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ABSTRACT

This thesis sets forth a dynamic model, designed to absorb
infinitely radiating waves in a finite, computational grid. The analysis
is primarily directed toward the problem of soil-structure interaction,
where energy propagates from a region near a structure, outward toward
the boundaries.

The proposed method, called the extended-paraxial boundary, is
derived from one-directional, wave theories that have been propounded by
other authors. In this thesis, the theory is presented from a more
general viewpoint and is studied for its stability properties. This
work suggests some modifications to the method as it was first pre-
sented. Innovations are also put forward in the boundary's implementa-
tion for finite element calculations. These alterations render the
boundary an effective wave absorber,

The extended-paraxial boundary is then compared, both analytically
and numerically, with two other transmitting (or silent) boundaries
currently available -- the standard-viscous and unified-viscous
methods. The analytical results indicate that the extended-paraxial
boundary enjoys a distinct advantage in cancelling wave reflections;
actual numerical tests revealed a small superiority over the viscous
approaches.

Various issues are also discussed as they relate to the silent
boundaries. These include Rayleigh waves, spherically symmetric and
axially symmetric waves, nonlinear waves, anisotropic media, and

numerical stability.
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CHAPTER 1

I. INTRODUCTION

The general motivation behind this thesis is to develop improved
methods of analyzing problems in "soil-structure interaction." This
term refers to how soil deformations affect the motions of buildings
being subjected to a dynamic ]oading.] In this thesis, we address our-
selves to one of the major difficulties posed by such an analysis --
the phenomenon of waves which are radiating outward from the vibrating
structure, toward infinity. In numerical calculations, only a finite
region of the foundation medium is analyzed. Unless something is done
to prevent the outwardly radiating waves from reflecting from the
region's boundaries, errors are introduced into the results. The present
work concerns itself with the study of such effects, using the finite-
element method, and an artificial, transmitting boundary at the edge of
the computational grid. The reasons for studying infinitely-radiating
waves, and for using this particular approach to a solution, have been
documented. A background of the analysis of soil-structure interaction
is included now in order to clarify the objective of this thesis,

Researchers have developed two major techniques for dealing with

(3,7)

this phenomenon: 1) the continuum method, and 2) the finite-

(

element method. 82) The central feature of the continuum method is the

‘]For example, nuclear power plants, which are heavier and stiffer than

most other structures, may "interact" with the relatively softer,
underlying soil. In this case, we cannot assume that the building
shakes on a rigid base; we must account for the flexibility of the
soil.



assumption of a rigid foundation resting on an elastic medium. In
perhaps the most common approach, one finds the relationship between
Es’ the forces and moments which the foundation exerts on the ground;
and Uy the foundation displacements and rotations relative to the

(8)

ground. Therefore,

Foo= [KJu, o

where [55] is called the impedance matrix. The second part of the
analysis calculates fs*’ the forces and moments caused by the seismic

excitation. Hence,

* *
P o= Ik ut (2)

where gs* contains the relative displacements and rotations caused by
seismic waves. By superposition, the total displacement of the founda-
tion is:

= + *
U= gyt (3)

Once the generalized forces or displacements of the foundation have been
computed, many different methods can be used to calculate the superstruc-
ture's response. For example, either a lumped mass model or the finite-
element method could be employed to estimate the structure's motion.(z’s)
The principal advantages of the continuum approach are its accuracy
and its relative simplicity and low cost. In performing this type of
analysis, one probably gains more physical insight into the problem
than results from doing a comparable amount of finite-element computa-

tions. The continuum method, however, is severely limited in that it

can only treat linearly-elastic, or visco-elastic soils. The technique



is also restrictive in the range of foundation geometries it can analyze,
being Timited to simple shapes, such as circles and rectangles. This
method also runs into complications when confronted by embedded struc-

tures.(4’6)

For these reasons, we focus our attention on the finite-
element method. Although the application of finite-element techniques
to soil-structure interaction problems is burdened by its own con-
siderable difficulties, as we discuss below, the continuous upgrading
of computer technology, and the method's geometrical advantages, make
it a promising approach.

The reader can refer to Zienkiewicz(sz) for details of the finite-
element method. Suffice it to say that it is conveniently able to
handle geometrical irregularities and material nonlinearities. The
method's major drawback, for soil-structure interaction problems, is
that present comﬁuter hardware is unable to manage the enormous storage
and computational requirements of a full-scale, three-dimensional
transient calculation. Attempts to reduce the problem's scale can often
produce large errors in the solution. For example, if the boundaries of
the finite element mesh are situated too near a source of wave radiation,
then spurious boundary reflections will significantly distort the solu-
tion. Likewise, making the element size too large filters the motions
of the higher frequencies which participate in the response.

Researchers have proposed a number of ideas to reduce the computa-
tional demands. One of the most important has been the use of artifi-
cial boundaries, which allow radiating energy to exit from the system,
Ideally, with the use of these mechanisms, one can obtain the same

solution by employing a relatively small number of elements, as one



does when using a much larger mesh. The resulting economy in computa-
tional effort would then be considerable. Unfortunately, most of the
boundary schemes with this aim suffer from significant drawbacks, or
they are not applicable for this type of problem. Recent works on this
subject are summarized in Section II.

Analysts have also attempted to utilize two-dimensional models in

(25,62) indicates

the solution of three-dimensional problems. Some work
that this simplification causes an underestimation of the building
response. Other errors in estimation may also result.

(64)

The substructuring of the system is another method of reducing
the problem's size. Here, the structure and the soil are analyzed
separately, so that two smaller problems are solved instead of having
to solve the original coupled system. This procedure may be viable when
many analyses are to be performed.

Another problem is that the material properties of soils are both
highly variable and highly nonlinear, and they have proved to be diffi-

(59)

cult to model correctly. O0ften, crude approximations of soil beha-

d,(60’6]) and it is not always clear how this oversimplifi-

vior are use
cation affects the system's general response.

At present, an ignorance of the variation of seismic motion with
depth, and distance, impedes soil-structure interaction studies. The
current dearth of underground seismic data prevents a truly accurate
representation of the input to the system. Analysts must postulate

(63)

seismic inputs which will produce reasonable approximations of

accelerograms obtained at a point on the surface of the ground.



In summary, we have reviewed several of the more important limita-
tions to soil-structure interaction analysis. As is evident, much can
be done to improve the state-of-the-art of these techniques, In this
thesis, we focus our attention on one of these problems, the transmitting
or silent boundary, and attempt to make additions to the current metho-

dology.

II. REVIEW OF PAST WORK ON TRANSMITTING BOUNDARIES

Several different methods for the treatment of absorbing boundaries
have been proposed and employed with varying success. We comment on
several of them here, and list others. In all cases, the object of the
work has been to make the artificial boundary behave, as nearly as
possible, as if the mesh extended to infinity. In particular, since
economy dictates that the boundary be near the central field of the
mesh, the methods all try to avoid large, direct reflections of energy.
The resulting techniques, or boundary elements, are variously known
as transmitting boundaries, absorbing boundaries, or silent boundaries,
These terms are used interchangeably in this thesis.

(47)

Lysmer and Kuhlemeyer conceived of using viscous damping
forces, which act along the boundary, as a means of absorbing, rather
than reflecting, the radiated energy. The method, being directly
analogous to the use of viscous dashpots, is relatively easy to imple-
ment, and it appears to treat both dilatational and shear waves with
acceptable accuracy in many applications. The viscous forces, or
dashpots, enjoy a third advantage, in that they do not depend upon the

frequencies of the transmitted waves. This technique is thus suitable

for transient analysis.



It is commonly believed ([11], [33], [34], [44], [47]) that one
drawback to the viscous boundary is its inability to transmit Rayleigh
waves as effectively as it does the body waves. A special viscous

d,(47) in which dashpots, which are suitable for the

boundary was devise
transmission of Rayleigh waves, have coefficients that depend upon the
frequency of the waves. The accuracy of this Rayleigh-wave boundary is

d(44) that in order to avoid

not well established. It has been note
inaccuracies, the computational mesh may have to be especially refined
near the ground surface. This is because one of the dashpot's parameters,
at a point somewhat below the surface, goes to infinity. In addition,
there have been few comparisons between the standard- and Rayleigh-
viscous boundaries, except for one axisymmetric problem which was dis~
cussed in [47]. The use of a standard-viscous boundary, for problems
which involve Rayleigh waves, should not necessarily be ruled out.

Unlike the Rayleigh boundary, it is independent of frequency and is much
easier to implement. For example, Haupt,(]S) using the standard-viscous
boundary along with some 6f his own boundary innovations, achieved good,
steady-state, Rayleigh-wave solution. Another Rayleigh-wave examp]e is
presented in Chapter 4.

White, Valliappan, and Lee(57)

attempted to improve upon Lysmer and
Kuhlemeyer's scheme, and also to broaden the theory to include aniso-
tropic materiais. To do this, they selected, and then minimized with

respect to Cij’ a certain norm, Iij’ where

- 2 .2 )
Iij = f (Bij + Cij) cos” 6 do (4)
S



i = the number of stress components and j = the number of displacement

components; 6 is the angle of incidence of the wave. Cij is the desired

damping matrix that is used to cancel the stresses, [B]{u}, of the

incoming waves. Therefore, Iij

energy, that is not removed by the boundary terms, and will cause

is a measure of residual stress, or

reflected waves.

After the minimization of Iij to find Cij is completed, this Cij is
used as a starting point to iterate for more "energy efficient" values
of Cij‘ This second minimization is performed on the energy ratio,
Eref]ected/Eincident’ which is calculated by using harmonic wave forms
and the previous values of Ci"

The benefit to this approach is that anisotropic materials having
infinite dimensions can be modeled. The authors have not clarified,
however, just how efficient this boundary is for such materials. For
the isotropic case, the method offers virtually no improvement upon the
Lysmer/Kuh]emeyervboundary, and is more complicated to implement.

(

Claerbout 83) devised the idea of creating equations which transmit
waves in only one direction. He derived these equations, termed
paraxial approximations, for the two-dimensional, scalar-wave case.

(

Clayton and Engquist 39) later expanded Claerbout's ideas to include
elastic waves, and conceived the notion of applying it as an energy-
absorbing boundary. In their approach, one takes the triple Fourier
Transform (two spatial and one temporal) of the following two-dimensional,

elasticity equations in plane strain.



2 2 2 2 _
Up = Cq Uyx - (Cd B Cs)wxz TG Uy T 0
(5)
2 2 2 2 _
Weg = O Wox (Cd - Cs)uxz mCgW,, =0

wheré Cq = the dilatational wave speed, ¢, = the shear wave speed, and
u and w are the respective horizontal and vertical displacements; x and
Zz represent the spatial coordinates, and t = time.

The authors use the scalar-wave, paraxial equations "to provide a
hint as to the general form of the paraxial approximation" for elasti-
city. They then take the Fourier transform of this general paraxial
form, and "fit the coefficients by matching to the full, elastic wave
equation.” Using these derived coefficients, the general paraxial form
becomes the governing equation for the boundary.

The authors implemented these equations using a finite-difference,
numerical technique and, in the cases they presented, they obtained good
body-wave transmission. The method, however, suffers from several diffi-
culties. First, the techﬁique, as formulated, does not lend itself to
finite-element utilization. A straightforward, finite-element analysis
divides the domain into two parts: the interior, where the regular
equations of elasticity hold, and the boundary, where the paraxial equa-
tions are valid. The interface between the two discretized regions
(elastic and paraxial) does not permit smooth wave transmission, and
waves which do arrive in the paraxial area'do not propagate correctly.

A significant part of the wave energy is reflected into the elastic

medium.



The effectiveness of the finite-element paraxial boundary,
developed in this thesis, was notably improved by our utilization of

(73)

some upwinding techniques suggested by Hughes, and by our introduc-
tion of an interface element. The details of this approach are presented
in Chapter 3, along with some comparisons between this boundary and
others.

Another major difficulty with the earlier paraxial technique is that
when Poisson's ratio is greater than 1/3, a negative stiffness term is
introduced into the paraxial equations. This term clearly leads to
instabilities; the boundary erroneously causes the displacements and
stresses to grow in time. This problem is discussed in Chapter 2.

In a series of papers [Lysmer,(Ag) (49)

(26)]’

Lysmer and Waas, and Lysmer

and Drake a boundary was developed in order to transmit either
Love waves or Rayleigh waves. The boundary was especially designed for
a layered medium.

The method first assumes that a wave of a certain frequency is
propagating in a certain layer. If another finite element having width
h were present beyond the boundary, then its displacements would be
e'ikh (k equals the wave number) times those of the last element at the
boundary. They then calculate the stiffness contribution of the supposed
elements and put them into the equations of motion for the lumped masses

at the boundary. Therefore,

Mi + Ku - K°K*u = 0 . (6)

If the frequency, w, is known, and having set C = wZM + K,

~

equation (6) becomes
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[C - KK*lu = 0 (7)

k, the wave number, is different for each of the various layers, so the
eigenvalue problem (7) must be solved. The impinging wave (shear or
Rayleigh) causes stresses at the boundary. The idea is to apply oppo-
sitional forces to effectively nullify them. For the shear wave
example, these stresses are proportional to both the displacements at
the boundary and to the wave numbers (eigenvalues) solved in equation
(7). This enables the authors to find the matrix, R, which relates the
nullifying forces to be applied at the boundary to the displacements at
the boundary. Ru serves as the boundary force contribution to the
finite-element equations of the interior.

Although suitable for transmitting periodic, surface waves, this
method is highly restrictive. First, the boundary terms are frequency
dependent, meaning that one cannot generally perform a transient analysis
in the time domain. If the governing equations of the interior region
are linear, one can perform a transient analysis in the frequency domain.
This approach, however, raises several questions. What are thé costs of
doing frequency-domain analysis, compared to doing an analysis in the
time domain? Secondly, how effective can this approach be, if the
interior equations are nonlinear? This technique is also restrictive
in that only shear waves or Rayleigh waves can be transmitted. Other
boundary methods are broader in scope. Finally, this transmitting
boundary is more difficult to implement than are most other boundary
schemes.

Smith(55) proposed the adding together of wave solutions having

different boundary conditions, in order to eliminate reflections. In a
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one-dimensional example, the reflection of a wave striking a free boun-
dary cancels that of a wave striking a fixed boundary, when they are
added to each other.

Two lubricated-rigid boundary conditions are imposed for two

dimensions:
u, = 0
! } , (8)
T = 0
and
u, = 0
2 } : (9)
o = 0

Uy and u, are the respective normal and tangential displacements at the
boundary, and ¢ and t are the respective normal and tangential stresses
there. For the three-dimensional case, the piane of the boundary is
either lubricated or fixed, and the normal displacement is conversely
fixed or left free.

Smith demonstrates that this boundary method eliminates all reflec-
tions, regardless of frequency or angle of incidence. It also handles
all types of waves, including body, Rayleigh or Love waves. The only
drawback to this method, and it is an inescapable one, is that two solu-
tions are required for each possible wave reflection. For example, if
we have a two-dimensional corner, then two solutions for each boundary
side are needed. The problem must be solved four times to cancel the
wave reflections. Likewise, if there is enough time for a wave to
reflect from one boundary, strike another, and then return, then the

number of calculations must be doubled. Therefore, 2" s equal to the
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number of complete solutions, where n is the number of possible reflec-
tions. If one performs the calculations over a long period of time, the
number of required solutions increases very rapidly. This method does
not appear as attractive as other approaches, except for one-dimensional
problems and problems with very short, characteristic times.

Cundall, et al.,(40)

have recently introduced a cost-saving scheme
that attempts to retain the advantages of the Smith boundary. Their
idea is to set up a small boundary region, in which equations are formed
and solved for each of the above-mentioned boundary conditions. Smith's
jdea of adding the two solutions is implemented at every fourth time
step. Thus, the boundary area, which is four elements deep, requires
two solutions at each step, while the interior region needs only one
solution.

The authors encountered some practical difficulties with this
incremental approach. They solved them by using two pairs of constant
stress and constant velocity conditions at the boundary, inStead of the
fixed and free conditions that Smith presented. Wave-reflection theory
clearly shows how the reflections are eliminated in the Smith model by
adding the "fixed" and "free" solutions. With constant velocity, and
stress boundary conditions, it is not obvious as to how the reflections
are controiied. The authors, however, have observed that these condi-
tions perform well and reduce the "numerical shocks" that are caused by
the adding of the fixed and free boundary solutions.

The main question about this incremental (“superposition") approach
is its practicability. It effectively adds a layer of eight elements,

which have to be formed and calculated at each step. In addition, the
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constant velocity, and constant stress conditions, at the boundary must
be stored for all times. It would be cheaper, and less cumbersome, to
simply add a layer of eight elastic elements and to employ either the
viscous, or paraxial, boundary conditions. However, the comparative
accuracy of the superposition method and the Tatter schemes is unknown.

(54) (51) ihvestigated wave propaga-

Tseng and Robinson and Robinson
tion using another transmitting boundary proposal. This method relies
on the separation of S and P waves by the potentials, ¢ and y. First,
the transmitting condition for two-dimensional, plane waves is obtained.

For example, .
¢t t oy ¢X = 0 . (10)

Then a correction is added for cylindrical waves. Although equations
(10) are written in terms of potentials, they appear to be similar to

(42,83)

the equations of the first paraxial approximation shown below.

up *+ Cy u, = 0o . (11)

Equations (10) and (11) are derived for waves oriented in the positive-x
direction.

The authors demonstrate the method's superior transmission of cylin-
drical waves but, so far, the benefit does not appear to be significant
enough to clearly justify this boundary's use over other techniques.

Still another idea was proposed by Isenberg(17)

(58) h

and later by

Zhen-peng, Pai-puo, and Yi-fan. At the nt time step, they use the

known displacements of all points on or near the boundary to predict
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the boundary's motion at the (n+1) step. The rest of the displacements
in the interior are then solved.

In order to develop a predictor for the boundary, one needs the
frequency and wave number of the impinging wave. In this way, this
method could be effective for steady-state problems. One would probably
have to resort to Fourier analysis to model the transient waves.

(45)

Isenberg suggested an alternative, frequency-independent, pre-
dictor method. In this proposal, the preliminary step would be to apply
unit forces at the nodes adjacent to the boundary, and to calculate the
boundary's reaction to each of these loads. This information would be
stored for use during the main calculation. The effects of the various
nodal loadings are scaled and then superimposed on each other, in order
to predict the boundary's response for the next time step.

No one has, as yet, implemented this idea, so its feasibility and
accuracy are unknown. It has only recently come to attention and would
seem to deserve an investigation. Apparently, a significant effort to
set up such a boundary is required, but the concept may have the poten-
tial to solve infinite-domain problems.

Researchers(41’56) have also investigated the boundary integral
method, where the interior displacements of a region are found by
evaluating integrals along the region's boundary. The boundary is dis-
cretized into segments, and the integrations are performed numerically.
As yet, the technique has not been completely satisfactory. Not only
does taking integrals along the boundary depend upon the linearity of
the interior equations, it also leads to nonsymmetric matrices. For

large problems, it could be computationally expensive.
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In still another attempt to simulate the effects of wave radiation,

(25)

analysts have incorporated material damping into their models.

(70) to account for the

Alternately, one could employ numerical damping
transmitted energy. While these damping procedures are conceivable,
how one could practically implement them is not clear. Just how much
damping should be put into the system, and where should it be applied?
Can this damping discriminate the effects of wave radiation from the
actual physical dissipation taking place within the model?

.A systematic approach to the usage of damping in various systems is

not available. Luco, et a].’(25)

demonstrated some of the pitfalls of
this method. They compared analytical solutions of wave propagation to
the calculations of a finite element model which used some plausible
damping estimates. In general, the material damping did a poor job of
duplicating the radiation effect. At this stage, the proper application
of damping to account for radiation effects seems to be more of an art
than a science.

Another relatively simple idea, which was proposed by Haupt,(]s) c

an
be applied for repetitive analyses of certain systems which can be split
into intérior and exterior parts. The interior is altered for each
analysis (e.g., each interior geometry or load history could be differ-
ent), but the exterior region remains constant. One initially sets up
an extensive mesh of the entire system, but then he condenses those
degrees-of-freedom that are in the outlying region. Each successive
problem could be solved by utilizing just the small interior mesh and

the force contribution from the condensed equations. This substruc-

turing method reduces the computational expense for these special cases.
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(9,12,19)

Finally, investigators have experimented with extensive

meshes, and have determined where the boundary should be placed in order

(12) found that by succes-

to produce acceptably small reflections. Day
sively increasing the size of outlying elements by a factor of 1.1, he
could prevent undesirable reflections. This growth factor of 1.1 pro-
vides some help in reducing the number of required elements, but the
computational costs remain prohibitive, especially for three-dimensional
calculations.

In review, each of the proposed transmitting boundary schemes has
been shown to be effective for selected wave problems. The basic criti-
cism of all of these methods is that, to one degree or another, none has
been extensively verified. For example, there are available few compari-
sons between the results of using a truncated mesh having a transmitting

boundary and of calculations with an extended mesh. Some of these ideas,

such as the viscous damping mechanism, have been incorporated into pro-
(11,27,30,34)

grams for other purposes. This has generated a degree of
qualitative confidence in their use, but their accuracy is not well

known.

ITI. ORGANIZATION

The object of this study is to develop a transmitting boundary which
can be applied to transient analysis in the time domain. It is also
desirable that this boundary be applicable to as many situations where
nonlinear behavior is important, as possible.

In Chapter 2, theories of some absorbing boundaries are outlined.
Since the boundaries are supposed to remove energy from the system, we

discuss several of the forms which these mechanisms might take. Next,
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assorted, transmitting boundary ideas are analyzed. The basic paraxial

idea(83)

is studied in a different 1ight, and is developed and modified
to improve its energy-absorbing character. The viscous-boundary pro-
posals are also presented. Through the equilibrium equations, their
underlying precepts are shown to be equivalent to those of the paraxial
boundary. The unified- ("optimized-") version of the viscous boundary
is also set forth. The various boundary methods are then compared,
using standard, wave-reflection analysis. We also discuss the boun-
daries' ability to transmit Rayieigh waves and suggest some special,
frequency-independent, Rayleigh-wave boundaries. Lastly, the extension
of silent boundaries to spherical and cylindrical coordinates is con-
sidered.

Chapter 3 primarily deals with the numerical implementation of the
boundary schemes discussed in Chapter 2. 1In Sections I and II, we point
out some of the practical considerations of implementing a silent boun-
dary. The boundary methods should be designed so that the practical
limitations, such as the fime-step size, are no greater than are those
which other considerations impose.

We then propose some procedures which facilitate the paraxial
method's practicality for finite elements. These include the "upwinding”
of certain paraxial terms and a nodal assembling procedure to eliminate
a finite-element "interfacing" effect. In the next section, numerical
stabijlity limits are determined for the various boundaries. Lastly,
the numerical procedures are verified with a singular-loading problem,

Lamb's problem.
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Chapter 4 contains most of the extensive results and comparisons
of the boundary methods. These examples include a radial-dilatational
pulse, horizontal- and vertical-pulse loadings, and a Rayleigh-wave
excitation. The working of these problems illustrates the primary
strengths and drawbacks of the various methods and leads to some'improve-
ments, such as the application of numerical damping.

In the final chapter, we present our conclusions and proffer

recommendations in the use of the silent boundaries.
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CHAPTER 2

I. INTRODUCTION

In these next Chapters, 2, 3, and 4, we investigate, implement, and
compare several silent-boundary methods. As noted in Chapter 1, we are
seeking a suitable boundary for nonlinear, transient, finite-element
analysis. This rules out most of the transmitting boundary ideas pre-
viously discussed. The exceptions are the paraxial, superposition, and
viscous boundary proposals.

The parameters of the transmitting boundary should be not only
independent of frequency, they also should employ only information from
nearby regions of the mesh. These requirements allow the interior mesh
equations to be nonlinear; only the outer-region equations (those near
the silent boundary) need remain linear. In addition, it is desirable
to have the method be easily implemented and understood. We would also
hope to establish a stability criterion and a measure of the boundary's
accuracy. Lastly, the boundary should be capable of handling all types
of incoming waves, and of proving its reliability over a wide range of
different conditions. For example, it should place no significant
restriction on the material properties which are being modeled. All of
these issues are explored in this chapter.

In Section II, we consider basic energy requirements and some
general forms which transmitting boundaries might take. We then move
on to a few specific proposed boundaries. In Sections III, IV, and V,

their fundamental precepts are stated and analyzed. Some tentative
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comparisons are established among the different boundaries, and in the

next chapters, we investigate their performance numerically.

IT. ENERGY FORMS

In constructing an absorbing boundary, the absorbing mechanism must
be made dissipative. In other words, the change of total energy in the
system with respect to time (excluding the effect of work done on the

system) must be negative.
g4 r 0 1
at (energy) < . (1)

One can meet this energy condition in many different ways. Here, we
present some general energy forms for the wave equation and the equa-
tions of elasticity.

In the simplest example, one adds a boundary contribution term,

h(x,t), to the one-dimensional wave equation; thus

) ™
Puyy - PCU + hix,t) = 0 ,
h(x,t) = 0 when Xp <X <X > ' (2)
h(x,t) # 0 when Xy S X X 3

Y,
¢ = the wavespeed, p = density, x = the spatial variable, and t = time.
This one-dimensional system is depicted in Figure 1, using the elastic

bar as an example. If we multiply equation (2) by u,, integrate over

t
the interval X to Xy and integrate the second term by parts, then
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h(x.t)
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Figure 1. Simple absorbing boundary for one-dimensional wave
propagation.
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? 2
1 2
é%- 5 J puy dx + %- J oc (ux)zdx =
X X1
. ) X2
pC (utux) - J h(x,t)ut dx (3a)
X X
b
or
d 2 2 E (3b
3 [KE + PE] = (c putux) ) - f h(x,t)ut dx )
1 Xy

KE = kinetic energy, PE = potential energy.

In equation (3), either the displacements, u, or the stresses, Uy s
are prescribed at the boundaries. If no external forces do work at the
boundaries (x = Xy Or x = x2), then either u or u, must equal zero.
Having u be equal to zero for all time implies that the velocities, Uy s
also equal zero for all time. With no work being done on the system,
Uy = 0, or u, = 0 at all times. Thus, the first term on the right equals
zero. The second{term on the right determines whether the total energy

is decreasing with time. The energy requirement dictates that

*2
J h(x,t)ut dx > 0 . (4)

Xh

Letting h be proportional to u, in the boundary region is an obvious

t
choice for satisfying equation (4), but some alternatives exist. For

example, if h is proportional to -u,__, then having

tXX
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X2 Xo Xy
J 'utxxutdx ) '(utxut)lx * j Ugglgy 9x > 0 (5a)
X 1 X5
also satisfies equation (4). The integrated term involving Upy Uy
vanishes for reasons noted above. Similarly, by letting h be propor-

tional to utx’

(5b)
if

lu ()] > Jup (%) |

In this case, h becomes a convective term, which passes energy in the
positive-x direction and eventually out of the system. These choices.
have physical interpretation. The taking of h as proportional to Uy >

or u_.,» corresponds to absolute damping and strain rate damping,

txx
respectively.

Analyzing the boundary problem from this energy standpoint exposes
many possible avenues of attack. It does not indicate, however, whether
these boundary terms are removing all of the energy as it impinges on

the boundary. For this, we make a detailed examination of the paraxial

and viscous models.

ITI. THEORY OF PARAXIAL BOUNDARIES

In this section, we present the paraxial boundary from a different

(39)

viewpoint than did Clayton and Engquist, who originally applied the
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paraxial equations to a silent boundary. We believe that our alternate
approach gives better insight as to how and why the paraxial method may
work. Also, a stability analysis which was performed indicates that the
paraxial equations must be modified from their original form.

In the derivation herein, the paraxial boundary idea is best intro-

duced by means of the one-dimensional wave equation,

2 -0 < X < ©©
u,, - cu = 0 . (6)
tt XX O<t<w
It has the solution
u = p(x-ct) +qlx+ct) , (7)

in which u = u(x,f), and x, t, and ¢ are the same as they are in equa-
tion (2); p(x - ct) represents an arbitrarily-shaped wave moving in the
positive-x direction, q is another arbitrarily-shaped wave moving in the
negative-x direction. To change the equation into that of a paraxial
boundary, we seek a simi]ér, partial differential equation whose solu-
tion only allows waves to travel in the positive-x direction. This
equation will then govern a boundary region thch only transmits waves
in the positive-x direction.

Several partial differential equations produce this solution,

u=p(x - ct). One of these was presented by Clayton and Engquist:(39)
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- & X < ©
u, + cu = 0 s s
t X 0<t<o
: (8)
u(x,0) = UO(X) s |
solution: u = uo(x - ct)

However, we choose to analyze another, related equation with this same

solution:

- < X <

tt tX 0<t<o

(9)
u(x,0)

n

u (x)

ut(x,O) = vo(x) s

t
solution: u = J v(ix - c&) dg + uo(x)
0

Waves, p(x - ct), which impinge on a medium governed by equations (8) or
(9), continue to propagate through the medium. This is established by |
setting uo(x) = p(x) and vo(x) = -cp'(x). Unlike equation (8), equation
(9) is dimensionally consistent with the original wave equation. It
also more closely resembles the paraxial equations that we intend to

use for two- and three-dimensional problems. In these more complicated
cases, we study equation (9) for the purpose of developing the numerical

technique.
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For the one-dimensional example, we have all of the solutions to
the differential equation, so we can select the correct paraxial equa-
tion. Multi-dimensional equations, however, often do not have known
solutions. This necessitates a different approach, whereby the equations

of the boundary regions are constructed to accommodate one-directional,

plane, harmonic waves. For the purposes of simplicity, this different

method is illustrated with the one-dimensional example.
For most practical problems, the boundary conditions to equation (6)

are such that solutions are of the form:
u = Aexp [i(kxx -wt)] (10)

in which kx = the wave number (2w/wavelength) and w = the frequency of
the wave. One example of such a boundary condition is the requirement
that u be finite, as x goes to infinity. This precludes either hyper-
bolic or linearly increasing solutions (u = Ax + B) for equation (6).

If we substitute equation (10) into equation (6), then

2 2)

2 -
(-w” + kX c = 0 |,

or

l_(é = +l (]])
W T c i

In equation (10), if kx/w is positive, then u represents only positive-x-
traveling waves. We now seek a differential equation which, upon sSub-
stitution of the desired solution represented by equation (10), produces

kL1
w C
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It happens that both equations (8) and (9) meet this condition. They
each possess the harmonic solution (9) and have the positjve kx/w
requirement. For applications to higher dimensions, we now utilize this
procedure in the development of other differential equations which have

only positive-x-traveling wave solutions.

IV. TWO-DIMENSIONAL SCALAR WAVE EQUATION

In this section, as an introduction to the development of a silent
boundary for the equations of elasticity, we present an analysis of the

two-dimensional, scalar-wave equation. Having just one unknown, it is:

2 -0 < ¥ < @
Upp = Uy ¥, 0 o<z cw)
b

0

| 4
+

[ =

~—
1]

[ =
[}
-
—
*
N
~
[o1]
o+
-+
t

(0t <)
0

"
it}
Camnl
[
N
S
U
‘—’-
o+
"

Once again, the goal is to find a differential equation which allows
only positively moving waves. To this end, C]aerbout(83) developed a

"paraxial" method. If the solution of equation (12) has the form,
u = Aexp [1(kxx + kzz -wt)] (13)
then (12) becomes

W o ke = (14)

ck ck
ck ~w/1- {2 ck +w/1- |2 = 0 . (15)
X w X w
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Equation (15) furnishes the two "roots" of ck /w in equation (14);
(ckx/w)] is positive, (ckx/w)2 is negative (with ck,/w < 1). If we sub-
stitute the positive ckx/w root into equation (13), then this equation
represents waves traveling in the positive-x direction. Conversely, a
negative ckx/w signifies negatively traveling waves.

We consider the positive-ckx/w relation,

k k
Cx 1-<f—£) = 0 . (16)

w

Expanding the square root term, equation (16) becomes

2 4
ck ck ck
X 1 z z _

We can determine the differential equation which corresponds to the first
three terms of equation (17) by inspection of equation (13) and its
derivatives:

2

tx %T u,, = 0 . (18)

utt + Ccu

Equation (18) has a solution in the form of equation (13), but with
ckx/w defined by the first three terms of equation (17). Further expan-
sions of equation (17) to higher orders in (ckz/w) have been carried out
by Clayton and Engquist.(39)
Equation (18) represents an approximation of an equation which

would only transmit positive-x-directed waves. The nature of this

approximation is shown with the help of Figure 2. The plane harmonic
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WAVE
FRONT

BOUNDARY

Figure 2. Orientation of wave used in the scalar-wave, and
elasticity analysis.

wave illustrated in this figure has the form:
= (L Wy -
u = A exp [1( C Cosx X + c sina z wt)]

In this case, ckz/w = sin a,.where a is the angle of incidence. The
first three terms of equation (17) best approximate equation (16) when
ckZ/w is small. Hence, we expect the differential equation (18) to
perform best with small values of a, that is, with waves which are nearly
normal to the boundary. As o grows larger, the paraxial approximation

is less effective in transmitting positively traveling waves.
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V. BOUNDARY APPROXIMATIONS FOR TWO-DIMENSIONAL, LINEAR ELASTICITY

The analysis using the elasticity equations follows along lines
similar to the previous cases. We are determining here the appropriate,
paraxial-boundary equations for the following equation of elasticity for

plane strain, which is illustrated in Figure 3.

2 2 2
Ygt ~ E-”C Uyx ~ E]ZC Uz ~ EZZC Y, o (19)
where
u cd2 0
¥ T ’ Oyt A
- W ” c 0 c
i 5
[
Ejz * lé.(ch_ Csz) . ; Eyp = “]? s 02' 5
c 1 0 c 0 4

u and w are the-two-dimensiona1 displacements which act in the respec-
tive x and z coordinate directions shown in Figure 3; Cq = the dilata-
tional velocity and cg = the shear velocity; c, which has the dimensions
of a wave speed, is included in equation (19) in order to render several
quantities as dimensionless. The equations and their solutions are
independent of ¢, as is seen in the way equation (19) is formed; t
represents the time derivative.

Solutions to (19) are assumed to be of the form:

[
n

Uexp [ikx +kz-wt)]
(20)

=
"

W exp [1(kxx + kzz - wt)]
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Plane Strain

Region
Wavespeeds
cd and cg
u,X
w,Z

Figure 3. Displacements and coordinate axes utilized in the
plane-strain, elastic problems.

After substituting equation (20) into (19), we find that

u
2 2.2 2 2.2 _

[Iw" - E]]kx c” - EIkakzc - Ezzkz c™] {N } = 0 . (21)
Equations (20) and (21) describe plane waves propagating in the elastic
medium under consideration. In the first of three analogies with the
scalar-wave example, we examine the “roots" of ckx/w, which are obtained

by the approximate factoring of equation (21).



We are solving for the matrices Bj' In equation (22), either of the two

roots, ckx/w, satisfies equation (21). If we substitute the first root,

k.c k,c k,c 2
W) = qrhasla) (23)

into equation (21), we obtain:

2] ckZ 0 ckz 1
[1 “EnBT NS DR - EnBiBy - EnBBd

2
2 Ckz
* ['522 FENnB - EnBiBy - EnBsly - End ] (T) (24)
‘ ckZ 3 9 ckZ 4
+LEppBy - EyqBaBy - EiBaBpd\ 57+ ['51153 ] o) -0
Setting the coefficients of (ckz/w)0 equal to zero,
L0
- C4

B, = c . (25)
I
S

A second analogy to the scalar-wave case is that the positive root of §]
leads to a positive-x-direction, paraxial boundary. Now setting the

(ckz/w)] and (ckz/w)2 coefficients equal to zero,



33

0 1
i} Cd
B, = -lcqg - ¢l : ; (26)
— 0
Cs
C
d
CS - —2— 0 .
By = - c. | ¢ (27)
0 Cd e

The substitution [from equation (22)] of the second root of (ckz/w) into

equation (21) produces

= B

B, s and B. = -B

6 B (28)

If one puts these B matrices into equation (22) and mﬁ]tip]ies the terms,
equation (21) and some third and fourth order terms of (ckz/w) result.
The approximate factoring given by equation (22) is most accurate for
small values of ckz/w. (Recall that ckz/w = sin a, where o = the angle
of wave incidence.) From this analysis, it can also be seen that §] is
the zeroth order term and; therefore, is the most important part of the
paraxial approximation. The inclusion of §2 and §3 renders closer
agreement'between the elasticity equations (21) and the factored paraxial
equations (22).

If we use equation (23) with the calculated B matrices, then

rearrange all of the terms, we find that:



=0 . (29

The third analogy to the scalar-wave case is that the paraxial differen-
tial equations can now be derived. If the harmonic solution (20) is
substituted into the desired differential equation, then equation (29)

is the product. By this inverse logic, the desired equation is:

10 4 0 ( ) 0 1
u + u + {(c, - ¢C u

- u = 0 . (30)

Equation (30) produces approximately the same harmonic wave solution in
the positive-x direction as the elasticity equations (19) do. If one
employs equation (28), the paraxial equations for the negative-x direc-

tion are:

- u_ = 0 . (31)
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Clayton and Engquist (%)

derived equations which were the same as those
above, except for a change of sign in their §2 and §4 matrices. They did
this through a method based on Fourier analysis. It was not clear how
Fourier analysis would lead to one-directional equations. It seems

more logical to derive the paraxial boundary equations on the basis of
transmitting harmonic waves. The two analyses, however, are parallel

and lead to nearly the same results.

We can immediately identify some characteristics of equations (30)
and (31). These equations have the same mass term as the original elas-
ticity equations. The other paraxial terms, however, bear 1little resem-
blance to those of their parent equations. Usy and Uy, are ostensibly
damping-1ike terms, but an energy analysis reveals that these terms are

not necessarily dissipative. The u,, term constitutes a transverse

stiffness which can be negative if

C < —2— . ‘ (32)

Because this derivation is based on the kinematics of the desired
solution, it is difficult to understand what makes the paraxial equa-
tions represent a boundary that absorbs energy. This is with the excep-
tx and Yet
equations for the one- and two-dimensional scalar-wave cases and were

tions of the u terms, which were also found in the paraxial

shown to be dissipative (under certain conditions) in Section II. In

fact,'the negative-stiffness term raises the question of whether the

paraxial equations are stable.

In three dimensicns, the paraxial equations are derived by the csame

method. The three-dimensional elasticity equations are:
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Upg ~ EppCiey - EppCiuyy - E3sCiy,, - Bl

where
P
d
1
E = — 10
<11 CZ
: 0
[ 2
s
1
E —
~33 C2
| O
2 2
£ = ‘4 " S
<13 C2
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E c2
2 E

E13¢ 4y, ™ Ep3C Yyz

~22

~12

o O O
o O -
L)

m

E 2
0o,
c 2 0
s
1 2
210 ¢
C
0 0

When, as before, we assume an harmonic solution:

]

A exp [i(kxx + kyy + kzz
B exp [1(kxx + kyy + kzz

C exp [i(kxx + kyy *k,z

2 2\ [o
<cd -2 cS > 0
¢ 0
wt)l
wt)l
wt) ]

Then, by substituting it into equation (33) and solving for the roots

of ckx/w, we find
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1 0 0 Cq 0 0 0 0 1
0 1 0 Uep ¥ 0 c, 0 U, * (cd - Cs) 0 0 0 Uiy
0 0 1 0 0 c 1T 0 0
0 1 0 0O 0 O
*(cg-¢c)1 0 0 Upy ~ (cg-c) o o0 1 Uy
0 0 0 0 1 O
c
p— d -
cd (cs --§~> 0 0
c
=
- 0 Cg <Cd -3 ) 0 4y
o
=
i 0 0 7
c
- d -
cd(cS - —2—> 0 0
S
- 0 > 0 L~'zz = 0 . ‘ (35)
' c
_S
0 s (Cd - 2).

Equations (35) govern a medium which transmits waves only in the
positive-x direction. A rotational transformation on the finite-element
boundary terms is all that is required for orienting the boundary in
other directions.

The overall behavior of equations (35) would appear to be the same

as that of the two-dimensional paraxial equations. If
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then u . and u__ have terms indicating negative stiffnesses. The other

Yy
paraxial terms in the three-dimensional version are also similar to

their two-dimensional counterparts: u. represents the zeroth-order

tX

Uey and u, are the first-order terms; and Uyze Yy and u_, are

the higher-order contributions. The order of the terms refers to the

term;

powers of ky/w or k_/w that result, when equation (34) is substituted
into equation (33).

The above technique for deriving one-directional equations also
seems to be app]icéb]e to anisotropic materials. Equations (33) would
be somewhat altered due to the anisotropy, but one would assume that
the harmonic-wave forms (34) are still valid. Equations (34) would then
be substituted into the governing, anisotropic equations, and the fac-

toring, and solving, for ckx/w would be performed as before.

VI. STABILITY ANALYSIS

The stability characteristics of the paraxial equations can be
identified through an energy analysis. A paraxial region, which is
designed to transmit rightward-traveling waves, is illustrated in
Figure 4.

If we put equation (30) into matrix form, premultiply it by gl, and

integrate it over the boundary region Qb’ then:

1.9 T o ,
Y737 [ ngt] U Ky, J o, = 0 (36)
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Figure 4. Schematic representation of a paraxial boundary
for plane strain.
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where

s
Cs<cd -7
L el
The paraxial domain, Qb, and its boundaries, Tx, F;, Fg,

depicted in Figure 4,
We modify equation (36) and set either u

boundaries, Pt and Pb.
z z

SN
-
and FE, are

= 0, or u, = 0, at the

(38a)
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or

1 3, TP T,b _
7| s g e, -

Z -~
&, (38b)

Energy Flux (x-direction) + Energy Flux (z-direction)

For most problems, the orientation of the boundaries is such that
the flux is mainly perpendicular to the long axis of the boundary
region. Therefore, the accumulated energy within the system is repre-
sented primarily by the energy flux in the x-direction. If no energy is
flowing into the boundary region via Fl, then the F; integral dominates

1

the right-hand side. ¢® is diagonal, with positive elements, so

- jgtgxgtgrx = 0

r
1-|X

Therefore, we conclude from equation (38) that if Mb and Eb are positive-
definite matrices, then Igl is bounded. Mb is always positive-definite,
but 5b is only positive-definite for the range of shear velocities,

c, > cd/Z. For c < Cd/2 (i.e., Poisson's ratio gkeater than 1/3),
instabilities may result in the use of the paraxial equations.

Another, more specific way to evaluate the paraxial instability is

to assume that an harmonic wave is impinging on the paraxial boundary.

]If the energy flux in the z-direction is integrated by parts, it
becomes (cq - ¢ )futwtdrz. This energy term is neither positive- nor
negative defini%e, but it is assumed to be small because T'z is small
and because the primary direction of the flux is in the x-direction.
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(Refer to Figure 2.) The wave is represented by equations (39):

Uexp [ik (cosa x + sina z - ct)]

c
]

Wexp [ik (cosa x + sina z - ct)]

=
H

where o = the angle of incidence and k = the wave number, which is
assumed to be real. We wish to determine the value of ¢ in equation
(39). If it has a negative, imaginary component, then u and w are
growing exponentially in time, and therefore are unstable. The substi-

tution of equations (39) into the paraxial equations (30) gives:

¢t - clcy cos a) +

c —c(cd - cs) sin o
R I c in2
d\ 72 s Sin o U
{ } = 0 , (40a)
2 W
ct - c(cS cos a) +
-C(cd - cs) sin a c )
| _ cs<—25—-cd>s1'n a
or
DU = 0 . (40b)

For a nontrivial solution of equations (40), the determinant of the

matrix, D, must vanish.

5] = 0 . (41)

~

The taking of the determinant of E'resu]ts in a quartic equation for c.
The computed soutions of this quartic, for various angles of incidence

and Poisson's ratios, are plotted in Figure 5.



different material properties and angles of incidence.
(v = Poisson's ratio.)
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Figure 5. Stability regions for the paraxial equations, for
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One can see that for Poisson's ratios of less than 1/3 (cs/cd < .5),
the paraxial equations are always stable. They are also stable for
waves which impinge almost normally on the boundary. There exists, how-
ever, a large unstable zone for Poisson's ratios of greater than 1/3.

We conducted several numerical tests using points inside the unstable
region, and our results confirmed the existence of the instability. In
transient and nonlinear problems, we cannot guarantee that the waves
striking the boundary will always be normal to it. Guided by the
approximate nature of the paraxial equations, our practical solution to
this problem is to set the negative stiffness term, cd(cS - cd/Z), equal
to zero, if Poisson's ratio is greater than 1/3. The justification for
this simple solution is that the stiffness terms are the least important
element of the paraxial approximation, as was noted in the derivation of
the paraxial equations. A similar stability analysis of the revised
paraxial equations revealed no instabilities.

The set of equations, then, which we shall use for all future WOrk

with paraxial boundaries is:

c
d _
0 [utt T CqUex * (cq = csvy, - 4 <cs N 7?{)“22 - 0] for
CS v 1/3
P Weg * CeWey * (Cd - Cs)utz " C\Cq T W, =0
(42)
0 [u +cu,, *+(c,~-c.)w =0 ]
tt d tx d stz for
: Cg v>1/3
P [wtt tegw ¥ (cd - cs)utz - ¢ <cd - 7?i)wzz =0 ]

The second set of equations (42) could serve for all Poisson's ratios,

but when v < 1/3, the first set of (42) would be slightly more accurate.
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VII. THEORETICAL COMPARISONS OF PARAXIAL TO VISCOUS BOUNDARIES

VII.A. The Viscous Boundary

The basic idea of a viscous boundary was proposed by Lysmer and

Kuh]emeyer,(47) and is illustrated in Figure 6 for plane strain. One

applies boundary stresses, o and 1, to an otherwise free boundary. These
stresses cancel the stresses which are produced at the boundary by

incoming waves, or

0. + 0
in bd

Tin * Thd

(43a)

ww
o o

ucdcoudlf
boundary

Figure 6. Schematic representation of a viscous boundary.
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in which %in and Ty 2T the incident stresses, and obd and Thd are the

applied boundary stresses. Thus, the zero-traction condition at this

free boundary,

n
o
-

(G5 * Opg) * 90
(43b)
tT

n
o

(1, + 1

in bd) rf ?

causes Of and Teg to be zero, where Opf and T.f are stresses caused by
reflected waves.

One set of applied boundary stresses is defined by equations (44):

Q
\

XX TPCy Up

(44)

~
"

-pC
Xz PCq wt ’

(47)

as was proposed by Lysmer and Kuhlemeyer. These applied stresses
are clearly dissipative. Their taking of energy from the system is

illustrated in Section II.of this chapter.

White, Valliappan, and Lee(57) proposed a "unified" viscous boundary,
where
O%x T TaAPCqu
(45)
T © PP Wi

The parameters, a and b, vary according to the material properties of the
medium. The authors performed two minimization processes in order to

obtain the optimum values of a and b. We compare, in Chapter 4, the
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wave-absorbing characteristics of this boundary to those of the original

viscous boundary.

VII.B. Relationship Between Paraxial and Viscous Boundaries

Although the concepts of the paraxial and viscous boundaries seem
to be completely different, they can be related through the equilibrium
equations using the following, heuristic analysis. In Figure 7, an
element is shown, which contains mass density, p, and stresses, ¢ and T.
If the element in Figure 7 were elastic, then the stresses would be pro-
portional to the strains, and we would arrive at the usual elasticity

equations. However, if the element is such that

i}

Oxx B

T = -pC W

Xz t ?

and Tox and a,, are constant through the element in the z-direction,

then the equilibrium equations in the x and z directions, respectively,
2

are:
aqu
PUpp = Jx = Py T ecqup = 0,
and (47)
9Tz
Wit = Tax © PWpp T ACMy, = 0

Equations (47) happen to be the zeroth-order, paraxial equations for a
medium which transmits waves in the positive-x direction. [See equations

(42).]

2The equations of rotational equilibrium are not considered in this
approximate comparison.
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The similarity between the paraxial and viscous approaches can be
seen with the help of these equations and of Figure 7. The stresses,
which are developed in the paraxial element, are proportional to the
product of the element thickness, Ax, and the x-direction gradients of
the velocities, Uy and w,_. The viscous boundary directly applies the

t
u, and w, values to the left side of the element. In other words, the

t t
paraxial method applies dashpots across the width of an element, while
the viscous technique attaches dashpots from the boundary nodes to a
rigid base. Since both of the boundaries utilize the nodal velacities
in a similar manner, it appears that they are performing essentially
the same function. It is not a coincidence that the viscous coeffi-
cients, pcy and pc., are also found in the paraxial equations (47).
Thus, the paraxial technique is seen to be one way to extend the
viscous-boundary idea. This generalization, with the help of Figure 7,
helps 1link the physical idea of using viscous dashpots for absorbing

energy to the paraxial method of fitting solution forms. The paraxial

and u

technique, with its introduction of the higher-order terms, u U,

tz
potentially could lead to a more efficient, energy-absorbing boundary.

VII.C. Theoretical Comparison of the Paraxial and the Viscous Boundaries

In this section we perform a standard analysis of wave-reflection
coefficients. For more details on this procedure, see Mik]owitz.(86)

We assume ‘that plane-harmonic, elastic waves are impinging upon a
boundary strip, as is shown in Figure 8. The problem is again that of

plane strain.
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Figure 8. Schematic illustration of dilatational and shear
waves reflecting from a boundary.

The wave potentials, which satisfy the governing

are:
) Ty
¢p = explig (s1nax - cosaz
L d
-
b2 = exp 1Cd(s1nocx+ cosoz
Yy = exp i—c‘i’-(sinsx- cosBz
L s
Y, = exp [1’ -CQ-(sinsx+ cosBz
S

¢ = I0,+A0,

equations of motion,

egt) ] )
eqt) ]
est) ] »
et) ] »
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where Cq = the dilatational wave speed, c_ = the shear wave speed,

s
Ip = 1 for an incident P-wave, IS = 1 for an incident S-wave, Ap = the
amplitude of the reflected P-wéve, and AS = the amplitude of the
reflected S-wave.

We can now calculate the reflection coefficients for the paraxial

boundary. For an incident P-wave, Is is set equal to zero. The

elastic wave is described by Lamé's solution,

g o= %
9X 92
(49)
- 9%, oY
w 9z * oX

The substitution of the potentials in equations (48) into equations (49)
produces the elastic displacements which propagate in the elastic region.
This wave strikes the paraxial-boundary region, which is governed by
equations (42). After substituting the elastic-displacement solution
jnto equations (42), we have two equations for the solution of the

reflected-wave amplitudes, A_ and As. These reflected waves also exist

P
in the elastic medium.

The viscous-boundary scheme applies a stress condition to the
boundary. Instead of setting the stresses equal to zero, as would be

done at a free boundary, they are set equal to the viscous stresses.

Again, we assume that we have potential solutions which lead to:

- A - -
O22 ~ c 2 ¢tt * 211(q)zz * wxz) apeyWy s

d (50)

- 2 _
Tax u.[th/Cs * 2(q)xz - sz)] B 'bpcs”t :
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in which A and p are Lamé's elastic parameters. The velocities, Uy and
Wy, are determined by using Lamé's solution, (equation (49)). The
constants, a and b, are positive in equations (50). In the standard

viscous boundary,

a = b = 1. (51)

For the unified viscous boundary, however, a and b are set equal to the

"optimized" values, which were set forth by White, Valliappan, and

Lee.(57)

The wave-reflection amplitudes, A  and As’ which may be

P
complex, are computed for the various angles of incidence. The absolute
values of the amplitudes, for different values of Poisson's ratio, are
plotted in figures 9 through 16. The three different silent boundaries

are labeled as follows:

]
VO <<

Standard-Viscous Boundary
Unified-("Optimized") Viscous Boundary
Modified-Paraxial Boundary

There are four sets of curves:

P-reflections from an incident P-wave
S-reflections from an incident P-wave
P-
S-

reflections from an incident S-wave
reflections from an incident S-wave.

1)
2)
3)
4)
We should note a few points before interpreting the wave-reflection
figures. First, the reflection amplitudes for low angles of incidence
are more important than are those for high angles of incidence. Waves
which strike a silent boundary at high angles will usually hit one or

more boundaries before returning to the interior. In addition, one

usually knows in advance the source of wave radiations, and consequently
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can orient the silent boundaries toward that source. Therefore, the
fact that most of the incoming energy is reflected, when incident angles
are nearly equal to 90°, does not necessarily reduce the boundary's
efficiency by a significant amount.

Secondly, the assumptions which govern the wave-reflection calcula-
tions are not strictly the same as are those that , by necessity, govern
our finite-element representation of the boundary. The finite-element
method spatially discretizes the boundary equations, and the boundary
contributions are calculated for the outermost set of nodes. In
contrast, the above theoretical analysis émp]oys an infinitesimal
boundary strip, from which the boundary effects are calculated.

When we consider the first set of curves, the reflected P-wave
amplitudes caused by incident P-waves, (figures 9 and 10), we can see
that all of the boundaries are nearly equal in their reflection
amplitudes. Near-to-perfect absorption is attained for those incident
waves which are almost normal to the boundary. Conversely, total re-
flection occurs for the waves which impinge at 90° angles. As
Poisson's ratio decreases, the absorption characteristics of all three
silent boundaries improve. The one exception to this trend is the
optimized-viscous boundary where Poisson's ratio is nearly equal to zero.
It performs less effectively for this condition.

The viscous-boundary curves dip near 60° for cs/cd > .55. These
abrupt interruptions in slope are due to changes in the reflected
amplitudes' signs. The reflected, paraxial amplitudes retain the same

sign for all angles of incidence, and therefore display no dips.
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The reflected S-wave amplitudes, caused by incident P-waves, are
shown in Figures 11 and 12. A1l three boundary methods show negligible
reflections when Poisson's ratio is near to one half. The modified-
paraxial magnitudes are so small that they all are nearly zero. In ad-
dition, the quiet boundaries are almost as effective for materials with
lower Poisson's ratios, as they are for hfgher ones.

The illustrations of those reflected, S-wave magnitudes arising
from incident S-waves, Figures 13 and 14, depict larger differences
among the three boundary schemes than do the previous figures. In this
test, the modified-paraxial boundary clearly outperforms its competitors.
For all Poisson's ratios, the optimized-viscous boundary produces 10-15
percent reflections of normally-incident waves. It should also be
noted, however, that with high Poisson's ratios, the incident S-wave
curves are somewhat misleading. In this case, the shear-wave propaga-
tion speed is only a small fraction of the dilatational speed. The
S-wave reflections will be traveling slowly, and therefore, may not
significantly influence the response in the interior region. Again,
the dips or kinks, which are evident particularly for the optimized
viscous boundary, are caused by changes in the amplitudes' signs.

The last set of comparisons, (figures 15 and 16), describes P-wave
reflections due to incident S-waves. These curves are influenced by
the critical-angle phenomenon. If the incident, shear-wave angle is
larger than a certain angle called the critical angle, then the re-
flected, dilatational wave becomes a surface wave which travels along
the boundary. In each of the plots in Figures 15 and 16, one can

detect the critical angles by the abrupt changes in the slopes of the
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reflection curves. This occurs in the region of from 0° to 45° ,
depending on Poisson's ratio. As the shear-wave speed decreases, (thus
Poisson's ratio increases), so does the critical angle decrease.

In this analysis, we are dealing with an incident, plane, harmonic
wave which extends infinitely in the x-z plane. (See Figure 2.)
Hence, it contains infinite energy. Likewise, the reflected body waves
extend infinitely in x-z space. The reflected surfave wave, however,
which is created when the shear-wave angle is greater than the critical
angle, is confined to a region near the boundary. Theoretically, this
surface wave contains only a finite amount of energy. Therefore, in
Figures 15 and 16, the fact that P-wave amplitudes are large for those
incidence angles which are greater than the critical angle, is probably

(47.57) o1 iminated

not seriously detrimental. In fact, previous authors
these amplitudes from comparison when they multiplied them by the wave
speed times cos o (a = angle of incidence.) This new gquantity measured
"the energy flux at the boundary; energy propagating along the boundary
was assumed to be confined there.

In general, by considering all of the wave-reflection curves, we
conclude that each of the boundary schemes produces acceptable results.
A1l of them generally perform well when the incident angles are less
than 40 degrees. With high Poisson's ratios, however, shear waves may
cause some difficulties, particularly for the viscous boundaries.

The modified-paraxial boundary appears to be generally superior to
the viscous schemes. It outperforms the others on every curye shown, and

it demonstrates significant improvement for those reflected, shear-wave

amplitudes which are produced by incident shear waves.
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d,(39) the paraxial boundary (the one that

As it was first formulate
includes the potentially negative stiffness terms) causes reflection
amplitudes to be greater than one, when Poisson's ratios are greater
than 1/3. These are illustrated in Figure 17. For an incident shear
wave, the reflected-shear and reflected-dilatational amplitudes become
increasingly large as Poisson's ratio approaches 1/2. These curveé

highlight the instability caused by the negative, paraxial stiffness

term.

VIIT. RAYLEIGH WAVES

In the soil-structure interaction problem, all types of waves may
be generated. In a typical case, the energy radiating toward the
boundaries could be simultaneously composed of Rayleigh, Love, and body
waves. In many instances, such as for the Rayleigh-wave case, the waves
have not completely formed. The energy would then be in a transition
state, and it could be propagating at different speeds. Therefore, it
is desirable to install a transmitting boundary which can handle all of
. the different wave motions.

The previous, wave-reflection analysis, however, is not valid in

2

the case of Rayleigh waves.” Therefore, it is difficult to assess the

various boundaries' effectiveness in transmitting these waves.

2Viktorov(88)presents some experimental data for Rayleigh waves striking

a free boundary (in effect, a corner). These results show that about
40% of the incoming energy is transmitted around the corner as Rayleigh
waves, 35% is reflected as Rayleigh waves to the interior and the
remainder is converted to body waves, which propagate radially from
the corner.
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In the paraxial approach, special equations are constructed in
order to satisfy a particular harmonic solution. For positively-

directed Rayleigh waves, shown in Figure 18, these solutions are:

©-
1t

A exp (-xrz) exp [1KLx-th)J R
(52)

]
n

B exp (-xsz) exp [1K(x-th)J

x

— _
/

Rayleigh Boundary

Wave

Figure 18. Schematic diagram of a Rayleigh wave approaching
a boundary.
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Cr the Rayleigh wave speed, ¢y = the dilatational wave speed,

‘s

the shear wave speed, w = the frequency of the wave, k = the wave

number = w/cp, T = /i-(cR/cd)z, and s = 1-(cR/cS)2. The displacements

are given by equations (49):

L - 303
X 23z i
- 96, oY
w 2z * x
or,
u = Aic exp [-xrz] exp [1K(x-th)J A
+ Bks exp [-xsz] exp liK(x-th)] R
> (53)
w = -Ar exp [-krz] exp [iK(x-th)]

+ Bik exp [-ksz] exp [iK(x-th)] Ny

A and B are related to each other through one of the free boundary con-
ditions at z = 0. Cr is ca]cu]ated by using the other free boundary
condition. Miklowitz(86) discusses these solutions in more depth.

One set of paraxial equations which has equations (53) as a solu-

tion can be determined:

u + C, u
W

tt T CR Wix
A boundary region governed by equations (54) is theoretically

capable of transmitting these Rayleigh waves. However, it cannot

absorb body waves as effectively as does the paraxial region using
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equations (42). Therefore, we wish to assess the ability of the "body
wave" paraxial equations to absorb Rayleigh-wave motion.

One way to do this is to determine the degree of modification
required to change the paraxial equations into absorbers of Rayleigh
waves. Beginning with equations (42), the paraxial equation for Rayleigh

waves can be written as:

Moupe * Clge + Gty * Kpuy, +L(w) = 0 (55)

Mb’ Qx’ 92’ and Eb are the constant-coefficient matrices as defined by
equations (37). L is an added linear operator which aliows equations
(55) to be satisfied in the case of Rayleigh waves.

If one substitutes the solution (53) into equations (55), he can

 determine the magnitudes of the respective terms in (55).

(Rtt] + th] + th] + RZZ] + RL]) exp (-KY‘Z) ™
+ (stt] + SXt] + SZF] + SZZ] + RL]) exp (-xsz) = 0 ,
(56)
(RttZ + thZ + th2 + R222 + RLZ) exp (-krz) r
+ (Sttz + sxt2 + Szt2 + SzzZ + SL2) exp (-xsz) = 0 .
where Rtt, th’ RZt, R%Z; and Stt, SXt, SZt, $%% are the normalized co-

L

efficients of u , and U, respectively. R~ and SL are the

Yt Yixe Ytz
coefficients necessary to make equation (56) valid. These terms are
produced by the operator, L. The numerical values of the resulting co-

efficients for v = 0 and v = .45 are listed in Tables 1 and 2.
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st tx stz 22z 5
Ry -.619 1 -.181 -.206 .006
S, -.380 614 -.180 -.048 -.006
R, .486 -.555 -.230 .357 -.058
S, -.789 .901 .087 -.219 ©.020

Table 1 -~ v =20

St Ytx Ytz Y2z L
R, -.287 1 -.642 - -.071
s, -.156 .545 -.381 - -.008
R .275 -.289 -.669 .785 -.102
S, -.501 .526 119 -.152 +.008

Table 2 - v = .45

The values of the coefficients for other Poisson's ratios are in the
same range as those presented in Tables 1 and 2.

In order to render the modified-paraxial equations (55) into
perfect Rayleigh-wave absorbers, we would need to determine the
operator, L. However, it is clear from Tables 1 and 2 that L makes only
a small contribution to equations (55). The other terms in these equa-
tions account for almost all of the Rayleigh-wave behavior suggesting
that it is permissible to neglect the second-order effects of E. This

is not a proof that the modified-paraxial boundary can transmit
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positively-directed Rayleigh waves. It does indicate, howevef, that the
boundary can absorb these waves just as it largely absorbs body waves.
An example of Rayleigh-wave transmission is presented in Chapter 4.

The efficacy of the standard viscous boundary in the transmission

of Rayleigh waves is largely untested. Lysmer and Kuh]meyer(47)

pointed
out that because of the waves' exponential decay in the z direction, the
formerly constant parameters, a and b, should also be functions of z.
The authors' plots of the required coefficients, as a function of the

normalized depth, xz, are reproduced in Figure 19.
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Figure 19. The functions a(kz) and b(xz) used for R?y]eigh waves,
as proposed by Lysmer and Kuh1emeyer.(47
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As can be seen from Figure 19, these viscous coefficients vary with
k, and therefore, they are frequency dependent. One must know in
advance the frequency of the incoming waves and implement the correct
values for a(xz) and b(kz) accordingly. Thus, the boundary may be
applied for steady-state problems, but it is not suitable for transient
ané]ysis. The frequency-dependent coefficients are also more cumbersome
to apply than are the constant coefficients designed for body waves.

In a practical sense, it is not clear that the use of the variable
coefficients would improve the absorption of Rayleigh waves. It would
be extremely difficult, by employing a finite element mesh, to approxi-
mate the variation in a(kz) from -o to += (which is illustrated in
Figure 19). Further, as will be pointed out in Chapter 4, the behavior
of the viscous boundaries is relatively insensitive to changes in a and
b.

Another set of boundary stresses, which cancel exactly the stresses

induced by Rayleigh waves are:

Ix * c ut AW,
R
(57)
OC;Z
Tyg = B Uy - 'EE—'wt : _J

in which u and A are Lamé's elastic parameters. Equations (57) were
derived by first substituting the wave potentials, equations (52) into
the stress equations (50), and then cancelling these terms with the ad-

dition of Uygs wt, u, and W, terms.
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The advantage of using the boundary equations (57) is that their
effectiveness, in theory, is independent of frequency just as the
standard-viscous boundary is independent of frequency. Upon
implementing them, we found, however that certain numerical procedures
have to be modified in order to render the scheme workable. The boundary
causes a significant reduction in the critical time step for the explicit
part of the solution algorithm (which is described in Chapter 3). For
the implicit part, the u, and W, terms lead to nonsymmefrica] matrices,
hence, a nonsymmetrical equation solver is required. These particular
restrictions violate the silent-boundary criteria that we shall set forth
in Section II.A of Chapter 3. For this reason, the Rayleigh-wave
boundary (57) was not pursued. However, if the above considerations are
relatively less important, then the boundary stresses (57) may be useful

for Rayleigh-wave applications.

IX. OTHER SILENT-BOUNDARY APPLICATIONS

IX.A. Spherically Symmetric Case

The paraxial, and viscous boundaries, can be easily derived for
this one-dimensional system. The spherically symmetric equation of
elasticity is:

2ur 2u u

4+ —— -
Upp 3
r r

tt o, (58)

wherein u is the radial displacement, and r is the radial coordinate.

The solution to equation (58), expressed in terms of a potential ¢,

15:(86)



6 = LF(r-cgt)+alr+cgt) (59)
u o= %g (60)

If we consider only outwardly radiating waves,

_ 1
¢ - F f(Y‘ - Cdt) 'Y
(61)
_ 1 Tevgp o
u = - r2 f(r - cdt) t - f'r cdt)

One, partial differential equation which has equations (61) as its

approximate solution is:

+cou,  + E-q-u = 0 (62)
p .

u tr r °t

tt

The substitution of equations (61) into (62) produces a residual term,

-f'(r-cd) cd2 , which grows smaller as r increases (assuming that

3

f'(r—cdt) is bounded for large r). Equation (62) appears to be a
suitable paraxial approximation for outwardly (positive-r) radiating
waves, and it may be useful for spherically symmetric problems.

The corresponding viscous boundary employs the boundary stress,

O, = =PCquy - (63)

(38)

Castellani discusses this version of the viscous boundary. He offers
a method for evaluating its effectiveness, which we believe can

be adapted to the paraxial equation (62). It compares stresses not
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canceled by the viscous boundary to those stresses created by the

incident wave. The author begins with the assumption that

| =t
n
~5|—

f(r - cdt) . (64)

but a broader spectrum of problems is covered by equations (61), after
which we may apply his analysis. It turns out that both the paraxial,
and viscous boundaries are frequency dependent. Using a given r, they

behave more capably for high frequency motion.

IX.B. Axially Symmetric Waves

We present a preliminary investigation of the viscous boundary's
effectiveness for the axially symmetric case. The derivation and imple-
mentation of the paraxial boundary, though not bursued here, follows
from this analysis and the procedures outlined earlier in this chapter.

The displacements, which are axially symmetric about the z-axis,

are represented by:

| =
i

u(r,z,t) , w = wir,z,t) ,
(65)
- 9 _
v = 0 . and 55 - 0 .

in which u = the radial displacement, w = the displacement in the z
direction, and v = the displacement in the 6 direction.
Using equation (65), the elastic, displacement-potential relations

are [see Mik]owitz,(86) pg. 220]:

u = ¢r + Nz
(66)
n
- _ T
wo= dDz r ~ Ny
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and

6 = Adylngr) exp [ix(z-ct)]

(67)
*
n = B JO(nSr) exp [ik(z-ct)] ,
where J0 is the zeroth-order Bessel function, Ny = éi-cos O
d
ng = fﬁ cos B, o and B are the angles of incidence, k = the wave number =
S c
2rn/L, L = the wavelength, and Ld = ?? L.
If ngr and ngr are "large", then the potentials (67) become:
o = {>2 exp 1u><i €os a . 4 sin o z - t> s
r i 4 Cq
(68)
' B . < cos B sin B >
n = exp | iw \z r + z -t ,
r]/z L s Cs i
with B
*
2{n )
d (69)
) *
B - ];;/Lz
2(ngm)
The Bessel function, Jo(x), along with the function,
f(x) = ———1777-[cos X + sin x] , (70)
(mx

is plotted in Figure 20. The two functions are nearly equivalent for
x 2 1, but they part company near the origin. In the range, 1 = x <5,
the approximation (70) is equal to JO(x) up to 1 or 2 decimal places;
for 5 < x < 20, equation (70) gradually approaches 3 place accuracy.

When ¢os x and sin x in equation (70) are replaced with e'X and e'1x,
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Figure 20. Comparison of the Bessel function, J (x) to the
function, z——377§-(cos X + sin x).
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the outwardly (+x), and inwardly moving waves can be distinguished.
Thus, the potentials (68) result from the approximation of the
potentials (67).

If we assume that the approximation (68) holds, then the potentials

for incident and reflected waves, shown in Figure 21, are:

o = Ipr-1/2 exp iu)(c.os o, ,sine t>] ’

op = A p-1/2 exp | iw

; _cosa sina t)] ’

=3
—
]

- S

_ -1/2 [ .
ng = Asr exp | iw

Ir /2 exp iw(\cos Bpysing, t>] ,

and

(72)
n = np+¥ng

Ip and Ap are labeled as "P" wave coefficients: IS and AS are called
"S" wave amplitudes. This is analogous to the wave-reflection analysis
in Section 7.

The elastic stresses at the boundary shown in Figure 21 are:

- A
Opp T T by t Wt nn)
4 :
(73)
n. N
= x._Ir._
vz 2“¢r2 T Mgy u<r2 r rrr)
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Figure 21. Illustration of waves reflecting from an axially
symmetric boundary.
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If one would employ a free boundary, these stresses would be set equal to
zero. For the standard-viscous boundary, however, the boundary stresses

are defined as:

OY‘Y‘ = -pcdut i (74)

o)

-pC_W
rz pS

t

The substitution of the displacement-potential relations (66) into the

viscous stresses (74) produces:

Opp =0 "PCbpt = PC4 Mpzt 2

= - + +
Opz PCs bzt T PCsMpt ¥ PCs Mppt

(75)

The stresses (73) are set equal to those in equations (75). If one now
substitutes the potentials (69) and (72) into equations (73) and (75),

he obtains two equations for the solutions of the two unknowns, A and As'

p
For purposes of comparison to the plane-strain case, we can deter-

mine the amplitudes of the potential, ¥, used in the analysis in Section

VII. The vector potential, ?, is related to n by equation (76),

‘ $ = V. xnz , (76)

-~

in which Vv x is the symbol for the curl of a vector, and z is the unit

vector in the z direction. In our case,

Y= -n, (77)

When

Cs Cs

A\P =. [%+—lfcd<l_—z-> cos B](ﬁ:—> . (79)

The results for an incident "P" wave (I] =1, Is = 0) are illustrated

U Ay /2 exp[iw<- Cos B . 4 $in Bz—wt)} ; (78)

then
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angles of incidence (axial symmetry).
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in Figures 22 and 23; the "S" wave reflections are shown in Figures 24
and 25. The numerals '.5' and '2.5' in the figures denote the reflection

coefficients calculated with R/Ld = .5, and R/Ld = 2.5, respectively.
R is the distance from the axis of symmetry to the viscous boundary.
Several preliminary conclusions can be gathered from the results in
the figures. Unlike the plane-strain case, the axially symmetric,
viscous boundary depends on R/Ld, and is therefore frequency dependent.
Although the boundary's accuracy is greater for higher frequency waves,
it does not significantly downgrade in the range of R/Ld shown. This
result would seem to be corroborated in [57].
One may also notice that the axially symmetric amplitudes, with
R/Ld = 2.5, are nearly identical to the corresponding, plane-strain

results in Section VII.3

As R/Ld is decreased, the differences become
perceptible. The curves with R/Ld = ,5 intimate a trend of increased
reflections for smaller ratios of R/Ld. One must be aware, however,
that ét certain values of R/Ld_and o, the argument in the Bessel func-
tion (67), 2m cosa R/L,s becomes too small for the approximation (68) to
adequately represent the elastic-wave solutions. This error is mani-
fested in Fiéure 25. Here, the fact that some reflection amplitudes
exceed one, when o is close to 900, is a consequence of using the sim-
plification (68).

Some authors have implemented the viscous boundary for axially
symmetric waves and have attained mixed results. Lysmer and

(47)

Kuhlemeyer, having discovered the energy-absorbing potential of

3We review the characteristics of the plane-strain curves in Section VII.
That discussion explains the large reflections observed in Figure 23,
and the kinks in the curves of Figures 21, 22, and 24.
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the standard-viscous boundary for plane waves, proceeded to apply the
boundary to axially symmetric problems. The boundary was situated at
R/LR = .75 and R/LR = 1.50, which correspond to R/Ld = .35 and R/Ld =

.69, respectively. (L, = the Rayleigh wavelength, Poisson's ratio =

R
1/3.) The authors' results indicate good agreement with analytical
solutions when R/Ld = .69, but the boundary with R/Ld = .35 acquits
itself only fairly. These test results appear to be consistent with
the reflection curves in Figures 22-25.

Baladi (37)

also scrutinized the standard-viscous boundary in an
axially symmetric setting. His boundary was aligned parallel to the
r axis, so that it absorbed waves travelling in the z-direction. (The
transmission of waves in the r direction was analyzed above.) The
author found generally satisfactory agreement between the silent-boundary
results and those produced with an extended mesh.

In summary, it appears that the standard-viscous boundary ié

suitable for axially symmetric waves. What limited data are available

in the Titerature tend to confirm this suposition.
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CHAPTER 3

I. INTRODUCTION

The analyses of Chapter 2 suggest that the previously-discussed
boundary schemes could reproduce most of the effects of an infinite
domain. There are, however, a number of practical limitations to their
usage which one must consider. For example, we need to appraise the
boundary's numerical stability. If a silent boundary demands a smaller
critical time step than does the interior region, it may engender larger
computer costs. Also, problems in accuracy may arise in the numerical
treatment of the boundary terms.

Our chosen numerical algorithm is described in this chapter. We
discuss the-prob]ems of employing a paraxial boundary, and then the
implementation of the two viscous boundaries. After this, the numerical
stability of the boundaries is evaluated. Finally, in the last section,
we compare some numerical solutions to analytical ones. This is done in

order to validate our numerical procedures and their implementation.

I1. FINITE-ELEMENT PROCEDURES

II1.A. Implicit-Explicit Algorithm

Qur time~domain solution method, which was developed by Hughes and
Liu,(76) is called the Implicit-Explicit method. The basic procedure is
outlined in Appendix B and more of its properties are discussed in
references [77] and [78].

The algorithm enjoys considerable versatility in coping with
transient problems. One can effectively divide the domain of analysis

into "implicit" and "explicit" regions, thus capitalizing on the
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advantages of each scheme. For example, a nonlinear region could be
treated explicitly in order to save factorization costs. On the other
hand, implicit elements have superior, numerical-stability properties,

and would function well for relatively stiff elements.

JI.B. Finite-Element Implementation of the Paraxial Boundary

I1.B.1 General Considerations

We recall the one-dimensional, paraxial equation -- equation (9)
of Chapter 2.

Uu,, + Cu = 0 . (1)

tt tx

Appendix (A) briefly shows how the application of finite-element

procedures to the u,_ term leads to a nonsymmetrical matrix. The equa-

tx
tion of motion, including both interior and boundary contributions, is:

Mdpp + Cdyp + Kd + N(d) = F . (2a)

Ugys N is a

nonlinear operator in the interior. Equation (2a) may be solved with a

€C is the matrix which is derived from the boundary term,

variety of numerical algorithms, all of which lead to

*(3)y GH) o *(3)
K dne = F , (2b)
in one form or another. 'n' denotes the time step number, and 'j' is an
*
iteration counter. K may include components derived from M, C, K, or N.
If the contributions from M, K, and N are symmetrical matrices,
then the use of a nonsymmetrical boundary matrix, C, would require a

doubling of the storage on the left-hand side. It would also demand a
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nonsymmetrical equation solver, which needs twice the time to reduce a
given matrix than does a symmetrical solver. An explicit, paraxial-
boundary scheme does not suffer from the above difficulties and is
therefore chosen. The explicit algorithm, however, does 1imit the
allowable time step (see Section IV of this chapter for a discussion of

numerical stability).

I1.B.2 Upwinding

As was noted above, the finite-element treatment of the Uy term
Teads to a nonsymmetrical matrix, C. In other problems which generate
nonsymmetrical matrices, it has been observed that spurious oscillations
can occur in, for example, a large range of fluid-dynamics problems.

In many respects, the paraxial equationé are similar to the equations of

fluid mechanics. In our case, u,_ serves as a convective mechanism for

tx
transporting energy across a domain.
We can evaluate the behavior of the extended-paraxial equations,

for a one-dimensional mesh which is drawn in figure 1.

Figure 1. Schematic diagram of an elastic bar which is
discretized into a one-dimensional mesh.
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] O
- 2 O .I ’ ( )

Cp = C N.N, dx = 2cNa(££)N

From Appendix A:

b £(6)

(4)
-(1-g)  (1-g,)

r o
n
o

S(1+g,) (145,

gl is the location of the integration point in £-space, as is shown in
- figure 2. .
If we rewrite the Implicit-Explicit algorithm (Appendix B) in

terms of an explicit calculation for the velocity, v

Voe1o We find that

1 I T
ey PV T A M Ve OV (5)

At a given time step, with the help of equations (3), (4), and (5),

the equations for the paraxial nodes, i and i+1, are assembled.
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Figure 2.

A one-dimensional, finite element shown in
global and Tocal coordinates.
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1 i
= 0 Y
h |? ]
YAL .
0 i+]
- -
h C 08 de
Aty2 2 2
=0 (6)
_0gy) LY | I
2 Aty 2 J

The above algorithm performs optimally for the parameter y = 1/2,

and for the critical time step,

At =

0|z
—~
~
S

For these particular values, we have

t O
—
(0]
~—

i+1 ~i+]
v

0 24}v | (1+£2) §, E&
2 2" 2

y represents the predicted velocities at this time step, and they are

. 'l-' .
[1 o] v! -y -<—;—2> V'

calculated from the velocities and accelerations of the previous step.

In our case, for a velocity pulse traveling in an elastic material.

L i
v o= ] a = 2
’ ’ th .
i : (n-1)"" step , (9)
V.I-’..l = ( N a]."..I = 0 ,
in which a' and a1+1 are accelerations for nodes i and i+1. One finds
the nth step predictors using the algorithm equations in Appendix B:



Vi o= v 4+ At(]-y)ai = 2 th
n"" step . . (10)

AR
Equations (9) and (10) result when the critical parameters of equation
(7) are employed. Here, we assume that this wave has somehow entered
the paraxial region at node i. For the chosen values of h, ¢, and At,

the wave (9) should arrive at the next node, i+]1. Hence, if the material

were elastic, the correct solution for the nth step is:
vio= 0
i+1 : ’ (1)
v = ]

The solution of the paraxial equations (8) is:

<
I

: .18\ .
Tos (1g)V -(————25‘> g

1+& > . £ .
2}~ 3 ) i+]
(2 V*(f‘?>v

For this optimal case, the choosing of gy = 1, in equation (12), pro-

i+
v 1

NO| =t

duces the desired solution, (11). As £ js moved to the left, less and
less of the wave is transmitted to the right. The Tlocation of &Q,
therefore, determines the character of the solution.

(73)

Hughes demonstrates how this same quadrature idea applies to

the steady, advection-diffusion equation in one-dimension.

au au
t _ o t
w2l 5t] (13)

The paraxial equation is a transient version of equation (13) [that is,
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is added to equation (13), but k, the diffusivity coefficient in
(73)

Utt

(13), equals zero.] Hughes established that the integration point's

location, 52, goes to one as k approaches zero.

The above examples jllustrate the effect of quadrature upwinding.
This technique is one way of "weighting" the finite element integration
in the direction of the flow. Other "upwind" methods include the

Petrov-Galerkin approach(67’68) (74)

and streamline upwinding.
The Petrov-Galerkin method employs specially weighted functions,

V, in the finite-element discretization. For example, in [66],

f utt Vvdx + ¢ J utx Vdx = J f Vv dx .
Q Q Q

- : (14)

where v is the weighting function of Appendix A, and k is the numerical

(66)

diffusivity coefficient. Brooks énd Hughes used it for an equation
which is similar to the péraxial equation and obtained very good
results. One reason we did not attempt to implement the boundary in
this form is because it leads to a nonsymmetrical mass matrix. This not
only leads to a more complicated elasticity/paraxial interface, it also
rules out our preferred explicit boundary form.

(74)

Streamline upwinding adds a numerical, diffusion term to the
paraxial equations. It turns out that for this case, streamline and
quadrature upwinding are identical. The Tatter technique is a little

easier to implement.



94

In two- and three-dimensional cases, the paraxial equations are

designed to be one-directional in the following sense. The Usy term was

created in order to transmit energy in the general flow direction, as
is shown in Figure 3, whereas Uy, and u,, are the lower-order correc-

tions for the angle of incidence. Hence, the quadrature points for Usy

are located where shown in Figure 3.
There exist, for other two- and three-dimensional problems, upwind
procedures which more accurately account for flows at different angles

of incidence. The Petrov-Galerkin approach and streamline upwinding,

General

Flow \é

Direction 2
Cen—————————.

————————mma .

Figure 3. Location of the integration points; £1 and EZ; with
respect to the general flow direction.
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both described above, are two such proposed methods. Which of all is the

best technique is not clear, and research (66)

is continuing in this
area. In the above silent-boundary problem, however, this angle-of-
incidence error is already "built-in" to the paraxial theory. Energy
propagating at angles inclined to the boundary will be partially
reflected regardless of the upwinding scheme. Therefore, an attempt to
correct the flow errors that are caused by the discretization and inte-
grating procedures may not render the boundary more efficient. We did
experiment with adding artificial diffusion terms, but they did not have
a significant effect on our results.

The U, term is also integrated at the points shown in Figure 3.
Because this quadrature scheme is symmetrical in the z direction, it-
does not upwind Up This term could be integrated with the standard
2x2, or 1x1, Gaussian quadrature. The two-point integraticn method,
however, seems to provide slightly better accuracy. The paraxial stiff-
ness term, u

~ZZ

quadrature method used for Up, and Uyys

‘affect the boundary's efficacy because they are the lower-order, paraxial

» Was integrated using standard 2x2 quadrature. The

however, does not significantly

terms.

I1.B.3 Assembling Procedure

The algorithm we employed in our transient calculations (see
Appendix B for details) performs well for waves in either the elastic
medium or the paraxial medium. We found, however, that an interfacing
effect inhibits elastic waves from smoothly proceeding into the paraxial
area. The method developed to circumvent this problem, an element-

assembly procedure, is portrayed in Figure 4.
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Interior Elementsl

e——6—=o0
|Interface
lElement
i ‘i> i+ ,."
'2 |3 4

Boundary Element

Figure 4. Schematic diagram of the interface elements. The top
row of nodes are elastic wh11e the bottom row are in
the paraxial region.

¥

The finite-element equations for node 2 are written as if there are
interior elements present on each side of it, while the equations for
node 3 are formulated as if it were bracketed by boundary elements. In

th element, shown in the picture, contributes regular-

other words, the i
wave terms to node 2 and boundary terms to node 3. The mass matrix is
unaffected because it remains uniform for all of the elements.

The reason for adopting this procedure is due to the apparent
success of the finite difference solution, used by Clayton and

Engquist.(39) The finite-element method of assembling contributions on

an element basis simply did not work at the interface. Therefore, we
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attempted to "finite difference" these interface nodes. The latter pro-
cedure allows the resbective elastic and paraxial nodal equations to be
assembled independently of each other. In the former approach, elastic
and paraxial contributions were being added together in the same set of
nodal equations. This led to the difficulty.

In two and three dimensions, the interface nodes are assembled in
the same manner as is described above and shown in Figure 4.

We experimented with other ideas, such as employing a different
algorithm for each of the two regions, or multiplying the paraxial
equations by a factor which minimized the wave impedance. Although these
methods were also successful, the above-described assembly procedure

seemed to erase the interface effect most completely.

II.C. Numerical Implementation of the Viscous Boundary

The viscous stresses are applied continuoué]y along the boundary,
as is depicted in Chapter 2, Figure 6. Their contributions are assembled
at the nodes through the use of one-dimensional, finite-element, shape
functions (as shown in Figqre 5, wherein linear shape functions are

employed).

=z
I

1
2 ?(]‘C) s
N, = = (1+2)
3 2 *

where ¢ is the natural coordinate (-1 < ¢ s 1), and 52 and 63 are the

nodal velocities.
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pcyN, U

Figure 5. Distribution of the viscous stresses applied to
a boundary element.

The boundary force, Fa’ acting at node a is defined as:

fy3
Fy = j Nao(y)dy
Y2
]
= - Y Y QX = R
J Napcd(Nzu2 + N3u3) az dc where a = 2,3 (17)

-1

e
If we substitute into equation (17) both g%-= %T and the above defined

shape-function equations, Na’ we find that:

F e h®f2 1714 .
) e 08)
F3 1 2 us
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Though we chose not to, it appears that one could "lump" the C matrix

in the same way that mass matrices are lumped. That is,

pcdhe 1 0 (9)
C = . 19
2L 2 0 1

The boundary shear stresses are applied in the same manner as are

the normal stresses. When the boundary parameters, a and b, are opti-
mized, they multiply the appropriate terms in equation (18).

One advantage of the viscous boundary is that equations (18) and
(19) are symmetric. Thus, one can convert this boundary to fit either
an implicit, or an explicit algorithm without any difficulty. For an
implicit a1gorithm; the symmetrical 9 matrix enables us to easily
determine the boundary's numerical stability. The boundary's simplicity
is another major advantage. The E matrix is explicitly defined by
equations (18) and (19), so there is Tittle additional cost in making

these contributions to the boundary elements.

III. NUMERICAL STABILITY OF THE EXTENDED-PARAXIAL AND. VISCOUS BOUNDARIES

IIT.A. One-Dimensional Analysis (Paraxial Boundary)

We first consider the one-dimensional equation,
Upp ¥ C Uy, = ‘0 . (20)

The element mass and stiffness matrices, both derived from equation (20),

are:



RO
1l
Ie)
—
! o
- o
1

(See Appendix A.) Next, the global matrices are assembled for the dis-
cretized, paraxial region shown in Figure 6. Energy, propagating from
the elastic region into the paraxial region, is considered to be
external to the system, for the purpose of analyzing the stability.

The assembled matrices are:

\
1
0
'l ~
M = h ,
0 .
0 -
7
(10 | \ (22)
0
-1 1 0 ~
o -1 1 0
c - ,
0 1 0
-] 1
and
K = 0
J
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Energy from the/lr

Elastic Region | 1 |

paraxial region

Figure 6. One-dimensional, discretized paraxial recion being
- analyzed for numerical stability.

(76)

Hughes and Liu write the algorithm equations, and the equations of

motion, in terms of energy:
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[a_ ] a

n ~n+1

@) * 3

n

-gn .

(§n+1 * én)

According to the stability

(25)

theorem presented in [76], if v = 1/2, E'is

positive definite, and C is positive semi-definite, then a, and v, are

uniformly bounded.

Clearly, C is diagonally dominant, and so by Gershgorin's Theorem

(Noble, p. 446), it is positive semi-definite. B takes the form:
[ cAt ]
(h "7?—) 0
SRR & 9
B = (26)
cAt CAt
0 2 -7 0
cAt h c¢At
0 G-
If we expand the quadratic form of B, then,
X
T— B '.I -
X' BX = (xpaxpaeeax ) B 2=
*n
cAt 2 | cAt cAt V2
('“T)’ﬁ Xt <“’T>x2 et
cAt ) 2 CAt h cAt 2
(h- ) e (5% )x, (27)
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2
C (et 2, [1f, _eat), 2, et 1(, - b\ 2
'7(”'2)"1*[2(“ 2)"1*2"1"2*2(*‘ 2>X2}
[ 1 cAt 2 cAt 1 cAt 2
+_§(“'T>Xz +TX2X3+'2‘(*"—2—)X3 ]+...+

] cAt) .2, cAt h _cAt), 2
¥ _§'<h B _7_> *n-1 772 *pt¥n ¥ <?" _?—> *n ] ’ (28)

where x is an arbitrary vector composed of real components. Each set of

terms (excluding the last set) is greater than, or equal to, zero if

or

For the last group, however,

l—(h - EéE) x2 4 GOt 4 l-(h - cAt)an = 0

2 2 n-1 2 "n-1"n 2
if
h - cAt 29-41 .
2
or
Ats% ) (30)

Therefore, the algorithm is stable if y = 1/2, and if

(Tast node fixed) .

h
At =< <

At < %%— (Tast node free)
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A stability analysis for the one-dimensional wave equation produces
the stability condition, At < h/c. Therefore, if the last (or nth)
paraxial node is fixed, as it is in the calculations of this study, the

explicit-paraxial boundary imposes no added time-step restrictions.

I111.B. Two-Dimensional Analysis and Its Extension to Three Dimensions

The two-dimensional, modified-paraxial equation is:

1 0 cd 0 ( ) 0 1 (32)
u,, + u + (c,-cC u,_ + Ku = 0 . (32
0 1 ~tt 0 c ~tx d S 1 0 ~tz ~ 22 by

S

The element matrices are found analogously to those in Appendix A.

mp = j j NaNb J dg dz (33)
-1 -1
1 1
X -
R T R U R (34)
-1 -1
T 1
z -
Cip = (cd - cs) f j NaNb,z J dg dz . (35)
-1 -1
[x, X,
J = det £ ¢ , and D is a matrix composed of the constants, 4 and
Y Y
g€ g

Cg- ¢ and z are the local coordinates, ¢* is the matrix formed from the

Uy term, and ¢? is formed from Uy If we evaluate equations (33) and

(34), for the typical element depicted in Figure 7, we find that:
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: .
1
0
: 0
hxhz 1
m = -9.—-—-—4 ’ (36)
~ 1
1
0
~ 1
1
[0 o o o0 o 0o o0 0]
0 .0 0 0 0 0 0 0
-y 0 ¢y 0 0 0 0
z 0 -C 0 c 0 0 0 0
* = 2 5 s (37)
~ 0 0 0 0 0 0 0 0
0 .0 0 0 0 0 0 0
0 .0 0 0 =4 0 ¢ O
0 0 0 0 0 -cs 0 CSJ
L

At this point, if we use only the zeroth-order paraxial approxima-
tion [that is, if we ignore the second two terms in equation (32)], then
the stability 1imits can be explicitly obtained as follows. In this
case, nodes 1 and 2 are related in the same way as they would be in
one dimension. Thus, if we consider just the x degree-of-freedom for

a string of nodes in the x direction, as in Figure 8,
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Figure 7. Two-dimensional, four-noded element used for deriving
the mass, and paraxial damping matrices.

F1 N
0
: 0
M = ph*h® , (38)
1
: 1
L 2J
- -
10
0
1 ~
y4 . .
C = ph'cy S : (39)
1 0
0
I SR
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y74
e —=——F 9
hZ
Z I74
" —

Figure 8. Row of paraxial nodes in a two-dimensional mesh
used for the purposes of numerical stability.

These are the same matrices that arise in the one-dimensional case.

Hence,
n*
At = 2 (last row fixed) ,
. (40)
At < -%ﬁ— (last row free)
4

Likewise, by considering the z degree-of-freedom, for a string of nodes

in the x direction,
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X
At = -g— (1ast row fixed)
S
(41)
X .
At = Zg— (last row free)
s

This is a less stringent condition than is equation (40). Thus, for two
dimensions, the matrix derived from the Usy term has the same stability
properties as does its counterpart in one dimension. The analysis
clearly extends to three dimensions.

Now, if we consider the higher-order, paraxial approximations, that
is, if we include the last two terms in equations (32), then the stability
becomes somewhat more involved. Due to the assembly procedure which is
used in the interface region, the Uy, and U, terms lead to nonsymmetri-
cal matrices, which are not accounted for in the theorem [76] used in
the previous analysis. In the numerical calculations that we have per-
formed, these terms have not caused any difficulties. (The Ez matrix
is, in fact, almost entirely antisymmetrical.) If problems of numerical
stability were encountered in other applications, one could use only the

zeroth-order, paraxial approximation, wherein the stability limits are

clearly defined.

ITI.C. Numerical Stability of the Viscous Boundary

The stability characteristics of the viscous boundary also proceed
from the stability theorem in [76]. An implicit, viscous boundary is

unconditionally stable, if vy =2 1/2 and B8 = y/2. The numerical stability

limits for the explicit, viscous boundary stem from equations (23) and
(24). If E} in equation (24), is positive definite, and if v = 1/2,

then a, and v, are uniformly bounded. B is a symmetric matrix, and its
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eigenvalues can be easily determined after vy, At and 5 have been selected.
Thus, the stability propérties of the explicit, viscous boundary can be
defined for each specific case. The implicit, viscous boundary is more
convenient for our purposes, because of its unconditional stability
properties. However, this may not be true in other applications, and it

is useful to have the explicit option.

IV. VALIDATION OF NUMERICAL PROCEDURES

We verified our implementation by comparing our program results to
several static, and dynamic, analytical solutions. In all of these
problems, and in the test examples of Chapter IV, the silent boundaries
were implemented as they are shown in Figure 9. As the symbol for a
silent boundary, we employed a thick black strip, which is illustrated
on the left side of Figure 9. In the case of the viscous boundary, the

black strip denotes a set of applied stresses, Oyy and Tz which are

z
applied to the boundary. For a paraxial boundary, it indicates a row
of paraxial nodes which are adjacent to the interior region.

The solution for one simple problem, a one-dimensional bar, is
shown in Figures 10 and 11. A load is applied in the interior of the
bar during the first time step and is then removed. The wave pulses are
denoted by circles, whose diameters represent the magnitude and direction

(77) is attained by

of the particle velocities. "Superconvergence
utilizing the explicit algorithm and the following parameters: Cq =
wave speed = 1 element/second, v = .5, B = .25, At = 1 second, and
Poisson's ratio = 0.

The circles, which remain at the paraxial boundary after step

number 9, do so because of the fixing of the boundary nodes on the
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UNDEFGRMED MESH

FREE EXT-PARAXIAL
BOUNDARY BOUNDARY
STEP NO. = 1
STEP NG. = S

Figure 10. Top: Mesh used for a one-dimensional wave;
Middle: Energy and velocity plots at t = 5 seconds;
Bottom: Eneragy and velocitv nlots at t = 9 seconds.
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STEP NO. = 17

Figure 11. Energy and velocity plots at t = 9, 13, and 17
seconds, respectively.
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right. A1l of the free nodes experience a certain displacement as the
wave passes by them, but the right-sided nodes remain stationary.
Therefore, these circles on the right indicate the displacement of the
free nodes. In a global sense, the paraxial region acts as a dashpot --
it brakes the motion of the elastic bar, but in doing so, the bar under-
goes some permanent displacement to the right.

Having checked the code with several simple, smooth analytical
solutions, we test its ability to model discontinuous waves, generated
by a delta-function load in both time and space. Our aim with
this calculation is to help validate our implementation, and to test the
limits of the finite-element discretization. A by-product from this
example js that the results indicate the effectiveness of the silent-
boundary methods.

The example, called Lamb's problem in plane strain, is illustrated
in Figure 12. It represents a particularly difficult case for finite-
element analysis. MikTowitz(gs) presents a derivation, based on the
Cagniard-DeHoop method, of Lamb's analytical solutions and plots them
along the x and z axes. We compare these results to those produced by
a mesh which is coarse in relation to the wave front. This mesh is
depicted in Figure 13. Symmetrical boundary conditions are imposed on
the left face of the region under consideration.

In the following diagrams, the length of 4 elements = 1 "unit",

Cq = 1 unit/second, c = .57735 units/second, p = density = 1 (Poisson's
ratio = .25), DT = .25 seconds, y = .51, and B = .255. Two different
loadings, Tabeled Case 1 and Case 2, are sketched in Figure 14. Case 2

more closely resembles the delta-function loading in the analytical
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P(x,t)=p8(j%

Figure 12. Schematic diagram of the problem posed by
Lamb [85] in 1904.
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LAMB’S PROBLEM

P(x,t)

-

N}
o

0 ‘9 &

]
0

Yo b W

\
silent boundary

Figure 13. Two-dimensional mesh and boundary conditions employed
for Lamb's problem.
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secs,
CASE |
load |
4.+
25 s;cs.
CASE 2

Figure 14. Discretized approximations to the delta-function load.



117

solution. We used both the extended-paraxial and the standard-viscous
boundaries in this problem. They each produced nearly the same results,
but for the final calculations, we employed the viscous boundary. The
comparisons between the analytical solutions,and finite-element solutions
using the implicit algorithm, are presented in Figures 15 and 16.

Figure 15 illustrates, for Cases 1 and 2, the vertical displace-
ments at the surface, x = 1.25 and z = 0.0. The analytical result
depicts a Rayleigh singularity, where a negative infinite displacement
changes instantaneously into a positive infinite displacement. The
finite element method, with its bilinear basis functions, cannot possibly
duplicate such behavior, so it "smooths" the singularity. It does manage
to capiure the long-term displacement. The Case 2 loading introduces
slight numerical noise into the system.

When we compare the analytical and finite element solutions in the
interior (x = 0.0, z = 2.75), we obtain better agreement between the
methods. The solution is less singular there, as is illustrated in
Figure 16. The width of fhe initial wave pulse is still narrower than
one element, but its magnitude is finite, unlike the displacement along
the surface. Here, the loading of Case 2 Teads to a more accurate peak
amplitude than that which is produced by the smooth loading. On the
other hand, the sharp loading causes significant numerical noise.

Tﬁe explicit algorithm was also used to solve Lamb's problem. It
leads to slightly improved accuracy in the interior, but it adds spurious
noise at the surface.

In summary, Lamb's highly-singular solution tests the Tlimits of

the spatialy and temporal discretizations which are employed. The
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Figure 15. Vertical displacements at the surface as a
function of time.
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Figure 16. Vertical displacements in the interior as a

function of time.
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method does reproduce the smooth part of the solution, and it duplicates,
to varying degrees, the sharp wave fronts, depending on the idealization
of the loading pulse and the coarseness of the mesh. The smooth loading
of Case 1 eliminates most of the numerical noise which arises from the

delta-like, Case 2 loading.
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CHAPTER 4

I. INTRODUCTION

I.A. General Aim

In order to assess the relative merits of the extended-paraxial,
the standard-viscous, and the unified- (optimized-) viscous boundaries,
we present in this chapter summaries of our numerical investigations.

The main thrust of the work was aimed along the following lines:

1. to evaluate and compare the boundaries' effectiveness in
handling high-frequency waves ("high-frequency" refers to
wavelengths which consist of only a few element lengths);

2. to determine if the boundaries' efficiency is affected by
material properties, particularly as Poisson's ratio
approaches 1/2;

3. to evaluate the boundaries' ability to transmit certain
types of nonlinear waves;

4, to test the boundaries' effectiveness in transmitting

Rayleigh waves.

While conducting these numerical investigations, a voluminous
amount of information was genérated for examination and comparison.
We cannot reproduce all of it here, so representative graphs are
selected. These illustrate what we consider to be the major charac-

teristics of the various methods.
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I1.B. Description of the Numerical Procedure

A1l of the examples jn this chapter were solved by using the silent
boundaries described in Chapter 3. Both the elastic and the boundary
regions were discretized with four-noded elements which employ bilinear,
isoparametric shape functions. The elastic stiffness is decomposed into
a shear (u) part, and a lambda ()) component, where u and X are Lamé's
constants. This separation is useful because each set of terms can be
integrated with different, numerical-quadrature rules. The elastic-
shearing stiffness is integrated with the standard 2x2 Gaussian quadra-
ture, while the lambda terms are evaluated by a 1-point quadrature at
the element's center. This selective integration procedure is valid
because the p.and X stiffness terms are each invariant with respect to
coordinate transformations. (See Hughes, Cohen and Haroun,(75) Section
3.3.) We selected this integration rule because it avoids the "Tockup"

difficulties(72)

which are experienced when Poisson's ratio goes to 1/2
(that is, when lambda goes to infinity.)

The captions to'the figures in this chapter specify whether the
"interior" region is solved implicitly, or explicitly. The algorithm
parameters, v and B, and the time step, DT, are also defined in the
figure captions. The viscous-boundary areas are always analyzed as

implicit regions, in order to utilize the implicit algorithm's uncondi-

tional stability.  The explicit method, however, is employed in the
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extended-paraxial domain, for the reasons mentioned in Chapter 3. The

mass matrices are lumped, regardless of the chosen algorithm.]

I.C. Selection of Wave Problems

The meshes used in this chapter are significantly coarser than those
which one would normally use for practical engineering problems. In
fact, most of the loadings of the following systems are applied over one
or two elements and for only one time step. This input, similar to a
delta function, generates much high-frequency motion in the solutions.
We selected this approach because it subjects the silent boundaries to
relatively severe test conditions. Since the boundaries are designed to
absorb smooth, wave-like pulses, this transient, high-frequency excita-
tion should challenge the limits of their capabilities.

The purpose of these tests, then, is to evaluate and compare the
silent boundaries using the above-described input. Because of the
deliberate selection of coarse meshes, the resulting motion may not
duplicate the correct solution in all of its details, but that is not
really the concern here. The accuracy of the finite-element method,
and its dependence upon the fineness of the mesh, is well understood.
For our purposes, the "correct" response is that which is produced by a
mesh extensive enough to prevent the boundary reflections from reaching

the "interior" zone.

]This lumping of the mass matrix was done in order to facilitate the

calculations of energy. Krieg and Key [79] and Mullen and Belytchsko
[81] discuss some of the beneficial and deleterious effects of using
Tumped mass matrices in conjunction with either implicit or explicit
algorithms.
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II. DIRECT INCIDENCE OF DILATATIONAL WAVES

Figure 1 illustrates the case of direct incidence, where the wave
strikes the boundary at an incidence angle of zero dégrees. The basic
problem is that of an axially symmetric, pulse loading of an infinite
material in plane strain. It is, for example, a two-dimensional,
idealized version of a bomb exploding underground. The symmetry of the
loading allows one to reduce the problem to that of a conveniently
solved, quarter-plane. Symmetrical boundary conditions were installed
at the sides, and a dilatational pressure was applied for one time step

and then removed. cd = 1 unit/second, c_ = .5345 units/second, one

s
“unit" = the distance that one element extends in the radial direction,
DT = the time step = .9 seconds, and p = density = 1. The silent bound-
‘arijes are denoted by a thick black strip on the outer radial edge of

the mesh. This symbol, and its meaning, are expressed in Figure 9 of
Chapter 3.

The circles on the graphs symbolize the total energy at a given
node, and the arrows within the circles express the magnitude, and the
direction, of the particle velocities. |

Figure 2 delineates the progress of the dilatational pulse through
an elastic region and an extended-paraxial boundary. The pulse first
strikes the boundary at the 12th time step; it is reflected and then it
returns to its origin at the 23rd step. As js seen in Figure 2, these
reflections appear to be negligible.

The same problem is depicted in Figure 3 but for a standard-viscous

boundary. This boundary absorbs almost all of the radiated energy,

except for a small reflection that appears on the inner boundary, at
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EXTENBED-PARRXIAL BOUNDARRY. PBISSON’S RATI0=.33

STEP N3. = 10

STE® NO. = 18

STEP 3. = 28 ' STEP NB. = S

Figure 2. Illustration of energy and velocity at various
times in the mesh.
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STANDARD-VISCOUS BOUNDARY . POISSGN'S RATIO=.33

SEP M. = 8 N STEP NO. = 10

STEP NG, = 18 STEP NO. = 22

Figure 3. Illustration of energy and velocity at various
times in the mesh.
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EXTENDED-PARAXIAL BOUNDARY, PBISSON’S RATIO=.uY8

STEP NO. = §

STEP NS. = 10

STEP N3, = 16

STEP NO. = 28

Figure 4. Illustration of energy and velocity at various
times in the mesh.
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STANDARD-V1SCOUS BOUNDARRY, POISSON'S RATIO=.U8

STEP N8. = 10
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STEP NO. = 28 ' STEP NO. = N

Figure 5. Illustration of energy and velocity at various
times in the mesh.
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the 28th time step. We also tested the unified-viscous boundary and
obtained results identical to those in Figure 3.

Figures 4 and 5 depict the same wave in a material having ¢ = .2
units/second. The pictures of waves striking a unified-viscous boundary
again duplicated those of the standard-viscous boundary. Our conclusion
for this particular test is the differences in material properties do
not seem to alter the efficiency of the respective boundaries. All
three perform well and are nearly equal in effectiveness.

Each of the above examples examines dilatational waves striking at

a normal angle of incidence. In the next section, we will present

other examples which indicate the absorption of shear waves.

IIT. PULSE LOADINGS - GENERAL DISCUSSION

With the following examples of puise loadings, we compare the
results produced by a small mesh having absorbing boundaries to those
generated by an extended mesh. The respective, two-dimensional meshes
are drawn in Figure 6. Time histories of the response are recorded at
three points, labeled A, B, or C, in each of the meshes in Figure 6.
| The two excitations which are considered are a vertical pulse that
mainly“generates dilatational waves, and a traction pulse that primarily
generates shear waves. These are applied to the top surface near point
A (see Figure 7). These loadings were selected because of their sim-
plicity and their relevance to the vertical and horizontal loadings that
occur in soil-structure interaction problems. In the vertical-pulse
loading, the x degree-of-freedom is fixed along the left face of the
mesh. These are the "symmetrical" boundary conditions which allow us

to analyze a half space with a quarter mesh. Nodal forces at two nodes
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SMALL MESH WITH SILENT BOUNDARY

X
~ silent
boundary
EXTENDED MESH
A B
C
free
boundary
free
. boundary

\ -
Figure 6. Finite-element meshes used for pulse loadings: (top)
mesh with absorbing boundary; (bottom) extended mesh

with free boundary. ‘
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Figure 7. Schematic drawing of the horizontal- and
vertical-pulse loadings.
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are applied vertically over the first time step, and then they are
abrogated.

Another group of numerical experiments falls under the heading of
horizontal-pulse Toading. Figure 7 illustrates fheir loading and boun-
dary conditions. With this applied-traction problem, we are not
analyzing a half space because it does not meet the requirements of
symmetry. The conditions of Figure 7, however, ensure that shearing

waves impinge upon the horizontal, silent boundary.

IV. HORIZONTAL-PULSE LOADING

IV.A. Comparisons Among the Boundary Methods

The first test problem shown is the horizontal-pulse Toading in
Figure 7. cg = .5345 units/second, Cq = 1 unit/second, p = density = 1
(Poisson's ratio = 1/3), DT = .85 seconds, and 1 unit = the width of
one of the square elements. With these values, the dilatational waves
reach the boundary of the smaller mesh in 9 seconds; the shear waves
arrive at the same point in 16 seconds. vy = .5, B8 = .25, and no material
damping is present in the system. The interior region was solved using
the explicit algorithm.

The horizontal displacements, the main components of the motion;
are plotted in Figures 8 through 11. Figures 8 and 9 report those dis-
placements recorded near the side boundary (point B in Figure 6); the
arrival of the main pulse is evident in all of the figures. Wave reflec-
tions caused by a free boundary are clearly seen in Figure 8, while the
paraxial and viscous boundaries Tlargely succeed in eliminating this

reflection. The extended-paraxial boundary is slightly more accurate



HOR. DISP.

HOR. DISP.

-1.00

134

HORIZONTAL-PULSE LOBAD, EXPLICIT ,GAMMA=,50 , (PT.B>
gl

1.00

-0.00

po——r

RESYCTS USING FREE BOUNDARY ————
/,BESULTS USING EXTENDED MESH

N

| 1 1 l ]

o
o

10.0 20.0 30.0 40.0 50.0
TIMECSECS)

HORIZONTAL-PULSE LOBAD, EXPLICIT ,GAMMAR=.50 , (PT.B)

1.00

-0.00

-1.00

. RESULTS USING EXT.-PRRARXIAL BO:——
RESULTS USING EXTENDED MESH
| | | | ]
0.0 10.0 20.0 30.0 40.0 50.0
TIMECSECS)

Figure 8. Horizontal displacement at point B as a function of

time. (Horizontal-pulse loading, undamped case:)
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than are the other transmitting boundaries. On the other hand, both the
standard-, and the unified-viscous boundaries produce neariy the same
response (see Figure 9).

Figures 10 and 11 demonstrate how well the silent boundaries simu-
late the infinite domain at point A in Figure 6. Figure 10 shows the
results for the extended-paraxial boundary, and Figure 11 iTlustrates
the behavior of the viscous boundaries. These figures corroborate the
slight edge in the paraxial boundary's performance as seen earlier.

Oscillations of the horizontal displacement in Figures 10 and 11
arise in all of the calculations, including the extended mesh. Each of
the transmitting boundaries preserves the period of these high frequency
motions, which arise from the coarseness of the mesh and the character
of the loading.

In the calculations of the displacements, as illustrated in Figures
9 and 11, the unified- (optimized-) viscous boundary almost duplicates
those results produced by the standard-viscous boundary. The largest
quantitative differences between the two methods appear in Figure 12.
The vertical displacements that are recorded next to the side boundary
(éoint B) indicate that the standard-viscous approach may be, to a small
extent, the better alternative. The result for the paraxial boundary,
corresponding to Figure 12, indicates a slightly better agreement with
the extended mesh than does the viscous boundaries.

In Figure 12, it may also be noted that the vertical wave arrives
later than does the horizontal pulse shown in Figure 8. This later
arrival seems to be composed mainly of a shear wave, which travels more

slowly than does the horizontal, dilatational pulse.
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IV.B. High-Frequency Waves

One weakness of the silent boundaries is highlighted in Figures 13
and 14. The numerical noise following the arrival of the main stress
pulses (between 9 and 14 seconds) is the predominant feature seen in
these figures. Both the extended and the small meshes, which provide
reasonable solutions to the high-frequency displacements, are too coarse
to accurately determine the stresses; these latter quantities are
evaluated from the derivatives of the displacements. It is, therefore,
understandable that none of the boundary schemes produce the same high-
frequency oscillations of the stress, Toos that the extended mesh does.
The paraxial boundary actually magnifies this numerical noise, These
errors propagate to the interior, where they arrive after t = 30
seconds. (See Figure 14.) ’

They are also evident in the energy plots of Figure 15. The total
energy is the sum of the kinetic and strain energies, which are contained
in the "interior" region of Figure 7. For each time step, we computed
this value by integrating the energy terms over the region (using one-

point Gaussian quadrature).2

The effects of this reflected, high-
frequency energy, for the case of the extended-paraxial bdundany,
become apparent after t = 30 seconds. The paraxial boundary is respon-

sible for a slightly Targer error than is the viscous mechanism.

2We should clarify why the energy level, even with the use of free boun-

dary, deciines in Figure 15. Some of the energy resides in a narrow
band of elements, which is present outside of the "interior" zone.
(This is the "exterior" zone shown in Figure 7.) Also, if numerical
damping is present, then the high-frequency energy is reduced. In
Figure 15, where no damping is used, the total energy in the free-
boundary system is conserved after t = 20 seconds.
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One technique for filtering high-frequency noise is to apply some
numerical damping, which selectively attenuates the high-frequency motion
of the mesh. We implemented this idea in order to eliminate the noise
introduced by the silent boundaries. In the next group of illustration,
Figures 16 to 18, vy is set equal to .55, with B = .276. These parame-
ters introduce some algorithm damping, which mainly affects the higher
modes. Except for this change, Figure 16 depicts the same energy graphs
as are in Figure 15. The damping's beneficial effect is clearly evident.
It not only reduces the total energy for long times, it also annihilates
the high-frequency errors in the total energy, including those associated
with reflections from the silent boundaries.

On a local level, the effect of numerical damping is demonstrated
in Figure 17. The spurious, high-frequency oscillations are signifi-
cantly reduced compared to those of Figure 13. The numerical damping is
especially effective in reducing the high-frequency reflections from
the paraxial boundary.

For the lower modes, that is, the larger, wavelength components of
the response, the algorithmic damping we applied has little effect, and
the conclusions for the undamped case are also valid here. For example,
in Figure 18, we plot the horizontal displacements near the side boun-
dary (point B). As a function of time, the displacement curve appears
to be a little smoother than does that for the undamped case in Figures
8 and 9, but the amplitudes are almost identical. The extended-paraxial

boundary, again, enjoys a slight advantage over the viscous boundary.
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IV.C. Shear Waves

Shearing motion dominates the solution at point C, near the bottom
of the mesh. Figures 19 and 20, respectively, present the undamped
shearing stresses and horizontal displacements at the lower measuring
point. Both figures indicate that the viscous boundary causes a greater
reduction in the shearing amplitudes than is shown by the extended mesh.
This could be due to some destructive interference by the reflected
waves. These illustrations, however, do provide some evidence of the
boundaries’ -ability to transmit shear waves, as well as dilatational

waves.

V. VERTICAL-PULSE LOADING

The computations of the response to the vertical loading were con-
ducted without using numerical or material damping. The interior equa-
tions were solved implicitly, and DT = .9 second. The matéria] constants
are the same as those above, and the load is applied for one time step.
The loading and boundary conditions, as well as the locations of the
points A, B, and C, are depicted in Figures 6 and 7.

In Figure 21, we illustrate the total energy (kinetic and strain)
for the interior region. The reflections from the free boundary are
evident, while both of the silent-boundary schemes remove the outgoing
waves. The absorbing mechanisms perform better for the high-frequency
stresses here than they do in the horizontal-loading case. This is
illustrated in Figure 22 for gyq Near the side boundary (point B).

Vertical displacements constitute the largest part of the response,
and they are recorded at point B in Figure 23. Although both of the

dissipative mechanisms are effective, the paraxial boundary is slightly
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more accurate than its counterpart. The same conclusion holds true for
vertical displacements at the bottom of the mesh, point C, as is shown
in Figure 24, The long-term displacement, which is observed in these
figures, is similar to that which is found in Lamb's analytical solution.
Overall, for the undamped, vertical-loading problem, the absorbing
boundaries remove the major part of the outgoing energy. The viscous
and extended-paraxial boundaries perform almost equally well for the
stresses, but the paraxial boundary has superior accuracy for the verti-

cal displacements.

VI. VERTICAL HALF-SINE PULSE

Figures 25, 26, and 27 illustrate the progress of a half-sine pulse,
applied over 5 elements, in the quarter mesh. The load is applied for
6ne step, and is then removed. ¢, = .5345 units/second, Cq = 1 unit/-
second, DT = .9 second, vy = .55, and 8 = ,276. The quarter mesh is
drawn in Figure 6, and the boundary conditions are shown in Figure 7.
This problem is identical to the previous, vertical-pulse examples,
except for the half-sine loading. The purpose of this calculation is
to show, qualitatively, the benefits of using the silent boundaries.
These are used under conditions of relative mesh size which are more
representative of practical applications. However, the pulse is
"rgpidly" applied, generating significant high frequency motion.

In Figures 25 and 26, the velocity amplitudes, vV s are plotted as

ordinates on the planar, two-dimensional mesh,

v, = IV e, (1

a 1a 2a
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where Via and V,, are the two velocity components of node a. For the
free boundary, there is added an outer ring of undeformed elements, in
order to provide a clearer picture of the velocity amplitudes.

The three-dimensional plots, in Figures 25 and 26, illuminate the
qualitative behavior of the free and the extended-paraxial boundaries.
The waves, generated by the loading, effectively propagate out of the
system with the silent boundary, but energy is trapped within the mesh
when it has only a free boundary. Figure 27 shows how much of the total

energy remains in the interior region.

VII. DISCUSSION OF NONLINEAR WAVES

The analyses of Chapter 2, and the above results, are strictly valid
only for waves in linear, elastic media. The interior of the mesh may
be governed by nonlinear equations, but the region adjacent to the silent
boundary must be linear. This assumption, that the governing equations
are Tinear on the outer fringes of the computational mesh, is appropriate
for many different problems. For example, in the soil-structure inter-
action analyses that were described in Chapter 1, the soil's strongly
nonlinear behavior is mainly cohfined to an area near the structure.
The wave motion which emanates from the interaction zone, and propagates
to the outer boundaries, often can be represented adequately by linear
models of the soil.

In some problems, however, the nonlinearity of the wave motion at
locations "far" from the wave source, cannot be ignored. In these
cases, a linear wave may be followed by slower-traveling, nonlinear
waves. The silent boundaries, which are designed for only one set of

wave speeds, may not effectively transmit the slower-moving waves.
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The silent boundaries' ability to absorb waves depends on the
parameters, ac, and bcs, in equation (45) of Chapter 2. The standard-
viscous- and extended-paraxial boundaries set both a and b equal to one.
(a and b were not explicitly defined for the paraxial equations, but the
paraxial-viscous boundary comparison in Section VII, Chapter 2, shows
that these parameters are equal to one.) The wave-reflection theory in

Chapter 2, and the numerical examples in this chapter, both indicate

that a = b = 1 is the foremost choice for linearly elastic waves.

For waves traveling at a slower speed, a or b should be somewhat
less than 1. These parameters should be "tuned" to the wave speed.

Our experience with the unified- ("optimized-") viscous boundary
indicates, however, that the viscous boundaries are relatively insensi-
tive to the parameters, a and b. For the unified boundary, a ranges
from .959 to 1.011, and b lies between .740 and .773. The numerical
results, using either the standard- or the unified-viscous boundary,
are nearly identical. (See Section IV.) This finding implies that the
standard-viscous boundary‘might absorb waves trave]iqg at different
speeds. v

In order to test this hypothesis more thoroughly, we repeated some
of the above, horizontal-loading examples, with 'a' varying from .6 to
1.3. They were then compared to standard-viscous boundary results.

We found that the use of the modified-viscous boundaries, instead of
the standard-viscous boundary, produces virtually no differences in the
stresses and vertical displacements. In the case of the horizontal dis-

placements, the differences are approximately 5-10% of the errors
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created by the use of a free boundary. Thus, letting 'a' range from .6
to 1.3 has a generally minimal effect on the response.
The overall conclusion is that the Tinear boundaries may be useful

3

for absorbing the slower-moving, nonlinear waves.” The parameters, a

and b, would be chosen as shown in equation (2),

C
7?1- < a < 1
d

where Cn and C,p are the speeds of waves which may be generated, for

example, by plastic yielding.

VIII. RAYLEIGH-WAVE EXAMPLE

The previous calculations in this chapter shed 1ight upon the boun-
dary schemes' ability to transmit high-frequency, body-wave pulses. In
this section, a Rayleigh wave is used to excite the system. The purpose
of this test is twofold. We wish, first, to subject the boundary to a
steady-state motion. A certain amount of reflection was observed for

the pulse loadings, and this raises the question of whether the errors

3The efficiency of the extended-paraxial boundary is dependent on ah®

and bh€, where h® is the width of the paraxial element. It was pointed
out in Chapter 1 that maintaining a uniform mesh size reduces reflec-
tions. Conversely, if large elements are placed adjacent to small
elements, significant wave reflections will occur. After extensive
testing, Day [12] found that when element sizes are kept within 90-
110% of each other, minimal reflections will occur. Since the paraxial
elements transmit waves in the same manner as elastic elements do,
presumably this guideline would also hold for them.
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SMALL MESH WITH SILENT BOUNDARY

o
& X
B
C
Rayleigh Wave Silent
Input Boundary
\ T\ \ \

Figure 28. Finite-element mesh with absorbing boundary used
for the Rayleigh-wave loading.
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EXTENDED MESH
\Y

Rayleigh Wave
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Figure 29. Extended, finite-element mesh with free boundary used
for the Rayleigh-wave loading.
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accumulate as the loading continues. Secondly, the ability of the silent
boundaries to transmit Rayleigh waves needs to be evaluated. The
ana?yse§ of Section VII, Chapter 2, indicate that the extended-paraxial,
and a few other boundaries mentioned there, may be effective in this
case. The efficiency of the standard-viscous boundary is uncertain.

It often turns out that, in soil-structure interaction analysis,
some of the energy propagating from the interaction zone is in transi-
tion from body waves to Rayleigh waves. Several wave motions, including
shear and dilatational components, are superimposed, but they gradually
assume a Rayleigh-wave form along the surface. In practical instances,

a computational mesh will not extend far enough for Rayleigh waves to
form completely. Therefore, the measuring of the reflections of this
transitory motion is of interest.4

Figures 28 and 29 illustrate the test problem, in which.p1ane-strain
elasticity is used. The mesh is initially at rest, at time t equal
zero. The horizontal and‘vertical displacements along the left side of
the mesh are prescribed, for all subsequent time, according to a known,
Rayleigh-wave solution. The mesh is two wave]eng;hs deep, and the bottom
nodes are fixed. Due to reflections from the bottom boundary, it has

been recommended(ss)

that the mesh depth extend to three or four wave-
lengths. In our case, these reflections will propagate to the outer
-areas of the extended mesh, so that the region adjacent to the input

will not be significantly affected. For the small mesh in Figure 28,

4Simi1ar comments apply to Love waves, where layered media are con-

sidered.
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energy from the bottom can propagate to the surface, however,>if it
reflects from the mesh's right side.

The excitation on the left generates transient waves at first, and
then the motion settles down and approaches steady state. There exists
a period when waves, having not taken on their final, Rayleigh-wave
form, will impinge on the various boundaries.

The displacements on the left are prescribed as:

u = D[exp (.8475 KRy) - .5773 exp (.3933 KRy)] sin (KRth)
(3)
w = D[-.8475 exp (.8475 KRy) + 1.4678 exp (.3933 KRY)] cos (KRth)

Equations (3) represent the Rayleigh-wave solution for v = .25.(84)

w = .2781 radians/second, LR = the Rayleigh wavelength = 12 units, Kp =
.5236, Cp = the Rayleigh-wave speed = .5312 units/second, Cg = .5774
units/second, Cq = 1 unit/second, and 1 unit = the Tlength of one
element. vy = .51, and B = .255, so there is a negligible amount of
numerical damping present in the system. The equations were solved
explicitly, with DT = .9 second. Energy first strikes the right
boundary at t = 6 seconds; Rayleigh-wave components follow shortly

after.

We represent, in Figures 30 and 31, several comparisons among the
various boundaries. Initial transient motion is evident in the first 10
seconds, and then the response becomes more nearly periodic. It has not
quite settled to steady-state.

The silent boundaries generally prevent the reflection of energy.
The vertical displacements in these figures exhibit a fairly close

agreement between the extended-mesh results and those from using a silent
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boundary. Other measurements of stresses and displacements, which were
taken at points A, B, and C, but are not displayed here, suggest that
the same, or better, agreement exists then that found in Figures 30 and
31. The distortions caused by a free boundary are most visible at point
A, near the surface.

Figures 30 and 31 illustrate most of the poorest agreement between
the extended-paraxial boundary and the extended mesh. The largest dis-
crepancies caused by the standard-viscous boundary are shown in Figure
32, where the phase of the response appears to have been shifted.

Since virtually no numerical damping is utilized in this problem,
we might expect numerical noise to be present in the stresses. (This
was observed in Section 4.) In this case, the only component exhibiting
significant noise is T which is pictured in Figure 33. The results
of the extended-paraxial boundary contain spurious noise superimposed on
the general wave form, while the viscous boundary alters the period of
the motions. Again; one can eliminate the noise through slight
numerical damping.

Figure 34 charts the total energy in the system. It is apparent
that, when using the silent boundaries, the energy within the system
remains at a fairly constant level. The boundary mechanisms eradicate
energy at nearly the same rate as energy is generated on the mesh's
left side. The small errors associated with the paraxial boundary are
attributed to the numerical noise mentioned above.

The Rayleigh mode shapes can also be used to estimate the accuracy
of the transmitting boundaries. In these graphs, presented in Figures

35 and 36, the solid-line curves represent the Rayleigh mode shape that
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excites the system. The dashed-Tine curves are the resuliting displace-
'ments at x = 3 when t = 27 seconds. (The displacements at x = 3, t = 36
" seconds yielded similar results.) These profiles were calculated with
the various conditions at the right side of the mesh: a) extended mesh,
b) free boundary, c) extended-paraxial boundary, and d) standard-viscous
boundary.

In the ideal case, the profile of the displacements at x = 3 will
duplicate the input motion at x = 0. However, due to the presence of
transient waves and discretization errors, the displacement profiles
differ somewhat. As can be perceived in Figures 35 and 36, the extended
mesh and the silent boundaries each generate displacement configurations
that are similar to the input.

Overall, the boundary methods do not induce large distortions in
the response, such as those that are observed in the free boundary case.
The silent-boundary errors are of the same magnitude as are those intro-
duced by the discretization and the transient motion. The two methods,
extended~-paraxial and standard-viscous, are again comparable in accuracy.
If we consider all of the data accumulated in this problem, including
deformed mesh plots not illustrated here, the paraxial results are
slightly closer to those of the extended mesh.

As we mentioned in Chapter 1, several authors have pointed out that
the viscous boundary may be ineffective in the case of Rayleigh waves.
We determined that, at least in this one example, the viscous boundary

appears to function in about the same manner as it does for body waves.
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CHAPTER 5

In this thesis, the general topic of silent boundaries, as they
are applied to the soil-structure interaction problem, was explored.
First, we surveyed a wide range of ideas that had been suggested in the
past. Most of these proposals were discussed only briefly, mainly
because they are not applicable to the class of problems we wish to
solve, or because they appear to be relatively cumbersome, or
costly, to implement. Many of these transmitting boundary schemes,
though not considered in detail, may be useful in other applications.
We restricted this study to the more easily implemented, silent bound-
aries which can be directly employed in transient, time-domain analysis,
and would bg serviceable for many problems involving nonlinear materials.
Two of the boundary methods, paraxial and viscous, which tender these
qualities, were analyzed in detail in Chapters 2 and 3.

The major innovations in this thesis center upon the adaptation,
development, and testing of the paraxial-boundary approach as it applies
to finite element calculations. First, the paraxial equations were

derived for the purpose of transmitting plane, harmonic waves. These

considerations, in turn, led to questions of stability and to a modifi-

cation of the equations' original form.

The revised paraxial equations were then compared to two viscous-
boundary proposals. It was shown that the standard-viscous boundary
apparently embodies the first-order terms of the paraxial equations.

A wave-reflection analysis illustrates the distinct superiority of the
paraxial approach, and indicates its potential as an energy absorber.

This analysis also implies that the use of the "optimized"
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parameters as suggested in [57] does not improve the efficiency of the
boundary. From this theorética] standpoint, the modified-paraxial bound-
ary reflects waves of the smallest amplitudes, but the standard- and
unified-viscous boundaries are also fairly effective.

In Chapter 3, it was pointed out that a straightforward,'finite-
element implementation of the paraxial equations does not lead to a
practicable transmitting boundary. Certain alterations in the numerical
procedures are needed to upgrade the boundary's accuracy.

The test examples presented in Chapter 4 furnish most of the data
for an evaluation and comparison of the various boundaries. In the
problems we studied, all of the silent boundaries produced from adequate
to exceptional results. |

There are a number of features which should be emphasized. First,
the viscous boundaries cause a permanent, "residual” displacement at
almost all points in the mesh. This motion is, perhaps, 10% of that
which results from the use of a free boundary. The extended-paraxial
boundary largely eliminates this residual. On the other hand, the
viscous boundaries do effectively absorb the correct amount of energy
from the system. In most cases, the energy curves, which result from
extended-mesh calculations, coincide exactly with those resulting from
a viscous boundary. The extended-paraxial boundary is also competent
in removing energy from the system, with the exception of eradicating
noise from the solution.

A second feature of all the silent boundaries is their relative
inability to remove high-frequency, node-to-node oscillations. The

extended-paraxial boundary is worse in this capacity because it aggravates
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this noise and sends it to the interior. One solution to this problem
is to apply slight numerical damping to the algorithm. In the problems
studied, it was found that the setting of y = .55 eliminates most of the
numerical oscillations, without distorting the solution of Tower fre-
quencies, and allows the silent boundaries to operate more effectively.
Our experience indicates that the letting of y = .51 does not induce
enough damping into the system. (y = .50 is the undamped case.)

A third conclusion is that the standarq- and unified-viscous bound-
aries perform almost identically in all ways. Therefore, it would seem
to be unnecessary to modify the parameters, a and b, in order to improve
the boundary's behavior (the two boundaries differ only in the selected
values of a and b). In fact, in one example we tested, the doubling of
the parameter 'a' causes little change in the absorptionrcharacter of
the viscous boundary. This insensitivity of the viscous boundary
suggests that it may be suitable for special cases of nonlinear waves.
This was discussed in Section VII of Chapter 4.

Fourthly, the performance of the silent boundaries varies with the
parameters being measured. By and large, the extended-paraxial boundary
proffers a slight advantage in accuracy over the viscous schemes, |
although it does not achieve the superiority indicated by-the wave-

reflection theory of Chapter 2. The boundary adopted herein appears to

be the best finite-element implementation of the paraxial idea, and we
give some reasons for this, but it is possible that a different imple-
mentation may yield more accuracy.

Finally, the implementation of two silent boundaries, as con-

sidered, is inexpensive. Both the viscous and paraxial damping matrices



178

can be easily calculated by hand, in terms of the element dimensions,
n* and hZ. Hence, the generation of these expressions entails virtually
no costs on fhe computer. A slight expense is incurréd in the formation
and assembly of the paraxial stiffness, and in the solution of the
paraxial degrees of freedom. The cost of this latter computation,
always being done explicitly, is not significant. Overall, the extended-
paraxial scheme is slightly more expensive to use than is the viscous
boundary.

In summary, the extended-paraxial boundary, as developed herein,

possesses the following characteristics:

» It is founded upon a mathematical theory which indicates

the method's capability to transmit wave energy.

« It is easily implemented and exacts a minimal computational

expense.

. It sometimes projects numerical noise into the system, but
this tendency is controlled by a slight amount of numerical

damping.

« It enjoys some advantage in accuracy over other proposed
silent boundaries (the standard-viscous and unified-

viscous boundaries).

. It offers a broad scope in that it can be applied to

Rayleigh waves and, presumably, to anisotropic materials.
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. It can be applied to many problems in which nonlinear,

material effects are important.

It does not adversely affect the numerical stability

properties of one family of algorithms that we tested.

In the course of our investigation, we also ascertained that the
viscous boundary performed better than we had expected, and would be
a suitable transmitting boundary in many applications. It is widely
believed that this boundary acquits itself poorly when confronted by
Rayleigh waves, but in the one example that we studied, the boundary
seemed to absorb the waves to an acceptable degree, although it was
somewhat less accurate than the extended-paraxial approach.

We believe that, when taking into account all of the factors men-
tioned above, such as cost, accuracy, ease of implementation, etc., the
proposed extended-paraxial boundary technique is at least competitive
with other transmitting boundary methods now available. More practical
tests are needed to confirm this conclusion, and the next logical step
would be to apply this boundary to the solution of soil-structure

interaction problems.
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APPENDIX A

DERIVATION OF A ONE-DIMENSIONAL, PARAXIAL ELEMENT

The basic finite element procedure, for a one-dimensional wave
problem with a paraxial boundary, is sketched here. Two- and three-
dimensional analyses ensue in an analogous fashion, except that all of
the integrals are evaluated over an area, or a volume, instead of a line.

If we commence with the strong form of the initial-, and boundary-

value problem,

Ugp = Cuy, = f(x,t) X € Q R (A1)
Uy + Clpy = 0 . xye Qby . (A2)
whefe
u = the one-dimensional displacement,
Qi = the domain of the interior,
Qby = the domain of the boundary,
o= 08y (A3)
u = q(t) on o = the boundary where disp]acements’
are specified,
u, = p(t) on 3qt = the boundary where tractions are

specified,
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u(x,0) = h(x) forall xe€eq ,
. (A4)
ut(x,O) = g(x) for all x € Q
In order to derive the weak form of the problem, the following
spaces are required:
Hy(@) = fvlv:ia>R v(x) = 0% x € 3"}
(A5)
H]g(Q) = {uflur@->R , u(x) = g #x €'t

where R represents the set of continuous and uniformly bounded func-

1

tions. The functions belonging in the space H possess first derivatives

which are square integrable. In cher words, if u € H], then

Juxzdx < @ . (A6)
.

If we multiply equations (A1) and (A2) by v, where v € Hé, let u € H;,

and integrate over Q,

2 -
J uttVdX -c j uxxvdx + J uttVdX + ¢ j ytxvdx = J fvdx . (A7)
Qb Qi

After the second term of equation (A6) is integrated by parts, the weak

form can be distinguished. Given that q, p, h, and g are all suffi-

ciently regular, one finds u € H; such that for all v € Hé,

J ug vdx + c2 J u v dx + ¢ J Uy, vdx = J fvdx + IZCZPVlaﬂ (A8)
Q

Qi Qby i

t
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The matrix version of equation (A8) is formed by approximating u and v

with uh and vh, respectively, where

NN
W= b}j] N (A9)
| NN
o Z] Navah ; (A10)
a:

a,b = the node numbers; Na’Nb = the shape functions associated with node
a or node b; ubh,vah = the nodal values of uh and vh; and NN = the
number of nodes. Next, one substitutes equations (A9) and (A10) into

equation (A8):

NEN [ NEN A . ) X
a§1 b& J Nallpdx Uy ¢ * [ NaNp xdxsly ¢ * © f Na,xMp,x 3% Up
f Uy &
_ 2 h '
= j fNadX + [c pNa]agt vy , (A11)
Q.

i
where NEN = the number of element nodes. Equation (A11) is rewritten:

h h

h _
MabYb,tt * Cab¥b,t * Xa = f (A12)

bub a
The sum of the element contributions is described as:

Mug, +C gg +Ku = F

(A13)
NE NE NE
M= 1Imn , C=1c , K= 1k ,
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in which NE = the total number of elements. @ and 5 are evaluated in

the standard fashion; the stiffness term is integrated analytically for

this one-dimensional case.

The matrices @ and g can be determined for

a paraxial element of length h. After transforming the integrals [in

equation (A11)] into g-space, which is defined in Figure 2 of Chapter 3,

we arrive at:

O

1 0
h
LA , (A14
m 2[0 ]] | )
-(1- 1-
% (1-g,)  (1-¢)) ’ (375)
-(1+g)  (1+))

where Ez is the integration point for the second term in equation (A11).
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APPENDIX B

SUMMARY OF THE IMPLICIT-EXPLICIT ALGORITHM

Below is an outline of the Implicit-Explicit transient algorithm,

as developed by Hughes and Liu.(77)
I E I E —

Mam PO Vo T vy KA PR A = Fan (B1)
d = d_+ Aty +é—t—2—(]-26)a | (B2)
~n+1 ~n ~N 2 <n

Ve = vt tl-vla, (B3)
4. = d . +atlea (B4)

~n+] ~n+1 n+1
Yn+1 © Yn+1 * AtY§n+1 (B5)
dg = D (B6)
vo = ¥ (87)

_ -1

ag = M (Fy - C vy - Kdy) (B8)
Moo= MI+IZIE (B9)
c - QI+9E (B10)
K = EI + EE (B11)

M
n
[y
+
(S
m
—
o]
—
™
e
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Their notation is as follows: "At is the time step; gn’ Voo and 3, are
= F(t )3
vy and B are free parameters which govern the accuracy and stability of

the algorithm; and @I, QI, EI, and EI (respectively, ME, QE, EE and EE)

the approximations to g(tn), é(tn), and g(tn), respectively; F_

are the assembled arrays for the implicit (respectively, explicit)

groups. ME is assumed to be diagonal and M is assumed positive definite.”



186

REFERENCES

SOIL-STRUCTURE INTERACTION ANALYSIS - CONTINUUM APPROACH

1.

2.

3.

4.

5.

8.

Bycroft, G. N., "Forced Vibrations of a Rigid Circular Plate on a
Semi-Infinite Elastic Space or on an Elastic Stratum," Philosophical

Transactions of the Royal Society (London), Vol. 248, pp. 327-368,
1956,

Jennings, P. C., and Bielak, J., "Dynamics of Building-Soil
Interaction," Bulletin of the Seismological Society of America,
Vol. 63, No. 1, pp. 9-48, February, 1973.

Luco, J. E., and Westmann, R. A., "Dynamic Response of Circular
Footings," Journal of the Engineering Mechanics Division, ASCE,
Vol. 97, No. EM5, pp. 1381-1395, October, 1971.

Novak, M., "Effect of Soil on Structural Response to Wind and
Earthquake,” Earthquake Engineering and Structural Dynamics, Vol. 3,
pp. 79-96, 1974.

Parmelee, R. A., "Building-Foundation Interaction'Effects," Journal
of the Engineering Mechanics Division, ASCE, Vol. 93, No. EMZ,
pp. 131-152, 1967.

Tajimi, H., "Dynamic Analysis of a Structure Embedded in an Elastic
Stratum,”" Proceedings of the Fourth World Conference on Earthquake
Engineering, Santiago, Chile, 1964.

Veletsos, A. S., and Wei, Y. T., "Lateral and Rocking Vibration of
Footings," Journal of the Soil Mechanics and Foundation Division,
ASCE, Vol. 97, pp. 1227-1248.

Wong, H. L., Dynamic Soil-Structure Interaction, Ph.D. Thesis,
California Institute of Technology, 1975.

SOIL-STRUCTURE INTERACTION ANALYSIS - FINITE ELEMENT APPROACH

9.

10.

1.

Anderson, J. C., "Seismic Response Effects on Embedded Structures,"
Bulletin of the Seismological Society of America, Vol. 62, No. 1,
pp. 177-194, February, 1972.

Chen, W.W.H., and Chatterjee, M., "Response of Foundation Embedded
in Layered Media," Seventh Conference on Electronic Computation,
St. Louis, August 6-8, 1979.

Dasgupta, S. P., and Kameswara Rao, N.S.V., "Dynamic Response of
Strip Footing on an Elastic Halfspace," International Journal for
Numerical Methods in Engineering, Vol. 14, No. 11, pp. 1597-1612,
1979.




12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

187

Day, S. M., Finite Element Analysis of Seismic Scattering Problems,
Ph.D. Thesis, University of California, San Diego, 1977.

Gomez-Masso, A., Lysmer, J., Chen, J. C., and Seed, H. B., "Soil-
Structure Interaction in Different Seismic Environments," Earth-
quake Engineering Research Center, University of California,
Berkeley, Report No. UCB/EERC-79/18, August, 1979.

Hadjian, A. H., Luco, J., and Tsai, N. C., "Soil-Structure
Interaction: Continuum or Finite Element,” Nuclear Engineering
and Design, Vol. 31, No. 2, pp. 151-167, January, 1975.

Haupt, W. A., "Surface-Waves in Nonhomogeneous Half-Space,”
Dynamical Methods in Soil and Rock Mechanics, Proceedings,
Karisruhe, Germany, September, 5-16, 1977.

Idriss, I. M., and Sadigh, K., "Seismic SSI of Nuclear Power Plant
Structures," Journal of the Geotechnical Division, Proceedings,
ASCE, Vol. 102, No. GT7, July, 1977.

Isenberg, J., "Interaction between Soil and Nuclear Reactor
Foundations during Earthquakes," proposed for The Research Founda-
tion of the University of Toledo, Contract No. AT(40-1)-3822,

June 10, 1970.

Isenberg, J., and Adham, S. A., "Interaction of Soil and Power
Plants in Earthquakes," Journal of the Power Division, ASCE, Vol.
98, pp. 273-291, October, 1972.

Isenberg, J., Vaughan, D. K., and Sandler, I., Nonlinear Soil-
Structure Interaction, Report prepared by Weidlinger Associates for
the Electric Power Research Institute, December, 1978.

Johnson, J. J., and Kennedy, R. P., "Earthquake Response of Nuclear
Power Facilities," Journal of the Energy Division, ASCE, Voil. 105,
No. EY1, pp. 15-32, January, 1979.

Joyner, W. B., "A Method for Calculating Nonlinear Seismic Response
in Two Dimensions,” Bulletin of the Seismological Society of
America, Vol. 65, No. 5, pp. 1337-1357, October, 1975.

Joyner, W. B., and Chen, A.T.F., "Calculation of Nonlinear Ground
Response in Earthquakes," Bulletin of the Seismological Society of
America, Vol. 65, No. 5, pp. 1315-1336, October, 1975.

Kausel, E., Roesset, J. M., and Waas, G., "Dynamic Analysis of
Footings on Layered Media," Journal of the Engineering Mechanics
Division, ASCE, Vol. 101, No. EM5, pp. 679-693, October, 1975,

Liang, V. C., Dynamic Response of Structures in Layered Soils,
Ph.D. Thesis, MIT, January, 1974.




25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

188

Luco, J. E., Hadjian, A. H., Bos, H. D., "The Dynamic Modeling of
the Half-Plane by Finite Elements," Nuclear Engineering and Design,
Vol. 31, No. 2, pp. 184-194, January, 1975,

Lysmer, J., and Drake, L. A., "A Finite Element Method for
Seismology," Methods of Computat1ona1 Physics, Vol. 11, Chapter 6,
Academic Press, 1972.

Lysmer, J., Udaka, T., Tsai, C-F., and Seed, H. B., "FLUSH - A
Computer Program for Approximate 3-D Analysis of Soil-Structure

Interaction Problems," Earthquake Engineering Research Center,

University of California, Berkeley, Report No. EERC 75-30,
November, 1975.

Lysmer, J., "Analytical Procedures in Soil Dynamics,” Earthquake
Engineering Research Center, University of California, Berkeley,
Report No. EERC 78-29, December, 1978.

Nestor, G. A., Soil-Structure Interaction Analyses using the Finite
Element Method, Prepared for the National Science Foundation,
University of California, Los Angeles, June, 1977.

Tseng, W. S., and Tsai, N. C., "Soil-Structure Interaction for
Transient Loads due to Safety Re11ef Valve Discharges," Nuclear
Engineering and Design, Vol. 45, No. 1, January, 1978, pp. p. 251-259.

Seed, H. B., and Lysmer, J., "Soil-Structure Interaction Analysis
by Finite Elements - State-of-Art,” Nuclear Engineering and Design,
Vol. 46, No. 2, pp. 349-365, 1978.

Ukaji, K., Analysis of Soil-Foundation-Structure Interaction During
Earthquakes, Ph.D. Thesis, Stanford University, 1975.

Urlich, C. M., and Kuhlemeyer, R. L., "Coupled Rocking and Lateral
Vibrations of Embedded Footings," Canadian Geotechnical Journal,
Vol. 10, No. 2, pp. 145-160, 1973.

Valliappan, S., Favaloro, J. J., and White, W., "Dynamic Analysis
of Embedded Footings," Journal of the Geotechnical Division, ASCE,
Vol. 103, No. GT2, Technical Notes, pp. 129-133, February, 1977.

Waas, G. and Lysmer, J., "Vibrations of Footings Embedded in
Layered Media," Proceedings of the Waterways Experimental Station,
Symposium on the Applications of the Finite Eiement Method in
Geotechnical Engineering, U.S. Army Engineers, Waterways
Experimental Station, Vicksburg, Mississippi, 1972.

Weaver, W. J., Brandow, G. E., and Hoeg, K., "Three-Dimensional
Soil-Structure Response to Earthquakes," Bulletin of the Seismo-
Togical Society of America, Vol. 63, No. 3, pp. 1041-1056, June,
1973.




189

SILENT BOUNDARIES

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

Baladi, G. Y., "Ground Shock Calculation Parameter Study; Effect of
Various Bottom Boundary Conditions," Technical Report S-71-4,
Report 2, U.S. Army Engineer Waterways Experiment Station, CE,
Vicksburg, Mississippi, 1972.

Castellani, A., "Boundary Conditions to Simulate an Infinite Space,"
Mechanicca, Vol. 9, No. 3, pp. 199-205, 1974.

Clayton, J., and Engquist, B., "Absorbing Boundary Conditions for
Acoustic and Elastic Wave Equations," Bulletin of the Seismological
Society of America, Vol. 67, No. 6, pp. 1529-1541, December, 1977.

Cundall, P. A., Kunar, R. R., Carpenter, P. C., and Marti, J.,
"Solution of Infinite Dynamic Problems by Finite Modelling in the
Time Domain," Proceedings 2nd International Conference on Applied
Numerical Modelling, Madrid, Spain, 1978.

Dominguez, J., "Dynamic Stiffness of Rectangular Foundations,"
MIT Report, Publication No. R78-20, Order No. 626, August, 1978.

Engquist, B., and Majda, A., “Absorbing Boundary Conditions for
the Numerical Simulation of Waves," Mathematics of Computation,
Vol. 31, pp. 629-651, July, 1977.

Engquist, B., and Majda, A., "Radiation Boundary Condition for
Acoustic and Elastic Wave Calculations," Communications on Pure
and Applied Mathematics, Vol. 32, No. 3, pp. 313-357, 1979.

Haupt, W. A., "Numerical Methods for the Computation of Steady-State
Harmonic Wave Fields," Dynamical Methods in Soil and Rock Mechanics,
Proceedings, Karisruhe, Germany, September 5-16, 1977.

Isenberg, J., Weidlinger Associates, 3000 Sand Hill Rd., Bldg. 4,
Suite 245, Menlo Park, CA, 94025 (personal communication).

Kunar, K. K., and Rodriguez-Ovejero, "Model with Non-Reflecting
Boundaries for Use in Explicit Soil-Structure Interaction Analyses,"
Earthquake Engineering and Structural Dynamics, Vol. 8, No. 4,

pp. 361-374, July-August, 1980.

Lysmer, J., and Kuhlemeyer, R. L., "Finite Dynamic Model for
Infinite Media," Journal of the Engineering Mechanics Division,
ASCE, pp. 859-877, August, 1969,

Lysmer, J., "Lumped Mass Method for Rayleigh Waves," Bulletin of
the Seismological Society of America, Vol. 60, No. 1, pp. 89-104,
February, 1970.




190

49. Lysmer, J., and Waas, G., "Shear Waves in Plane Infinite Structures,
Journal of the Engineering Mechanics Division, ASCE, pp. 85-105,
February, 1972.

50. Matthews, A. T., "Effects of Transmitting Boundaries in Ground
Shock Computation," Technical Report S-71-8, U.S. Army Engineer
Waterways Experiment Station, Vicksburg, Mississippi, September,
1971.

51. Robinson, A. R., "The Transmitting Boundary-Again," Structural and
Geotechnical Mechanics, W. J. Hall, Ed., Prentice-Hall, Inc., 1976.

52. Roesset, J. M., and Ettouney, M., "Transmitting Boundaries: A
Comparison,"” International Journal for Numerical and Analytical
Methods in Geomechanics, Vol. 1, No. 2, April-dune, 1977.

53. Roesset, J. M., and Scaletti, H., "Boundary Matrices for Semi-
Infinite Problems," Third Engineering Mechanics Division Specialty
Conference, University of Texas at Austin, September 17-19, 1979.

54. Tseng, M. N., and Robinson, A. R., "A Transmitting Boundary for
Finite-Difference Analysis of Wave Propagation in Solids," Ph.D.
Thesis, University of I1linois at Urbana-Champaign, November, 1975,

55. Smith, W. D., "A Nonreflecting Plane Boundary for Wave Propagation
Problems," Journal of Computational Physics, Vol. 15, pp. 492-503,
1974, »

56. Underwood, P. G., and Geers, T. L., "Doubly Asymptotic Boundary-
Element Analysis of Dynamic Soil Structure Interaction," DNA
Report 45127, Defense Nuclear Agency (SPSS), Washington, D.C.,
20305, March, 1978.

57. White, W., Valliappan, S., and Lee, I. K., "Unified Boundary for
Finite Dynamic Models," Journal of the Engineering Mechanics
Division, ASCE, pp. 949-964, October, 1977.

58. Zhen-peng, L., Pai-puo, Y., and Yi-fan, Y., "Feedback Effect of
Low-Rise Buildings on Vertical Earthquake Ground Motion and
Application of Transmitting Boundaries for Transient Wave
Analysis," Institute of Engineering Mechanics, Academia Sinica,
Harbin, China, October, 1978.

MATERIAL MODELING OF SOIL

59. Prevost, J. H., "Plasticity Theory for Soil Stress-Strain Behavior,"
Journal of the Engineering Mechanics Division, ASCE, Vol. 104,
No. EM4, August, 1978.




60.

61.

191

Seed, H. B., and Idriss, I. M., "Influence of Soil Conditions on
Ground Motions during Earthquakes," Journal of the Soil Mechanics
and Foundations Division, ASCE, Vol. 95, January, 1969,

Seed, H. B., and Idriss, I. M., "Soil Moduli and Damping Factors
for Dynamic Response Analysis," Earthquake Engineering Research
Center, Report No. EERC 70-10, University of California, Berkeley,
December, 1970.

OTHER FINITE-ELEMENT PROBLEMS IN MODELING SOIL-STRUCTURE INTERACTION

62.

63.

64.

65.

Luco, J. E., and Hadjian, A. H., "Two-Dimensional Approximations to
the Three-Dimensional Soil-Structure Interaction Problem," Nuclear
Engineering and Design, Vol. 31, No. 2, pp. 195-203, January, 1975.

Schnabel, P. B., Lysmer, J., and Seed, H. B., "SHAKE - A Computer
Program for Earthquake Response Analysis of Horizontally Layered
Sites," Earthquake Engineering Research Center, Report No. EERC
72-12, University of California, Berkeley, December, 1972,

Vaish, A. K., and Chopra, A. K., "Earthquake Finite Element Analysis
of Structure-Foundation Systems,” Journal of the Engineering -
Mechanics Division, ASCE, Vol. 100, No. EM6, pp. 1101-1116, 1974.

Wojcik, G. Weidlinger Associates, 3000 Sand Hi1l Rd., Bldg. 4,
Suite 245, Menlo Park, CA, 94025 (personal communication).

FINITE ELEMENT TECHNOLOGY

66.

67.

68.

69.

Brooks, A., and Hughes, T.J.R., "Streamline-Upwind/Petrov-Galerkin
Methods for Advection Dominated Flows," Proceedings of the Third
International Conference on Finite Element Methods in Fluid Flow,

Banff, Canada, June, 1980,

Christie, I., Griffiths, D. F., Mitchell, A. R., and Zienkiewicz,
0. C., "Finite Element Methods for Second Order Differential
Equations with Significant First Derivatives," International Journal

of Numerical Methods in Engineering, Vol. 10, pp. 1389-1396, 1976.

Griffiths, D. F., and Lorenz, J., "An Analysis of the Petrov-
Galerkin Finite Element Method," Computer Methods in Applied
Mechanics and Engineering, Vol. 14, pp. 39-64, 1978.

Heinrich, J. C., Huyakorn, F. S., Zienkiewicz, 0. C., and Mitchell,
A. R., "An 'Upwind' Finite-Element Scheme for Two-Dimensional
Convective Transport Equation,” International Journal of Numerical
Methods in Engineering, Vol. 11, pp. 131-143, 1977.




70.

1.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

192

Hilber, H. M., Hughes, T.J.R., and Taylor, R. L., "Improved
Numerical Dissipation for Time Integration Algorithms in Structural
Dynamics," Earthquake Engineering and Structural Dynamics, Vol. 6,
pp. 283-292, 1977.

Hughes, T.J.R., "Stability, Convergence, and Growth and Decay of
Energy at the Average Acceleration Method in Nonlinear Structural
Dynamics," Computers and Structures, Vol. 6, pp. 313-324, 1976.

Hughes, T.J.R., "Equivalence of Finite Elements for Nearly-
Incompressible Elasticity," Journal of Applied Mechanics, Vol. 44,
Series E, No. 1, p. 181, March, 1977.

Hughes, T.J.R., "A Simple Scheme for Developing 'Upwind' Finite
Elements," International Journal for Numerical Methods in
Engineering, Vol. 12, pp. 1359-1369, 1978.

‘Hughes, T.J.R., and Brooks, A., "A Multidimensional Upwind Scheme

with no Crosswind Diffusion,” in AMD, Vol. 34, Finite Element
Methods for Convection Dominated Flows, T.J.R. Hughes (ed.), ASME,
New York, 1979.

Hughes, T.J.R., Cohen, M., and Haroun, M., "Reduced and Selective
Integration Techniques in the Finite Element Analysis of Plates,"
Nuclear Engineering and Design, Vol. 46, No. 1, pp. 203-222,
March, 1978. '

Hughes, T.J.R., and Liu, W. K., "Implicit-Explicit Finite Elements
in Transient Analysis: Stability Theory," Journal of Applied
Mechanics, Vol. 45, pp. 371-374, 1978,

Hughes, T.J.R., and Liu, W. K., "Implicit-Explicit Finite Elements
in Transient Analysis: Implementation and Numerical Examples,"
Journal of Applied Mechanics, Vol. 45, pp. 375-378, 1978.

Hughes, T.J.R., Pister, K. S., and Taylor, R. L., "Implicit-Explicit
Finite Elements in Nonlinear Transient Analysis," Computer Methods
in Applied Mechanics and Engineering, Vol. 17-18, pp. 159-182, 1979.

Krieg, R. D., and Key, S. W., "Transient Shell Response by Numerical
Time Integration," International Journal of Numerical Methods in
Engineering, Vol. 7, No. 3, pp. 273-286, 1973.

Kuhlemeyer, R. L., and Lysmer, J., "Finite Element Method Accuracy
for Wave Propagation Problems," Journal of the Soil Mechanics and
Foundations Division, ASCE, pp. 421-426, May, 1973.

Mullen, R., and Belytschko, T., "Dispersion Analysis of Finite
Element Semidiscretizations of the Two Dimensional Wave Equation,"
Department of Civil Engineering, The Technological Institute,
Northwestern University, Evanston, I11inois, 60201 (preprint), 1980.



82.

WAVE

193

Zienkiewicz, 0. C., The Finite Element Method, Third Edition,
McGraw Hill Book Co. (UK), London, 1977.

PROPAGATION

83.

84.

85.

86.

87.

88.

Claerbout, J. F., Fundamentals of Geophysical Data Processing,
McGraw-Hill, Inc., 1976.

Ewing, W. M., Jardetsky, W. S., Press, F., Elastic Waves in Layered

Media, McGraw-Hil1l Book Co., New York, 1957.

Lamb, H., Philosophical Transactions of the Royal Society (London),
Vol. 203, pp. 1-42, 1904.

Miklowitz, The Theory of Elastic Waves and Waveguides, North-
Holland Publishing Co., Amsterdam, New York, Oxford, 1978.

Mow, C. C., and Pao, Y. H., "The Diffraction of Elastic Waves and
Stress Concentrations," RAND Report, R-482-PR, 1971.

Viktorov, I. A., Rayleigh and Lamb Waves, Plenum Press, New York,
1967,

GENERAL REFERENCES

89.

90.

91.

Housner, G. W., "Interaction of Buildings and Ground during an
Earthquake," Bulletin of the Seismological Society of America,
Vol. 47, No. 3, pp. 179-186, 195/.

Jennings, P. C., "Distant Motions from a Building Vibration Test,"”
Bulletin of the Seismological Society of America, Vol. 60, No. 6,
pp. 2037-2043, 1970.

Noble, B., Applied Linear Algebra, Prentice-Hall, Inc., Englewood
Cliffs, N.J., 1969.




CALIFORNIA INSTITUTE OF TECHNOLOGY
Reports Published
by

Earthquake Engineering Research Laboratory
Dynamics Laboratory
Disaster Research Center

Note: Numbers in parenthesis are Accession Numbers assigned
by the National Technical Information Service; these reports
may be ordered from the National Technical Information Ser-
vice, 5285 Port Royal Road, Springfield, Virginia, 22161,
Accession numbers should be quoted on orders for reports (PB
=== ~==), Reports without this information either have not
been submitted to NTIS or the information was not available
at the time of printing. An N/A in parenthesis indicates
that the report is no longer available at Caltech.

1. Alford, J.L., G.W. Housner and R.R. Martel, "Spectrum
Analysis of Strong-Motion Earthquakes," 1951. (Revised
August 1964). (N/A)

2. Housner, G.W., "Intensity of Ground Motion During
Strong Earthquakes," 1952. (N/A)

3. Hudson, D.E., J.L. Alford and G.W., Housner, "Response
of a Structure to an Explosive Generated Ground Shock,”
1952, (N/A)

4, Housner, G.W., "Analysis of the Taft Accelerogram of
the Earthquake of 21 July 1952." (N/A)

5. Housner, G.W., "A Dislocation Theory of Earthquakes,"
1953, (N/A)

6. Caughey, T.K., and D.E. Hudson, "An Electric Analog
Type Response Spectrum," 1954.(N/A)

7. Hudson, D.E., and G.W. Housner, "Vibration Tests of a
Steel-Frame Building," 1954. (N/A)

8. Housner, G.W., "Earthquake Pressures on Fluid Con-
tainers,™ 1954, (N/A)

9. Hudson, D.E., "The Wilmot Survey Type Strong-Motion
Earthquake Recorder," 1958. (N/A)

EERL - 1



10.

11.

12,

13.

14,

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25,

Hudson, D.E., and W.D. Iwan, "The Wilmot Survey Type
St;ong-Motion Earthquake Recorder, Part II," 1960.
(N/A)

Caughey, T.K., D.E. Hudson, and R.V. Powell, "The CIT
Mark II Electric Analog Type Response Spectrum Analyzer
for Earthquake Excitation Studies,™ 1960. (N/A)

Keightley, W.0, G.W. Housner and D.E., Hudson, "Vibra-
tion Tests of the Encino Dam Intake Tower," 1961.
(N/A)

Merchant, Howard Carl, "Mode Superposition Methods
Applied to Linear Mechanical Systems Under Earthquake
Type Excitation,"™ 1961. (N/A)

Iwan, Wilfred D., "The Dynamic Response of Bilinear
Hysteretic Systems," 1961. (N/A)

Hudson, D.E., "A New Vibration Exciter for Dynamic Test
of Full-Scale Structures,™ 1961, (N/A)

Hudson, D.E., "Synchronized Vibration Generators for
Dynamic Tests of Full-Scale Structures," 1962. (N/A)

Jennings, Paul C., "Velocity Spectra of the Mexican

Earthquakes of 11 May and 19 May 1962," 1962, (N/A)

Jennings, Paul C., "Response of Simple Yielding Struc-
tures to Earthquake Excitation," 1963, (N/A)

Keightley, Willard O., "Vibration Tests of Structures,"
1963. (N/A)

Caughey, T.K. and M.E.J. O'Kelly, "General Theory of
Vibration of Damped Linear Dynamic Systems," 1963.
(N/A) '

0'Kelly, M.E.J., "Vibration of Viscously Damped Linear
Dynamic Systems,™ 1964. (N/A)

Nielsen, N. Norby, "Dynamic Response of Multistory
Buildings," 1964. (N/A)

Tso, Wai Keung, "Dynamics of Thin-Walled Beams of Open
Section,™ 1964, (N/A)

Keightley, Willard 0., "A Dynamic Investigation of
Bouquet Canyon Dam," 1964. (N/A)

Malhotra, R.K., "Free and Forced Oscillations of a
Class of Self-Excited Oscillators," 1964.

EERL ~ 2



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

Hanson, Robert D., "Post-~Elastic Response of Mild Steel
Structures," 1965,

Masri, Sami F., "Analytical and Experlmental Studies of
Impact Dampers," 1965.

Hanson, Robert D., "Static and Dynamic Tests of a
Full-Scale Steel-Frame Structure,"™ 1965.

Cronin, Donald L., "Response of Linear, Viscous Damped
Systems to Excitations Having Time-Varying Frequency,"
1965,

Hu, Paul Yu~fei, "Analytical and Experimental Studies
of Random Vibration,"™ 1965.

Crede, Charles E., "Research on Failure of Equipment
when Subject to Vibration," 1965,

Lutes, Loren D,, "Numerical Response Characteristics of
a Uniform Beam Carrying One Discrete Load," 1965.

(N/A)

Rocke, Richard D., "Transmission Matrices and Lumped
Parameter Models for Continuous Systems," 1966. (N/A)

Brady, Arthur Gerald, "Studies of Response to Earth-
quake Ground Motion," 1966. (N/A)

Atkinson, John D., "Spectral Density of First Order
Piecewise Linear Systems Excited by White Noise," 1967.
(N/A)

Dickerson, John R,, "Stability of Parametrically
Excited Differential Equations," 1967. (N/A)

Giberson, Melbourne F., "The Response of Nonlinear
Multi-Story Structures Subjected to Earthquake Excita-
tion,™ 1967. (N/A)

Hallanger, Lawrence W., "The Dynamic Stability of an
Unbalanced Mass Exciter," 1967.

Husid, Raul, "Gravity Effects on the Earthquake
Response of Yielding Structures,” 1967. (N/A)

Kuroiwa, Julio H., "Vibration Test of a Multistory
Building," 1967. (N/A)

Lutes, Loren Daniel, "Stationary Random Response of
Bilinear Hysteretic Systems," 1967.

EERL - 3



42.

43.
44.

45.

46.

47.
48,
49,
750.

51.

52.

53.

54.

55.

56.

Nigam, Navin C., "Inelastic Interactions in the Dynamic
Response of Structures," 1967.

Nigam, Navin C. and Paul C. Jennings, "Digital Calcula-
tion of Response Spectra from Strong-Motion Earthquake
Records, " 1968. ‘

Spencer, Richard A., "The Nonlinear Response of Some
Multistory Reinforced and Prestressed Concrete Struc-
tures Subjected to Earthquake Excitation," 1968. (N/A)

Jennings, P.C., G.W. Housner and N.C. Tsai, "Simulated
Earthquake Motions," 1968.

"Strong-Motion Instrumental Data on the Borrego Moun-
tain Earthquake of 9 April 1968," (USGS and EERL Joint
Report), 1968.

Peters, Rex B., "Strong Motion Accelerograph Evalua-
tion," 1969.

Heitner, Kenneth L., "A Mathematical Model for Calcula-
tion of the Run-Up of Tsunamis," 1969.

Trifunac, Mihailo D., "Investigation of Strong Earth-
quake Ground Motion," 1969. (N/A)

Tsai, Nien Chien, "Influence of Local Geology on Earth-
quake Ground Motion," 1969. (N/A)

Trifunac, Mihailo D., "Wind and Microtremor Induced
Vibrations of a Twenty-Two Steel Frame Building," EERL
70-01, 1970.

Yang, I-Min, "Stationary Random Response of
Multidegree-of-Freedom Systems," DYNL-100, June 1970.
(N/A)

Patula, Edward John, "Equivalent Differential Equations
for Nonlinear Dynamical Systems," DYNL-101, June 1970.

Prelewicz, Daniel Adam, "Range of Validity of the
Method of Averaging,"™ DYNL-102, 1970.

Trifunac, M.D., "On the Statistics and Possible
Triggering Mechanism of Earthquakes in Southern Cali-
fornia,™ EERL 70-03, July 1970.

Heitner, Kenneth Leon, "Additional Investigations on a

Mathematical Model for Calculation of the Run-Up of
Tsunamis,” July 1970.

EERL - 4



57.

58.

59.

60.

61.

62,

63.

64.

65.

66 .

67.

68.

69.

Trifunac, Mihailo D., "Ambient Vibration Tests of a
Thirty-Nine Story Steel Frame Building," EERL 70-02,
July 1970.

Trifunac, Mihailo and D.E. Hudson, "Laboratory Evalua-
tions and Instrument Corrections of Strong-Motion
Accelerographs," EERL 70-04, August 1970. (N/A)

Trifunac, Mihailo D., "Response Envelope Spectrum and
Interpretation of Strong Earthquake Ground Motion,"
EERL 70-06, Augustv1970.

Keightley, W.O., "A Strong-Motion Accelerograph Array
with Telephone Line Interconnections," EERL 70-05, Sep-
tember 1970.

Trifunac, Mihailo D., "Low Frequency Digitization
Errors and a New Method for Zero Baseline Correction of
Strong-Motion Accelerograms,"™ EERL 70-07, September
1970.

Vijayaraghavan, A., "Free and Forced Oscillations in a
Class of Piecewise-Linear Dynamic Systems," DYNL-103,
January 1971.

Jennings, Paul C., R.B. Matthiesen and J. Brent
Hoerner, "Forced Vibrations of a 22-Story Steel Frame
Building," EERL 71-01, February 1971. (N/A) (PB 205
161)

Jennings, Paul C., "Engineering Features of the San
Fernando Earthquake of February 9, 1971," EERL 71-02,
June 1971. (PB 202 550)

Bielak, Jacobo, "Earthquake Response of Building=-
Foundation Systems,"™ EERL 71-04, June 1971. (N/A) (PB
205 305)

Adu, Randolph Ademola, "Response and Failure of Struc-
tures under Stationary Random Excitation," EERL 71-03,
June 1971. (N/A) (PB 205 304)

Skattum, Knut Sverre, "Dynamic Analysis of Coupled
Shear Walls and Sandwich Beams," EERL 71-06, June 1971.
(N/A) (PB 205 267)

Hoerner, John Brent, "Modal Coupling and Earthquake
Response of Tall Buildings,"™ EERL 71-07, June 1971.
(N/A) (PB 207 635)

Stahl, Karl John, "Dynamic Response of Circular Plates
Subjected to Moving Massive Loads," DYNL-104, June
1971. (N/A)

EERL - 5



70.

71.

72.

73.

74.
75.

76.

7.

78.

79.

80.

8l.

82.

Trifunac, M.D., F.E. Udwadia and A.G. Brady, "High Fre-
quency Errors and Instrument Corrections of Strong-
Motion Accelerograms," EERL 71-05, 1971. (PB 205 369)

Furuike, D.M., "Dynamic Responée of Hysteretic Systems
with Application to a System Containing Limited Slip,"
DYNL-105, September 1971. (N/A)

Hudson, D.E. (Editor), "Strong-Motion Instrumental Data
on the San Fernando Earthquake of February 9, 1971,"
(Seismological Field Survey, NOAA, C.I.T. Joint
Report), September 1971. (PB 204 198)

Jennings, Paul C. and Jacobo Bielak, "Dynamics of
Building-Soil 1Interaction,"™ EERL 72-01, April 1972,
(PB 209 666)

Kim, Byung-Koo, "Piecewise Linear Dynamic Systems with
Time Delays," DYNL-106, April 1972.

Viano, David Charles, "Wave Propagation in a Symmetri-
cally Layered Elastic Plate," DYNL-107, May 1972.

Whitney, Albert W., "On Insurance Settlements Incident
to the 1906 San Francisco Fire," DRC 72-01, August
1972, (PB 213 256)

Udwadia, F.E., "Investigation of Earthquake and Micro-
tremor Ground Motions," EERL 72-02, September 1972,
(PB 212 853) ,

Wood, John H., "Analysis of the Earthquake Response of
a Nine-Story Steel Frame Building During the San Fer-
nando Earthquake," EERL 72-04, October 1972. (PB 215
823) 4

Jennings, Paul C., "Rapid Calculation of Selected
Fourier Spectrum Ordinates," EERL 72-05, November 1972.

"Research Papers Submitted to Fifth World Conference on
Earthquake Engineering, Rome, Italy, 25-29 June 1973,"
EERL 73-02, March 1973. (PB 220 431)

Udwadia, F.E. and M.D. Trifunac, "The Fourier
Transform, Response Spectra and Their Relationship
Through the Statistics of Oscillator Response,"” EERL
73-01, April 1973, (PB 220 458)

Housner, George W,, "Earthquake-Resistant Design of
High-Rise Buildings," DRC 73-01, July 1973. (N/A)

EERL - 6



83.

84.

85.

86.

87.

88.

89.

90.

9l.

92.

93.

94,

95.

96.

"Earthquakes and Insurance," Earthquake Research Affi-
liates Conference, 2-3 April, 1973, DRC 73-02, July

1973. (PB 223 033)

Wood, John H., "Earthquake-Induced - Soil Pressures on
Structures," EERL 73-05, August 1973. (N/A)

Crouse, Charles B., "Engineering Studies of the San
Fernando Earthquake," EERL 73-04, March 1973. (N/A)

Irvine, H. Max, "The Veracruz Earthquake of 28 August
1973," EERL 73-06, October 1973.

Iemura, H, and P.C. Jennings, "Hysteretic Response of a
Nine-Story Reinforced Concrete Building During the San
Fernando Earthquake," EERL 73-07, October 1973.

Trifunac, M.D. and V., Lee, "Routine Computer Processing
of Strong-Motion Accelerograms," EERL 73-03, October
1973. (N/A) (PB 226 047/AS)

Moeller, Thomas Lee, "The Dynamics of a Spinning Elas-
tic Disk with Massive Load," DYNL 73-01, October 1973.

Blevins, Robert D,, "Flow Induced Vibration of BIluff
Structures," DYNL 74-01, February 1974.

Irvine, H. Max, "Studies in the Statics and Dynamics of
Simple Cable Systems,"” DYNL-108, January 1974,

Jephcott, D.K. and D.E. Hudson, }“The Performance of
Public School Plants During the San Fernando Earth-
quake," EERL 74-01, September 1974. (PB 240 000/AS)

Wong, Hung Leung, "Dynamic Soil-Structure Interaction,"
EERL 75-01, May 1975. (N/A) (PB 247 233/AS)

Foutch, D.A., G.W. Housner, P.C, Jennings, "Dynamic
Responses of Six Multistory Buildings During the San
Fernando Earthquake,"™ EERL 75-02, October 1975, (PB
248 144/AS)

Miller, Richard Keith, "The Steady-State Response of
Multidegree-~of-Freedom Systems with a Spatially Local-
ized Nonlinearity,” EERL 75-03, October 1975. (PB 252
459/AS)

Abdel-Ghaffar, Ahmed Mansour, "Dynamic Analyses of

Suspension Bridge Structures," EERL 76~01, May 1976.
(PB 258 744/AS)

EERL - 7



97.

98.

99.

100.

lo0l.

102.

103.

104.

105.

106.

107.

108.

109.

Foutch, Douglas A,, "A Study of the Vibrational Charac-
teristics of Two Multistory Buildings," EERL 76-03,
September 1976. (PB 260 874/AS)

"Strong Motion Earthquake Accelerograms Index Volume,"
Earthquake Engineering Research Laboratory, EERL 76-02,
August 1976. (PB 260 929/AS)

Spanos, P-T.D., "Linearization Techniques for Non-
Linear Dynamical Systems," EERL 76-04, September 1976.
(PB 266 083/AS)

Edwards, Dean Barton, "Time Domain Analysis of Switch-
ing Regulators,™ DYNL 77-01, March 1977.

Abdel-Ghaffar, Ahmed Mansour, "Studies on the Effect of
Differential Motions of Two Foundations upon the
Response of the Superstructure of a Bridge," EERL 77-
02, January 1977. (PB 271 095/AS)

Gates, Nathan C., "The Earthquake Response of
Deteriorating Systems," EERL 77-03, March 1977. (PB
271 090/AS)

Daly, W., W. Judd and R. Meade, "Evaluation of Seismi-
city at U.S. Reservoirs," USCOLD, Committee on Earth-
quakes, May 1977. (PB 270 036/AsS)

Abdel-Ghaffar, A.M. and G.W. Housner, "An Analysis of
the Dynamic Characteristics of a Suspension Bridge by
Ambient Vibration Measurements," EERL 77-01, January
1977. (PB 275 063/AS) ‘

Housner, G.W. and P.C. Jennings, "Earthquake Design
Criteria for Structures," EERL 77-06, November 1977.
(PB 276 502/AS)

Morrison, P., R. Maley, G. Brady, R. Porcella, "Earth-
quake Recordings on or Near Dams," USCOLD, Committee on
Earthquakes, November 1977. ‘(PB 285 867/AS)

Abdel-Ghaffar, A.M., "Engineering Data and Analyses of
the Whittier, California Earthquake of January 1,
1976," EERL 77-05, November 1977. (PB 283 750/AS)

Beck, James L., "Determining Models of Structures from
Earthquake Records," EERL 78-01, June 1978. (PB 288
806/AS)

Psycharis, Ioannis, "The Salonica (Thessaloniki) Earth-
quake of June 20, 1978," EERL 78-03, October 1978. (PB
290 120/As)

EERL - 8



110.

111.

112,

113.

114,

115.

116.

117.

Abdel-Ghaffar, A.M. and R.F. Scott, "An Investigation
of the Dynamic Characteristics of an Earth Dam,"” EERL
78-02, August 1978. (PB 288 878/AS)

Mason, Alfred B., Jr., "Some Observations on the Random
Response of Linear and Nonlinear Dynamical Systems,"”
EERL 79~01, January 1979. (PB 290 808/AS)

Helmberger, D.V. and P.C. Jennings (Organizers),
"Strong Ground Motion: N.S.F. Seminar-Workshop," SL-
EERL 79-02, February 1978.

Lee, David M., Paul C. Jennings and George W. Housner,
"A Selection of Important Strong Motion Earthquake
Records," EERL 80-01, January 1980. (PB 80 169196)

McVerry, Graeme H., "Frequency Domain Identification of
Structural Models from Earthquake Records," EERL 79~02,
October 1979.

Abdel-Ghaffar, A.M., R.F. Scott and M.J. Craig, "Full-
Scale Experimental Investigation of a Modern Earth
Dam," EERL 80-02, February 1980,

Rutenberg, Avigdor, Paul C, Jennings and George W,

‘Housner, "The Response of Veterans Hospital Building 41

in the San Fernando Earthquake," EERL 80-03, May 1980.

Haroun, Medhat Ahmed, "Dynamic Analyses of Liquid
Storage Tanks," EERL 80-04, February 1980.

EERL - 9



d

KXssddlunwowozRrRaHDQREOOW P

Strong—-Motion Earthquake Accelerograms
Digitized and Plotted Data

Uncorrected Accelerograms

EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL

Yolume I

73-30

EERL - 10

PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB

NTIS
Bccession No,

287
196
204
208
209
210
211
211
213
213
213
215
220
223
222
227

232"

239
241
241
242
243
243
243
242

847
823
364
529
749
619
357
781
422
423
424
639
554
023
417
481/AS
315/As
585/AS
551/AS
943/AS
262/AS
483/AS
497/AS
594/AS
947/AS



:

QMmoo Ow

N N PN on i
Wy RN

L& B wul T

=
~<admnm
L 3

Strong-Motion Earthquake Accelerograms

Digitized and Plotted Data

Corrected Accelerograms and Integrated"
Ground Velocity and Displacement Curves

EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
 EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL

EERL - 11

NTIS
Accession No.

208
220

220

220
223
224
229
231
232
233
237
236
239
239
241
242
242
242
243

283
161

162

836

024

977/9AS
239/AS
225/AS
316/AS
257/AS
174/AS
399/AS
586/AS
587/AS
552/ AS
433/AS
949/AS
948/AS
719



Analyses of Strong-Motion Earthquake Accelerograms
Response Spectra

Yolume ITI

, NTIS
Part Report No, Accession No,

A EERL 72-80 PB 212 602

B EERL 73-80 PB 221 256

C EERL 73-81 PB 223 025
D EERL 73-82 PB 227 469/AS
E EERL 73-83 PB 227 470/AS
F EERL 73-84 PB 227 471/AS
G EERL 73-85 PB 231 223/AS
H EERL 74-80 PB 231 319/AS
I EERL 74-81 PB 232 326/AS
J,X,L EERL 74-82 PB 236 110/AS
M,N EERL 74-83 PB 236 400/AS
o,P EERL 74-84 PB 238 102/AS
Q,R EERL 74-85 PB 240 688/AS
S EERL 74-86 PB 241 553/AS
T EERL 75-80 PB 243 698/AS
U EERL 75-81 PB 242 950/AS
\' EERL 75-82 PB 242 951/AS
W,Y EERL 75-83 - PB 243 492/AS

EERL - 12



Analyses of Strong-Motion Earthquake Accelerograms

F

HOmO"EO AW

J,K,L,M
'P
S

U
Y

< 02
~ e~
=~ 210

Index Volume

Fourier Amplitude Spectra

Yolume IV

Report No,

EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL
EERL

EERL

72-100
73-100
73-101"
73-102
73-103

76-02

EERL - 13

PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB

PB

NTIS
Accession No,

212
220
222
222
229
229
231
232
232
236
238
241
243
243

260

603

837

514

969/AS
240/AsS
241/As
224/AS
327/AsS
328/As
111/As
447/AS
554/AS
493/AS
494/AS

929/As



