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SUMMARY

The earthquake response of three-dimensional rigid, surface or
embedded, and flexible surface foundations is numerically obtained.
The foundations are of arbitrary shape and are placed on a linear
elastic, isotropic and homogeneous half-space which represents the
soil medium. The obliquely incident seismic waves have a general
transient time variation. The problem is formulated in the time
domain by the Boundary Element Method and the response is obtained
by a time step-by-step integration. The main advantages of the
proposed method are that, unlike frequency domain techniques, it
provides directly the transient response and forms the basis for
extension to non-linear problems.

INTRODUCTION

The soil-foundation interaction due to seismic wave excitation,
plays a key role in the study of the general earthquake response
of a structure. Most of the reported research in this area deals
with surface rigid foundations subjected to vertically propagating
harmonic waves. However, very few investigations have considered
the effect of the flexibility and the embedment of three-dimensional
foundations and/or the possibility of non-vertically propagating
seismic waves. -Wong and Luco (Ref. 1) and Luco and Wong (Ref. 2)
studied the response of surface, rigid, massless, rectangular
foundations to obliquely incident body waves (P, SV and SH) and
Rayleigh waves, respectively. Their conclusion was that soil-
structure interaction studies should not be limited to seismic
waves with vertical incidence because additional modes of vibratiom,
such as torsional or rocking, can be excited under the influence of
obliquely incident waves. Iguchi (Ref. 3) was the first to obtain
approximate solutions for rectangular flexible plates bearing on
the surface of a half-space, under some simplifying assumptions.
Recently, Whittaker and Christiano (Ref. 4), succeeded to provide a
more general methodology for the solution of the problem of a flexible
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plate bearing on an elastic half-space and subjected to general
seismic wave excitations. The response of three-dimensional rigid
embedded foundations to obliquely incident travelling waves was
studied by Dominguez (Ref. 5) using the Boundary Element Method (BEM).

It appears that the various existing methods, for the above
mentioned soil-foundation interaction problems, provide results
directly in the frequency (or Laplace or Fourier transformed) domain,
only, and it is assumed that through a second independent step of
the solution, the transient response will be obtained by a Fourier
synthesis (or inverse transformation). Direct time domain solutions
can be obtained by using the Finite Element Method (FEM), but its
inferior handling of infinite domains and the large size of the
required models are the most severe disadvantages of this, otherwise
superb, numerical approach. Thus, hybrid models, providing solutions
also in frequency domain, have been reported recently (Ref, 6).

The direct time domain solutions of the soil-foundation
interaction problems presented in this work, are the results of a
general BEM formulation in time domain (Ref. 7,8). This numerical
method, compared to the FEM approach, has the advantage that
discretization is required only on the boundary of the domain of
interest. Thus, the dimensions of the problem are reduced by one
and the radiation condition is takem into account automatically.
Compared to frequency domain methods, this time domain approach,
besides the fact that it provides the response in one direct step
and not two, forms a basis for an extension to non-linear problems
in the area of soil-structure interaction. Comparison studies
presented in this work and elsewhere, (Ref. 7,8), reveal the
accuracy and efficiency of the proposed methodology.

PROBLEM FORMULATION
The boundary integral equation for an elastic body of surface B,
subjected to boundary displacements u,(x, t) and boundary tractiomns

t(n)i (x,t) can be written, under zerd initial conditions and body
forces, in the form, (Ref. 9)

u, (x ,tﬂ'}dBQc) (1)
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where yand x are points on the boundary B, np is the unit normal and
uik, t(p)ik consist the Stokes fundamental solution pair expressing
the propagation properties of the elastic body under consideration.
The solution of Eq. (1) is obtained here for general time and space
variations of the related functions, by assuming
i) a discretization in time, where the variation of the
boundary tractions and displacements is constant over each
time step, Fig. 1, and
ii) a spatial discretization of the boundary into a number of M
rectangular elements with a constant variation of tractiomns
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and displacements over each one of them, Fig. 2.

Under these assumptions, Eq. (1) written for every boundary element
R will produce the following system of linear algebraic equations
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where N is the time step at which we seek a solution, ¢ is the time

step at which the boundary tractions t_9S and displacements u_ %S

were applied on the source element s, End ™S, TMS are the discretized
counterparts of the Stokes fundamental solutions ujy and t(n)ik-
respectively. The singularities of the discretized fundamental solutions,
which occur when the source element becomes also a receiver, i.e.,

when R = s in Eq. (2) » can be treated analyvtically, (Ref. 7,8).

For surface foundations and under the assumption of relaxed boundary
conditions a discretization of only the contact surface between the

soil and the foundation is required. For the embedded foundationm

case a few boundary elements outside the contact surface are required

in order to obtain an acceptable accuracy.

The compatibility condition on the contact surface between the
so0il and foundation at the time step q can be written as, (Ref. 10),

a9
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where q},{uq} represent the total and scattered displacement fields
and{u 't is the discretized in time and space free-field motion. In the
rigid®foundation case the total displacement field u? can be expressed

B

where S] is the (3M x 6) rigid displacement transformation matrix, and

{Dq==l_A; a5 A7 6] 63 ¢§J T (5)

in which A? and ¢? are the rigid body translations and rotations
with respect to thie coordinate axis i = 1,3. The total displacement
field of a flexible foundation can be written, in terms of contact
stresses, as

- [K]_l[A] 19 (6)

where[K]is the stiffness matrix of the foundation,[A]is a diagonal
matrix whose element A K (k = 1,..., M) express the area of the
boundary element k anE td is the vector of the total comntact
stresses given by
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where t% and ti are the free-field and scattered traction vectors,
respectively. In absence of any externally applied loads, the
equilibrium equation can be written as

e -

- T R -
where[ﬁélis the assemblage of the matrices Akk [Sk] , w1th[Sk]
being the (3x6) rigid displacement matrix of the element k (k=1...M).

Depending on the problem at hand, i.e., rigid or flexible
foundation, Eqs. (2), (3), (&), (7), (8) or (2), (3), (6), (7) and (8),
respectively, viewed together, form a system of linear algebraic
equations with unknowns the unspecified displacements and tractions
on the contact area for each time step. The solution of this system
of equations is accomplished by a step-by-step time marching, i.e.,
for N = q, then for N = g+l1, etc.

NUMERICAL RESULTS

In absence of any foundation the free-field displacements on
the surface of the half-space, i.e. Xy = 0, can be expressed as,
(Ref. 1),

r%(xl’XZ)’ = {SO}EXP [i(u(t —;l sinf g - ;Z coseH>} €))]

Where v is the frequency of the plame incident wave,{50}4§X s, Sy ]T
1 273

is the amplitude vector of the free-field motion at the origin of
the coordinate system, 8y is the horizontal angle 6f incidence and

c = cl/cos By Or ¢ = cz/ cos 6y, with cj, cg being the compressional
and shear wave velocities, respectively, and with ¢y being the vertical
angle of incidence, Fig. 3.

In Fig. 4 (a,b,c) the dimensionless response of a square rigid
surface massless foundation to an SV incident wave is plotted versus
the dimensionless frequency ¢p (with S, being the amplitude of the
incident wave). The results obtained by the proposed methodology,
under relaxed boundary conditions, and with a 25 element mesh, are
compared to those obtained in Ref. 1 where the foundation was bonded
to the half-space and a 64 element discretization was used. The
agreement of the two methods is excellent.

For flexible foundations the stiffness ratio, between a
rectangular plate and the subgrade, is defined as

Eh3(1-v )
K=— 3 (10)
12(1- vp)ub
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where E, h, v, and b are the modulus of elasticity, the thickness,
the Poisson's ratio and the largest plan dimemsion of the plate,
respectively, and vg and u are the Poisson's ratio and shear modulus
of the subgrade, respectively. 1In Fig. 5(a,b,c) the dimensionless
response at various points of a flexible massless rectangular

plate with intermediate stiffness K=0.004, subjected to a horizontally
propagating S, wave, are given. For the required stiffness matrix
of the plate K, the 12 degree of freedom plate element of Ref. 11
was used. The results obtained by the proposed methodology with 25
and 49 element meshes are compared with those of Ref. 4 where a 64
element mesh was used.

The seismic wave excitation of an embedded foundation requires,
thé specification of both the displacements and the tractions of the
free-field. Further, the variation of these fields with respect
to depth, i.e. the coordinate x4 of Fig. 2, should be considered,
too. The wave excitation used in this work to study the response
of embedded foundations was obtained from Ref. 12. Thus, the
60"'x60"%20"rigid, massless foundation of Fig. 6, was subjected to
a combination of P-SV plane wave excitation. A number of elements
on the free-field outside the contact area were used, in this case
only, for better accuracy. The dimensionless response of the
foundation, i.e., the rigid body motion component over the corre-
sponding amplitude of the free-field motion on the surface of the half
space, is plotted in Fig. 7(a,b,c) versus the natural frequency of the
soil layer corresponding to the embedment, and for various angles of
incidence Sv.

- It should be emphasized at this point that results for harmonic
wave excitations and simple rectangular or parallelepiped foundations
were presented only for comparison purposes. The proposed time domain
methodology can also provide directly the response of foundatiomns of
arbitrary shape to general transient wave excitatioms.

CONCLUSIONS

The application of a general time domain BEM to some representative
three-dimensional soil foundation interaction problems has been
demonstrated. It has been found that the proposed numerical method
is both accurate and efficient compared to other existing approaches in
the field. Its main advantages, compared to the FEM, is that
required a minimum amount of discretization only on the boundary of
the domain of interest and that the radiation condition, cause of
many problems in the FEM, is taken into account automatically, Also
the transient response of the foundation can be computed in one direct
step and not two, as the frequency domain methods require. This time
domain methodology presents the potential for accurate and efficient
studies of non-linear soil-structure interaction problems.
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