic analysis: P. N. Patel and C. C. Spyrakos

TTTTTTTTT
)

-0.20

Absolute displacement (ft)

BEM-FEM model - unilateral contact

T T Ty T rTTT T T T T Td

-0.70
————— Approximate model - unilateral contact
== = -— BEM-FEM model - bilateral contact
S Y'Y (N SN N (NN N NN SN TN ISV N NN S SN S (SN N IO N Y TN NN T TN N Y T N I
0 50 100 150 200 250 300

Figure 7 Comparison of the horizontal absolute response at point A

unilateral contact conditions. These differences are ex-
pected as the contact area in the approximate model is
always overestimated. Also, significant differences are
observed between the BEM-FEM response amplitudes
due to bilateral and unilateral contact conditions. These
differences are better explained from the results shown in
Figure 8, where the relative displacements at point B are
plotted, which shows that the unilateral contact condi-
tions lead to higher amplitudes initially; however, the
bilateral contact conditions reveal greater amplitudes at
later time steps.

Under bilateral contact conditions the vertlcal dxspla-
cement response at point A is shown in Figure 9 for
various values of mass. The displacement amplitude is
found to behave non-monotonically with an increase in
the value of the mass parameter. Shown in Figure 10 is
the vertical displacement response due to unilateral
contact conditions at point A for various values of the
mass parameter, a behaviour that significantly differs
from the one observed under bilateral contact conditions.
It is observed that as the value of the mass increases, the
displacement also increases monotonically. This beha-
viour clearly indicates that one cannot draw conclusions
for the nonlinear behaviour under unilateral contact
conditions based on the structural behaviour under
bilateral contact conditions.

A critical parameter that controls a seismic design is
the base shear that develops at the foundation-structure
interface. The base shear responses for bilateral and
unilateral contact conditions are presented in Figures 11

Time (sx0.02)

and /2, and the base shear amplitudes are summarized in
Table 3 for all parameter variation. The base shear
amphtudes are found to behave non-monotonically with
increasing mass for bilateral contact conditions, while
their variation is monotonic under unilateral contact
conditions. Further, the base shear amplitude is found to
substantially increase for certain values of the parameters
under unilateral contact conditions. This bahaviour is in
agreement with the observations reported by Phycharis
and Jennings” and Yim and Chopra® for structures with
low slenderness ratios.

Conclusions

Assuming that only the normal stresses in compression
can occur in the arca of contact between the foundation
and the soil, a hybrid time domain BEM-FEM method-
ology is developed for the analysis of soil-structure
interaction problems in the case of plane strain. The
boundary element method is applied to the soil, and the
finite element method is applied to the foundation-struc-
ture system. FEM interface elements are used to simulate
the basemat lift-off during seismic excitation. The meth-
odology leads to nonlinear equations of motion which
are solved iteratively utilizing a linear acceleration
scheme.

Two approximate models are presented for prelimin-
ary design applications of nuclear containment struc-
tures. The results are compared with the rigorous
BEM-FEM solutions for a representative containment

Eng. Struct. 1990, Vol. 12, July 203
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building subjected to the El Centro earthquake of 1940.
The comparison shows that the approximate models can
be used to predict the system response amplitudes;
however, a comprehensive analysis such as the BEM-
FEM approach is required for a complete understanding
of the structural behaviour. It should be noted that
analyses through approximate models do not necessarily
lead to conservative results.

Utilizing the BEM-FEM approach, a parametric
study is presented for the parameters that characterize

Table 3 Base shear for various parameters—bilateral contact and
unilateral contact conditions

Base shear (Ib)

the structural behaviour. The study concludes that for a
specific ground excitation, uplift effects on the system
response may be malevolent or benevolent depending on
the structural parameters. In addition, the effects of uplift
on the system response cannot be predicted from the
linear behaviour under bilateral contact conditions.

The repeated slamming of the foundation during
severe seismic excitations is likely to cause compaction
and plastic strains in the soil media surrounding the
contact area. A study of these effects could be pursued
through an extension of the BEM-FEM methodology
presented in this work.
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Appendix
Numerical algorithm

A Initial calculations
1) Form stiffness matrix [K] and mass matrix [M]

[(R]= [[K] + [T)[BIT] [TI"(B.IIT]
‘ [TI[B.I(T] (TI"[B.(T]

2) Select time step At, parameters «, p and calculate
integration constants

p = 0.50;a = >0.25(0.5 + p)>

v 1 1
Tt N T Ar T A B T 5 T

p At
a4=a—l;a,=?<§—2);

ag = A1 — p); a,pAt
3) Initialize 8, 8, § and {F'~%}

a, I;

B For each time step
1) Calculate effective stiffness matrix [K]

[k] = [Rl] + aO[Mt]
2) Calculate effective loads at time ¢ + At
{,‘.‘t—m} = {FI+AI} j‘ [M,](ao{é‘}
+ a,{0'} + a3{o'})
3) Solve for displacements at time ¢ + At
{6} = [R]"'{F**}

4) Check for convergence of the contact area.

(a) If convergence of the contact area is not achieved:
calculate new contact area based on {§' "%} and
new [K] and [M], and start within the same time
step at step 1.

(b) If convergence of the contact area is achieved:
calculate accelerations and velocities at time ¢ +
At.

{8} = ag({8'* 2 — {8) — a,{8'} — a,{5'}
(8) = (8} + a {8} + a, {574}

Compute new [K] and [M] and start with new
time step at step 1.



