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SUMMARY

The present analysis is one part of a three-part s»tudy of the
dynamlc response of a nuclear reactor structural and surrounding soil that
is subjected to earthquake motion. A previous part of the study by |IT
Research Institute uses the finite element method to compute the response
of a reactor structure whose foundation is on the ground surface. A parallel
study of this problem using analytic or closed-form techniques has been
performed by‘the University of Toledo. The present study also considers this
problem, but its main subject is the more typical case of a reactor structure
whose foundation is embedded below ground surface. The structure and soil
are represented by an assembly of two-dimensional finite elements. In some
examples, elastlc properties are assumed for the soil, and in others, inelastic
properties are assumed. The computer programs used to perform the analyses
and the version of plasticity theory used to represent Inelastic soil proper-

ties are described.

The study indicates that the horizontal response of the structure
foundation, as measured either by its response spectrum or peak accelera-
tion, is less than the corresponding response at the surface of the free
field. The structural response appears to be suppressed by a greater
amount if its natural frequencies are about the same as the dominant
frequencies of the earthquake input. Suppression is also greater if the
stiffness of the soil is decreased. The ratio of horizontal response
spectra (foundation response/free field response) varies from about 0.2 to
1.0. A typical suppression ratio for elastic soils in the frequency range
of 3 to 5 cps is 0.5, while for inelastic soils it is 0.3. The vertical
response spectrum of the foundation is amplified by 1.0 to 1.5 relative to
that of the free field at 1 to 3 cps and suppressed by 0.2 to 1.0 at 3 to
8 cps. The scope of the study Is too limited, however, to draw broad
conclusions on the amount of suppression over a wide range of soils, types

of structures, and earthquake motions.
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Stresses In the soll ad)acent to the structure differ from the
stress which would have occurred at the same point In the free fleld. The
horizontal stress beneath the foundation Is conslderably less than the
corresponding free fleld stress. Also, the stress iIn the soll adjacent
to the structure appears to be uniquely related to the velocity of the
structure; however, a quantlitative relationship 15 not established,

Finally, an attempt ls made t6 correlate the translational and
rotational response spectra of the foundation to the peak acceleration of
the single-degree-of-freedom osclllators representing the containment and
Internal support structures. Since the peak accelerations of the oscillators
are less than the sum of the two response spectra at the appropriate fre-
quencies, It is concluded that rocking and translation are out of phase with

each other, and thelr response spectra should not be superposed.
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SECTION 1

INTRODUCT i ON

This Is a theoretical study of the dynamic response of a nuclear
reactor power structure subjected to earthquake motlons. Dynamic response
of the structure Is defined here primarlly as the motion and frequency
response spectra of its foundation. A maln purpose of the study Is to
compare the response of the foundatlon surrounded by soll with that of the

same soll alone when It Is subjected to the same earthquake.

Interaction between soll and structure Is postulated to Influence
the response of the structure relative to the response of the free fleld.
The effects of Interaction appear as motlon of the structure and stresses
in the adjacent soll, which differ from motions and stresses at the same
points in the free fleld. Several factors that are presently consldered
to Influence interactlon between soll and a partially embedded structure

are:

a. Stiffness and strength of soil

b. Presence of two different soils In horlzontal layers

c. Frequency content of earthquake input

d. Natural frequencies of structure and its contents

0f several candidate methods of analysls for the present study,
the finite element method seems most suitable., The geometry of the embedded
structure can be represented by a two-dimensional, plane-strain section,

All contributions to interaction, from nearly rigld body response of the

foundation to wave effects In the soll, are Included.

Since the goal of the present study Is insight into interaction,
the results of the analysls are frequently presented in the form of a

comparison between structural and free-field responses. For example, the
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frequency spectra of structural responses are compared with those of the

free fleld to determine whether the presence of a structure suppresses

free fleld spectra locally. By comparing stress In the soll adjacent to

the structure with the stress at the same depth when the structure is
absent, the Influence of the structure on stress in the soll can be examined
to see whether the structure tends to promote or retard fallure In the
adjacent soll. Since this Is primarily a study of Interaction, the details
of superstructure and equipment response are glven little attention here.
However, an attempt |s made below to relate the translation and rotation of
the foundation to the translation of elevated parts of the structure where,

In an actual structure, equipment might be attached.

It Is inevitable that In a limited study such as this some important
topics are slighted or omitted altogether. Among these Is the question of
how best to represent properties of soils. Part of the present analysis
represents the soil as being linearly elastic while another part represents
it as belng elastic/perfectly-plastic. These crude representations are
considered to be adequate to show the trends In the response of structures
relative to free field. A second important topic which is not Investlgated
Is the most representative way to apply earthquake loading to a structure
embedded in soil. The present method Is to define a region of soill
surrounding the structure and to apply uniform earthquake Input along one
side. This method differs from the commonly used one of shaking the
bottom of the soll/structure system to simulate bedrock motions. The reason
for choosing the less orthodox method Is that it makes best use of available
techniques to prevent spurious reflections from artificial boundaries of the
finite element grid. The present definlition of boundary conditions, like
the choice of soil properties, is considered to show trends, Within limits
Imposed by these assumptions and others discussed below, the present analysis

appears to represent correctly interaction between soll and structure.
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' SECTION 2

PREVIOUS WORK

This section describes briefly some previous studies In the area
of soll/structure interaction under earthquake loading. The purpose of
the section is to point out a gap In previous work and to identify analytlc
methods which are available to the present study in trying to fill the gap.
For a more complete bibliography (51 references) and review of the litera-

ture up to 1968, the reader is directed to References 1 and 2.

The previous work which contributes directly to the present study
may be divided into three catagories. The flrst catagory deals with the
analysis of several kinds of structures subjected to earthquake loading.
These studies, which are carried out by a variety of analytic techniques,
help to ldentify what is important in analyzing earthquake response of
structures. One example is by Housner (Reference 3), in which the behavior
of buildings during earthquakes is described by response spectra which
show the effect of size and distance of the earthquake and the period and
damping of the structure. The analyses are based on lumped-mass and stiff-
ness models of structures whose bases are subjected to motions measured In
the basements of actual buildings during earthquakes. In this way the
effect of interaction on the base motion of the structure Is taken into
account, thus allowing upper stories to be analyzed. The article also
suggests the idea, which is used in the present analysis, that the area
under a response spectrum curve is a measure of the intensity of an

earthquake.

In designing a new building or analyzing an existing one where
the basement response to earthquake shaking of the surrounding soil is not
known, a possible second approach is to apply a known earthquake record
to the base of the building. This implies that the fourdation medium is
rigid, and has been done by several authors for bulldings (References k4 and

5) and for earth banks and dams (References 6 and 7). These reports are
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useful for theoretical insight into the motions of buildings and stress
levels in soll structures. Reference 7 also points out the need to take
Into account static overburden stresses when analyzing the Inelastic res-

ponse of solls.

A question arising from these analyses |s whether taking into
account the flexibility of the foundatlon medium would significantly change
the results. In a third type of analysis, Parmelee, et al., (Reference 8)
addressed this question by utilizing Bycroft's solution for translatlon and
rotation of a rigid plate on the surface of an infinlte half space and
subjected to harmonic exciting forces and moments. The results of analyzing
single- and multi-story buildings sitting on top of the plate indicate that
when the soil medium becomes sufficiently soft or flexible relative to the
structure, there is significant interaction. |If the soil is relatively stiff
(defined in Reference 8 as Cs > 1000 fps for the example given there), a
rigid base analysis would be satisfactory. Scavuzzo, et al., (Reference 9)
obtained a solution to the problem of a two-dimensional elastic-half space
subjected to a time-dependent uniform shearing stress representlng Inertla
loading by a surface structure. The structure Is represented by a large
base mass and several single-degree-of-freedom oscillators representing
equipment attached to the base. The results show that interaction depends
strongly on soll stiffness and on the relationship between frequency of the
sglsmic motion and that of the structure. The magnitude of interaction
effects appears large enough to be considered in selsmic design of nuclear

power plants.

The work of Reference 9 is the starting point of the present
study. The finite element method is used here because of lts ability to
represent embedded structures and inelastlc soil propertles. The applica-
tion of the finite element method to problems of earthquake response Is
il1lustrated in references cited above. The finite element formulation and
computer program for the elastic calculations are due, with modifications

described below, to Wilson (Reference 10). The inelastic finite element
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‘ computer program was written by making appropriate changes to the program
in Reference 10. The mode! of Inelastic soil properties Is based on the

mathematical theory of plastlicity as described in References 11 and 12,

A major difficulty in applying the finlte element technique to
the present problem is prescribling adequate boundary conditions for the
edges of the finite element grid. One of these edges (top) Is treated as
a free surface which accurately represents the ground surface. The remain-
Ing edges of the grid do not correspond to physical boundaries. Inappropriate
treatment of these boundaries may distort the solution In the vicinity of the
structure. One way to approach this problem is to move the boundaries a
considerable dlstance from the structure (Reference 13). An alternatlve
approach is to regard the motions adjacent to artificlal boundarles as belng
associated with waves which may be reflected back toward the structure. A
procedure for absarblng such waves at artificlal boundarles using damping
has been proposed (Reference 14). The procedure adopted In the present
work takes the wave propagation point of view, but uses an alternative to

the damping method of Reference 14 to prevent unwanted reflectlons.
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SECTION 3

ANALYTIC METHOD

The maln technique of analysis used in the present study Is the
finite element method adapted to dynamic loading under plane straln condi-
tions. Both linear elastlic and inelastic representations of the soll are
used. It is inconvenient to write a single computer program to perform
both’ types of computations. Hence, a very efficlent computer program capable
of representing only elastic materials Is used whenever possible In the
study, and a second program capable of representing both elastic and Inelastic
properties Is used In the remainder. The purpose of thls section Is to des-
cribe the maln features of the two computer programs.

ELASTIC FINITE ELEMENT PROGRAM

An elastic finite element computer program due to Wilson (Reference 10)
ls used for calculatlons where both soll and structure are llnearly elastic.
The force equilibrium equations for the linear elastlc fintte elément system

are expressed by the following matrix equations:

] Cug) + [C] (o) + [K] (6} = (P) (3-1)

where

{;t}, {Gt}, {ut} = Nodal‘polnt displacements, velocities and

accelerations at time t

Pt = Nodal point forces at time t

[M], [c], [K] = Global mass, damping and stlffness matrices

The stiffness matrix [K] used in Equation 3-1 Is formed only
once during the calculation. The type of element used Is a quadrilateral

composed of two triangular elements. Within each triangular element,
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Figure 3-1, the assumed displacement fleld forces a linear and compatible
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varlation of displacements along sides 1-2, 2-3, 3-4, and 4-1. The displace-
ments along line 1-5-3 vary parabolically; compatibility Is maintained since
each of these points is forced to have the same displacement as the correspond-
ing points of the second triangle. Each of the five nodal points has two
degrees of freedom, making a total of ten for the quadrilateral element and
leading to a 10 x 10 element stiffness matrix. The unknown displacements
assoclated with point 5 are then expressed in terms of those at points

1 through 4, and eliminated from the system. The remaining 8 x 8 element
stiffness matrices are combined by direct stiffness procedures to form the
global stiffness matrix [K}. The program also includes constant strain
triangles and bar elements. These may be attached to the corner points

of the quadrilaterals or to each other.

QUADRILATERAL ELEMENT TWO LINEAR STRAIN TRIANGLES

AJAL863

FIGURE 3-1, LINEAR STRAIN QUADRILATERAL ELEMENT (WILSON, REFERENCE 10)

The global mass matrix [M] 1is based on a lumped mass approxima-
tion in which one-fourth of the mass of each quadrilateral (one-third of
‘each constant straln triangle and one-half of each bar element) s assumed

to be concentrated at the corner points. This leads to a dlagonal mass

matrix.
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Wilson's program has avallable a form of viscous damping tn which
the damping matrix [C] s proportional to [M] and [K]. For reasons
explalned In Sectlon 4, damping is not used in thls study.

A step-by-step procedure developed by Wilson Is used to tntegrate
Equation 3-1. It Is assumed that the acceleration varles linearly over the
interval 2At, where At |is the integration time step, Then, from the
prev}ous solution at t - At and the new solutton at the end of the
Increment 2At, t + At, the desired displacement, velocity and accelera-
tion at t are found by Interpolation., Thls technlque Is remarkably stable,
and relaxes the restriction imposed by many other technlques that At must
be less than the least transit time of a compression wave across any element
In the assemblage. This results in considerable economy by permitting At
to be greater than other integration techniques would allow. There is some
numerical damping associated with this technique which, though uncontrollable,

does not appear harmful in the present calculation.

Two important features have been added to the computer program
glven In Reference 10. One is a kinematic boundary conditlion In which the
Input may be prescribed as a velocity/time history at selected nodal polnts.
This feature is used to apply earthquake input to one edge of the finite
element assemblage. The method consists of constructing an effective load
vector from the prescribed motion and stiffness properties of the assemblage,
and then solving the system of equations in the usual way. Details of the

technique are described in Appendix A.

The second feature which has been added is called a ''quiet
boundary'' technique. In the present calculations, the earthquake motions
are propagated as waves throughout the assemblage. Eventually they encounter
artificial boundaries from which, If no steps were taken to prevent It, they
would be reflected back toward the structure and other points of engineering
interest. These reflected waves would distort the calculated response of
the structure. In some studies it Is possible to make the finite element

grid so large that reflections do not reach the structure during the time
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of Interest. In the present case, thls Is Impractical because the duration
of the loading is long and the distance over which unwanted reflections
can propagate is very great.

A qulet boundary technlque has been Incorporated Into the program
for the purpose of reducing unwanted reflectlions from boundarles to
negligible amplitudes. The underlylng ldea Is to compute the motlon which a
nodal polnt on the boundary of the finlte element grid would have |f there
were no boundary--that s, the motion which the same polnt would have In an
Infinite contlnuum--and to force the polnt to have that veloclty. Some
readers may find It easier to conceive of this as antlclpating a reflection
and canceling It as It occurs by superposing a signal of equal magnl!tude
and opposite sign. The technique Is exact for one-dimensional wave propa-
gatlon, and has glven satisfactory results In the type of two-dimenslional
calculations performed in the present study. The method Is described In
Appendix B.

INELASTIC FINITE ELEMENT PROGRAM

The Inelastic finite element formulatlon is adapted from Wilson's

elastic formulation. The adaptations lnclude:

a. Replacing elastic stress/straln properties by elastic/
perfectly-plastic relations for use in formulating the stiff-
ness matrix and in expressing the strain/displacement relation

for calculating stresses.

b. Replacing the integration technique which Incorporates
Interpolation by a straightforward one-step linear accelera-

tion technlque.

The subjects of this section are the definition of Inelastic material
properties In the program, incorporation of these properties into the stiff-
ness matrix and formulation of the Integration procedure together with some

of its implications.

10
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MATERIAL PROPERTY REPRESENTATION

The present definition of lnelastic material properties !s based
In part on fiow or incremental theories of plasticity In which the straln
Increments (deij) may be expressed In terms of the current stresses
(U‘J) and the stress Increments (dolj)' The superiorlty of Incremental
theorles over deformation or total straln formulatlons appears to be
established (Reference 11) and the latter were not serfously considered for

the present purpose.

The flow theory of plastliclty Incorporates a yield criterion which
Is convex with respect to the origin in stress space and a rule of plastic
flow by which the plastic part of the strain increment Is related to the
stress and stress Increment (References 15 and 16). The yield criterion
for an lsotropic material whose properties are insensitive to temperature

and strain rate may be expressed In terms of stress increments

Jy) = 0 (3-2)

£(J Jos 3

1’

2 J3 = fnvarients of the stress tensor. Equatlon 3-2 represents
the yleld criterion for an ldeally plastic material since the criterion Is

where JI’ J

a permanent property of the material and does not change with loading history,
Work hardening and strain hardening extenslons to flow theories are available

(References 11 and 17) but are not incorporated into the present work.

The objective of the following derivation is an incremental stress/
strain relation for an elastic-plastic material undergoing small stratns and

small displacements. The starting point is Hooke's law for small strains.

oS )\(deik) (aij) + 26 <de?j) (3-3)

do

"
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where
A = Lame's parameter B - %-G
B, G = Bulk modulus, shear modulus
6!j = Kronecker delta (= 1 1f 1 =], =01f1¢#])

If the state of stress

(*15)new = (°15)ora * 91y (3-4)
does not satisfy the yield criterion

f < 0 (3-5)

Equétion 3-3 correctly gives the stress increment. |f the new state of stress,

considered as a trial state, exceeds the yield criterion

f > 0 (3-6)
further computations are necessary.

Defining the elastic strain increment as the difference between the
plastic strain Increment, de?j, and the total strain increment, dei , a

definition which is meaningful for small strain (Reference 18), Equation 3-3

may be rewritten as follows:

P _ .. P
dcij = A(dekk - dekk) Gij + 26 (deij de;j) (3-7)

Regarding the yield function f in Equation 3-2 as a potential function and

expressing the plastic strain iIncrement as follows

del; = Mgy (3-8)

12
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insures uniqueness (Reference 19) and is called a plastic potential flow rule.

From the assumption of no work or strain hardening, it follows that

there Is no change in the yield function during plastic flow. A statement
of this is

d(f(clj)) = 0 (3-9a)

or

3f _ )
33}1 doij = fij doij = 0 (3-9b)

Substituting Equation 3~7 into Equation 3-~9b and making use of Equation 3-8
leads to the following expression

A(dekk - Afkk) 5ifis 2G(deij - Afij)fij = 0 (3-10)

Equation 3-10 may be solved for the scalar quantity A

Ad £+ 2G(de,.)(f,,
A = Ckk on ( ij ( tJ) (3-11)
Afkk fzz + 26 fij fij

Making use of Equation 3-11 in Equation 3-8 and substituting the result into
Equation 3-7, the stress increment is expressed explicitly in terms of the

total strain increment and the total stresses. This is the desired result.

The remaining task is to express the relationship between {dcij}

and {deij} as a matrix of coefficients [C] such that

{do} = [C] {de)} (3-12)

13
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where for the plane strain case

{do} = < do  do do do >

{de} < de de de do >

ou U
dny - -5T+ X

where Ux and Uy are displacements in x and y directions, respectively.

[C] is given in the following table.

B AF + 2Gf (AF + 26f,) (\F + 2Gf ) (AF + 2G6F,) (AF + 26f_) AF + 2GF. ]
x Y X z x X
A4 26 ——— - 5 A - 5 -2r.fxy—2—-—-
AFS 4+ 26x AFS + 26x AFS + 26x AFS + 26x
(F + 26f,)2 (AF + 26f,) (AF + 2Gf,) AF + 2Gf
y Y z Y
A 426 - A - 3 -26f  ———
AFS + 26x AFS + 26x Y A% + 26x
C = )
(AF + 2sfz) AF + 2Gf,
Symmetrical A+ 26 . ———y———— -ZGfxy —_——
AFS 4+ 26x AFS + 26x
2.2
6"y
6 - =
+
L LF 2Gx R
where
F = f +f + f
X y z

x
]

f2+f2+1=2+21°2
X y z Xy

14
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fx, etc. = Derivatives of the yleld function f with respect
to stress components (plastic potential flow rule).
Subscripts x, y and 2z Indicate differentiation
with respect to x, y and 2z components of stress
while subscript xy Indicates differentiation with

respect to shear stress.

ELEMENT STIFFNESS MATRIX

The following derivation shows that the procedure for evaluating
an inelastic element stiffrness matrix is the same as for an elastic stiffness
matrix if the linear stress/strain relations for the elastic material are
replaced by the local tangents to the stress/strain curves. The local

tangents are represented by [C], Equation 3-12.

The equations for the inelastic element stiffness matrix are derived
by equating the increment in complementary strain energy to the amount of

complementary work done by external loads acting through virtual displacements.

./” <e> {do}dV = < u > {dp} (3-13)
Vol
where

<e> = Element strain

{do} = Element stress increment

< u> = Virtual displacement on surface

{dp} = Increment of external load

Expressing the strain by

{e} [A] {u}

15
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and ‘l'

{de} [A] {dul

and the stress Increment by

{da} [C] {de}

Equation 3-12 may be rewritten as

<u-> [A]T [C] [A] dV {du} = < u> {dp} (3-14)
Vol
The expression
( [a]’ [c] [A] dV>{du} = {dp} (3-15)
Vol

is a statement of equilibrium in which the integral represents the stiffness
matrix. |t is the same as the expression for an elastic finite element with
the understanding that [C] 1{s the tangent stress/strain relation. As a
result, the element stiffness formulation in the elastic computer program
cdn be used merely by replacing the original elastic stress/strain relations
by ([C] on p. 14,

The element stiffness matrices are reformed at every time step using
a condensed (3x3) form of [C], in which the third row and column, corres-
ponding to direct stresses and strains in the direction of zero strain, are
eliminated. The full [C] matrix is required for the computation of stresses,
however. At every time step for every element a test is made to determine
whether the element is elastic or inelastic. |If it is elastic, elastic
coefficlents are used in the [C] matrix; if it is plastic, the elastic-plastic
coefficients are used. The appropriate coefficients are substituted into the

expressions for deriving the element stiffness matrix in Reference 10).

16
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In the present work, the ylield criterion is assumed to be of the

form
]
fo= Yo, - -cC (3-16)
where
)
J2 = Second Invarlant of stress deviator
- 1 .1 2
= 2(°Ij 3 %1) okk)
J1 = Flrst stress Invarlant
= %k
@ = A parameter, to be determined experimentally, which governs

the dependence of shear strength on confining pressure.

Similar to angle of internal friction.

(3]
]

An experimental parameter. Similar to cohesion.

Equation 3-16 is applied such that

f < 0 deformation is elastic

f = 0 deformation is inelastic

States of stress for which

are not permitted.

INTEGRATION TECHNIQUE

A step-by-step method is used to integrate the following incremental

equation of motion.

[M] {ou ) + [C] (8u,) + [K] (6u} = (6P (3-17)

17
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where the subscript t on an incremental quantity indicates the change

from t - At to t. The acceleration Is assumed to vary linearly during

the time step At. |Integrating directly from t = At to t the acceleration,
velocity and displacement at t may be expressed in terms of known quanti-

ties at t - At and unknown displacement and acceleration at t, u, and Gt'

. _6ut_6ut-At_6ut-At_2u
N - -1
t Atz Atz At t=At (3-18)
u, - u
. . . t t-At
= —_—t -1
YUe Up-pt ¥ Up-ntbt 2 Lt (3-19)
.“ “ “ 2
u,_ -~ u u (at)
. t t-At 2 t-At
= —_rt PR 1 R -20
u, Upope * Upopdt + z (at) 5 (3-20)

The incremental velocity and acceleration may be expressed in terms of the

incremental displacement as follows:

6 Su 6 u
. t t-At .
sU_ = - - 30U _ (3-21)

t At2 At t=At

3 Su u

L] L ] t-At
= - - ——— -22

80, X 30,y 5 At (3-22)

When Equations 3-21 and 3-22 are substituted into Equation 3-15, a reduced
equation of motion may be written.

[K] {u } = {5P} (3-23)

18
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where
R} - i—z (M] + 25 el + [K]
{6} = [M] (Apped + €] (B, .} + (P}
6 U
At-ar = _T::MJ' 3 Upa
Broat = 3 Upupe * 0.5 (g, )at

The damping matrix [C] is assumed to be of the form

[c] = g [M] + ¢ [K] (3-24)

where

&, t = Damping coefficients

Substitution of Equation 3-24 into Equation 3-21 allows computation of the
Incremental displacements, from which the incremental velocities and
acceleration may be obtained. The new total displacement, velocity and
acceleration is obtained by adding the incremental values to the previous

total values.

This integration procedure is stable and convergent so long as .t
is small in comparison with the natural periods of the system. An investiga-
tion which is reported in Appendix C indicates that satisfactory results will
be obtained so long as At 1is less than the p-wave transit time across an
element. This is a much more stringent requirement than that imposed by
the integration technique of Reference 10, which is incorporated into the

elastic version of the program.

19
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DEMONSTRATION

Several example problems for which exact or approximate closed-

form solutions are avallable were solved to demonstrate that the Inelastic

finite element computer program Is working properly. The problems used are

as follows:

d.

Plane, one-dimensional wave propagation in an elastic rod.

Plane, one-dimensional wave propagation in an elastic-plastic
rod.

Superseismic air-blast (pressure) waving at constant speed

over the surface of air elastic half-space. Reference 20.

Cylindrical wave propagation in an elastic-plastic medium.

The solutions to these problems, which are glven in Appendix D,

illustrate that the present program approaches the correct answers.

20
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SECTION &4

SOIL/STRUCTURE INTERACTION STUDIES

This section summarlzes the soll/structure interaction calculations

In terms of the following parameters:

a. Finlite element representations of free field and of various
structures surrounded by soil

b. Soll properties
c. Input and boundary conditlions

The present studies of interaction are summarized in Table 4-1. Other
studies performed under the present contract, which demonstrate the validity

of analysis techniques, are mentioned in Appendices.

Three different types of analyses are made. The first (Case 1) is
a finite element analog of a highly-simplified, closed-form analysis by
Scavuzzo (Reference 21) which represents the structure by a cantilever and
the soil medium by a narrow strip of material which supports the cantilever.
The second (Case 2) considers a slab (the reactor foundation) which supports
transverse oscillators (superstructure and equipment) and which rests on the
surface of a lfnearly elastic soll. These two analyses are idealized to an
unnecessary extent, and are performed only to compare with previous work
(References 9, 21, and 22). The third type of analysis (Cases 3 through 6,
i-1 and 1-3), which is the major part of the present study, considers a
reactor-type structure embedded in the ground with transverse oscillators
representing superstructure and equipment. Both elastic and inelastic

properties are assumed for the soil.

In Cases 3 through 6 and |-1 through 1-3, soll properties and
input motions are parameters which are varied one at a time so that the
effect on Interaction of changing them may be studied, Case 3 differs from

Case 6 only in the dominant frequency content of Input motion, which is

21
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TABLE 4-1. SUMMARY OF INTERACTION STUDIES

vly

Type
of
Case Structure Input Soil Properties
1 Cantilever Harmonic {1 cps) Homogeneous elastic Cp = 10,750 fps € = 5,375 fps
2 Surface reactor Harmonic (5 cps) Homogeneous elastic Cp = 1,400 fps Cs = 800 fps
3 Embedded reactor | Golden Gate $80E (0-4 sec) | Homogeneous elastic Cp = 1,510 fps c, = 875 fps
b Embedded reactor | Golden Gate S80E (0-4 sec) | Layered elastic Cp = 1,510 fps  C_ = 875 fps (surface to 45 ft)
cp = 2,500 fps C_ = 1,440 fps (below 45 ft)
5 Embedded reactor | Golden Gate S80E (0-4 sec) | Homogeneous elastic Cp = 2,500 fps ¢, = 1,440 fps
3 Embedded reactor | 0.2 x Olympia N1OW Homogeneous elastic C = 1,510fps C_ = 875 fps
(7-11 sec) P s
-1 Embedded reactor | 3 x Golden Gate S80E Homogeneous (except for overburden, which increases with depth); elastic-
(0-3 sec) plastic; same elastic properties as Case 3.
1-2 Embedded reactor | 2 x Olympia NI1OW Same as Case i-1
(7-10 sec)
1-3 Embedded reactor | 3 x Golden Gate S80E Same as Case I-1 until t = 0.5 sec, when shear strength is abruptly

(0-3 sec)

reduced by a factor of 12.

00Z1-9169-4
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2.5 to 5 cps in Case 3 and 1 to 2 cps in Case 6. Case 3 diFfers from Case 5
only in soil stiffness, which 1s greater in Case 5 than in Case 3. The
effect of a soft soll overlying a stiffer one may be studied by comparing
Case 4 with the uniform sites of Cases 3 and 5. The effect of allowing
plastic deformation to occur during a high-frequency earthquake may be
studied by comparing Case 3 with Case I-1, The effect of allowing plastic
deformation to occur during a lower-frequency earthquake may be studled

by comparing Case 6 with Case 1-2.% The effect of an abrupt decrease In
shear strength, such as might occur during liquefaction of the soil, may
be studied by comparing Case |-1 with Case I-3. These studies cover a
range of possible soil properties and input motions within which signifi-
cant Interaction effects seem to occur. Further study Is required to

define Interaction effects under conditions outside this range.

The method of input and boundary conditions follow from the
present assumption that earthquake loading may be regarded as a train of
waves which propagate through soil and engulf a structure. The input is
applied as horizontal velocity to one edge of the mesh and the waves which
encounter other artificial boundaries of the finite element mesh are trans-
mitted through the boundary by the quiet boundary procedure described In

Section 3.

Before comparing results, output from Case 3 (elastic soil) is multiplied by
a factor of 3.0 and that from Case 6 (elastic soil) by a factor of 2.0 to
account for difference in input intensity between Cases 3 and 6 and their
companion Cases 1-1 and 1-2.

23
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MODELS OF FREE-FIELD AND SOIL/STRUCTURE INTERACTION

The finite element representation of Case 1 in which the cantilever
structure is embedded in a strip of soil (Reference 21) is shown in Figure 4-1.
The properties of the structure and soil correspond to o = 2 in the analysis

of Reference 21. Input and quiet boundary points are indicated in the figure.

The representation for Case 2 is adapted from design drawings of
a possible nuclear reactor structure, in which the three main elements are
the clrcular foundation slab, the containment structure and the internal
support structure. A simplified view of the three-dimensional structure and
its present two-dimensional representation are shown in Figure 4-2. To obtain
the two-dimensional model, the circular mat is first represented as an

equivalent rectangular slab of the same area.
nRZ = Length x width of equivalent slab

Defining the length of the rectangular slab to be the same as the diameter

2R of the circular slab, the width of the rectangular slab is

mR

To obtain a representative slice of the structure suitable for plane strain

analysis, the masses of the foundation, containment structure, and Internal

support structure are reduced by an appropriate factor. |In the present
1

110 x 12

is I1lustrated in Figure 4-2. For computational economy and to try to take

analysis, this is assumed to be for a 1-in.-thick slice. This

Into account the fact that 140 ft is too large to be a representative length

for an equivalent rectangle, the plane strain model in the present analysis

has a length of only 120 ft.
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M2 (CONTAINMENT STRUCTURE) ’

RN

My (INTERNAL SUPPORT <>,
STRUCTURE) N

N

ACTUAL STRUCTURE
M

/

tot

/
/

M (FOUNDAT10N)
\ \ )
t
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FIGURE 4-2, PLANE STRAIN REPRESENTATION OF THREE-DIMENSIONAL REACTOR
STRUCTURE (PRESENT ANALYSIS USES LENGTH SLIGHTLY LESS THAN 2R)
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The containment and support structures are represented as canti-
levers fastened to the upper surface of the slab. Their fundamental
frequencies, 4 cps and 5 cps respectively, are the same as those presently
being used for a candidate design. The cantilevers have a concentrated mass
at the top equal to the total mass of the actual structure times the plane
strain scale factor TTBl;—TE. The meshes for free-fleld and interaction
cases and the properties for the various elements are shown in Figure 4-3.

The free vibrational responses of the cantllevers are shown in Figures b-4
and 4-5,

The structural model for Cases 3 through 6 (elastic soil) which
is shown in Figure 4-6 is an extension of the model for Case 2. Instead of
being on the surface, the bottom of the foundation slab is 55 ft below the
surface. The walls are 4.5 ft thick, which Is assumed to be a typical
thickness for an actual reactor structure, and they are assumed to have the
properties of plaln concrete. The foundation slab is 10 ft thick and in
Cases 3 through 5 It Is also-assumed to have the properties of plain con-
crete. These cases show appreclable local distortion of the slab at points
where the 4 cps and 5 cps oscillators are attached, and this Interferes
with interpreting effects of rocking of the foundation. 1n Case 6, the present
investigator decided to prevent local distortion of the slab in order to
clarify interpretation of rocking effects. The only means available within the
present computer program is to increase the Young's modulus of the foundation
material over the value in Cases 3 through 5. The foundatfon Young's modulus
in Case 6 is 80 times greater than that.in the previous cases, which effectively
prevents local distortion and permits a meaningful analysis of rocking to be
made. Since the stiffner of the structure foundation in all Cases (1 through 6
and |-1 through 1-3) is much greater than that of the soil, increasing the
foundation stiffness in Case 6 has negligible effect on interaction between

soil and structure.

The present analysis of a plane 'strain section implies that the
structure is a trench of infinite length. The walls of this idealized structure
are more flexible with respect to lateral load than the actual cylindrical

structure, and hence, the lateral stiffness of the present model needs to be
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(a) EMBEDDED PORTION OF (b) DEFLECTION OF STRUCTURE
CYLINDRICAL CONTAINMENT SUBJECTED TO IDEALIZED SOIL
STRUCTURE PRESSURE (MEMBRANE EFFECT

OF FOUNDATION NEGLECTED)
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‘ FIGURE 4-7. PLANE STRAIN IDEALIZATION OF EMBEDDED CYLINDRICAL STRUCTURE
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enhanced. Figure 4-7b and ¢ il1lustrate that, for a fixed soil pressure p,

the deflection of the trench is

5 6prl./Ect3 _ 5
trench = —y— = 6({-) (10'1)
ch] pr /Ect
Strench = 80 8., (4-2)
(for present conditions)
about 80 times greater than that of the cylinder. Including the membrane

effect of the foundation on stiffness of the cylinder would make the ratio

even greater than 80.

One way to stiffen the walls in the present analyses Is to increase
their Young's modulus Ec' This approach was rejected because it would make
the shock impedance (pc) of the wall unrealistically high. Instead, the
trench is filled with material (labelled Fill in Figures 4-6 and 4-7d) whose

Young's modulus provides a lateral stiffness which is roughly the

E
fill
same as the cylindrical structure in Figure 4-7b. Assuming that, for a fixed

soi ] pressure, the deflection & in Figures 4-7b and d are equal

2

5 5 Pr Pr
cyl = trench = TT = 3
c fill (4-3)
or
t
Eein T Ee (4-1)
Eern = E/13 (4-5)

(for present conditions)

In writing Equations 4-3 through 4-5, the influence of the foundation on
stiffness of the wall and the resulting variation of wall deflections as a
function of height are neglected., Fill stiffness could be computed according
to more accurate assumptions about shell stiffness, but this is not considered

to be justified.
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The fill has negligible mass and is attached to the walls and
foundation at nodal points. It is not attached to upper parts of the 4 cps

and 5 cps oscillators and does not interfere with their responses.

The soil properties for Cases 3 through 6 for both structures
embedded in elastic soil and elastic free-field are given in Table 4-2.
Each of the four cases required calculation of free-field response and a
second calculation of response of embedded structure. The soil is homogeneous
in all cases except Case 4, in which a horizontal layer 45 ft deep overlies

an infinite medium of stiffer material.

Damping, which is often used to dissipate energy in elastic computa-
tion, is omitted from the present model of soil. This is due to a limitation
In the present computer program, which uses the same damping coefficlents ¢
and n in all equations of motion regardiess of whether they apply to soil
or structure. Although it might be possible to choose & and n such
that appreciable damping is applied to the soll and negligible damping is
applied to the structure, this is considered to be an undesirable complica-
tion. The goal of the present work is to study trends in interaction
phenomena. So long as assumptions about damping are held fixed while other
parameters are varied, it is expected that the trends obtained will also be
found when suitable damping models become available. Radiation damping,
whereby energy associated wlth the earthquake motions Is allowed to pass
out of the finite element grid, is accounted for by means of the quiet

boundary technique.

The structural and free-field models for Cases |-1 through -3
(inelastic soil) which are shown in Figures 4-8 and L4-9 are very similar to
the model in Figure 4-6 and its corresponding free-field model. In preparing
the finite element grid for the inelastic calculations, however, several
important changes from the elastic calculations are made. First, some of the
elements in the foundation and in other stiff members are made larger. This
reduces the natural frequencies of the system and permits a larger integration
time step and more economical calculation. Second, backfill material having
virtually no tensile strength is introduced next to the structure wall. This

represents normal poor contact between structure wall and backfill material
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and improves the representation of soil properties in Cases |-1 through 1-3 ‘

over those in Cases 1 through 6. Third, the structure is at the center with

respect to the sides of the grid. This change was made because it was expected
that inelastic deformation would occur primarily in the vicinity of the structure.
It is better for operation of the quiet boundary procedure to move the inelastic
zone as far from the boundary as possible. The reason for this is explained
below. This reasoning was later somewhat undermined by the finding during

actual calculations that the inelastic zone is less concentrated at the structure

than expected.

The properties used to represent inelasticity in the soil are defined
below in Table 4-3 and Figure 4-10. In Case {-3, the shear strength of the
soil is abruptly decreased to represent liquefaction. This change of proper-

ties Is illustrated in Figure 4-11.

TABLE 4-2, MATERIAL PROPERTIES FOR CASES 3 THROUGH 6,
STRUCTURE EMBEDDED IN ELASTIC SOIL

G, B, g’ 4 Cp, Cs,
Case po psi #-Sec™/in, fps fps
3 (homogeneous!} 1.98 x 10“ 3.3 x ‘tOI4 0.00018 1510 875
Surface to 45 ft 1.98 x EOQ 3.3 x lOu 0.00018 1510 875
%Below b5 ft 5.4 x 10" 19 x 0" 0.00018 | 2500 | 14ko
5 (homogeneous) 5.6 x 10" | 9 x 10" 0.00018 2500 | 1440
6 (homogeneous) 1.98 x ?Oh 3.3 x IOA 0.00018 1510 1440
where
G = Shear modulus
B = Bulk modulus
’
p = Density
Cp = Dilitation wave speed
c = Shgar wave speed

In each case, a calculation of [ree-field response and a calculation of

interact,on response were made.
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TABLE 4-3, MATERIAL PROPERTIES FOR INELASTIC SOIL
(a) CASE 1-1
p ]
Material Overburden, G, 8, 2' y cp' Cs. c|' cz' J|'
Type Region psi psi psi Ib-sec”/In. fps fps By psi %9 | psi psi
1 Top layer - 10 19800 33000 0.00018 1510 875 | -0.42 15 0 3.5 | +27.4
2 Middle layer -50 19800 33000 0.00018 1510 875 0 3.5 0 3.5 el
3 Bottom layer =90 19800 33000 0.00018 1510 875 0 3.5 0 3.5 -~
[} Boundary layer 0 19800 1 33000 0.00018 1510 875 does not yleld
s Backfill 0 19800 | 33000 0.00018 1510 875 | -0.42 2.4 [ 3.5 | -2.4
*Applies to cases with structure only
where
6 =  Shear modulus
B = Bulk modulus
[ = Denslity
Cp « Dilltatlion wave speed (elastic)
1 = Shear wave speed (elastic)
0, 0, = Coefficients of friction
C‘, Cz = (Cohesion
4 = Mean stress at which yleld criterion changes from (u', C‘) to (°2' cz)
For Illustration of the meaning of yleld criteris, see Figure 4-10.
(b) CASE 1-2
P, !
Haterlal Overburden, 6, B, 2 4 cp' cs' Cl' cz' Jl’
Type Region psi psi psi Ib-sec®/iIn, fps fps Gy psi %2 | pst psi
1 Top layer -10 19800 | 33000 0.00018 1510 ] 875 | -0.42 | 15 0 29 -33.3
2 Middle layer -50 19800 | 33000 0.00018 1510 | 875 | -0.42) 65.5] 0 29 87.0
3 Bottom layer -90 19800 | 33000 0.00018 15t0 | 875 [} 29 [} 29 o
L] Boundary layer 0 19800 | 33000 0.00018 1510 | 875 does not yleld
5 Backfl il (] 19800 | 33000 0.00018 1510 | 875 | -0.h2 | 2.5 0 29 1-63.0
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FIGURE 4-10.

DEFINITION OF YIELD COEFFICIENTS
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J3, Pst
'
3.5 ORIGINAL STRENGTH
2'5 /
AFTER L0OSS IN STRENGTH
(TENSION > 0) T f ; =
6 0.6 -2.28 Jy» PSI (COMPRESSION < 0)
0.124

(a) MATERIAL 5, BACKFILL

Wi
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(TENSION > 0) / , -
] BB
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30. 1
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(b) MATERIAL 1, TOP LAYER
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FIGURE L4-11. SOIL STRENGTH BEFORE AND AFTER ONSET OF INSTABILITY, CASE 1-3
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Inelastic material properties depend on the state of stress,

which includes the overburden stress. The state of overburden stress could
be prescribed element by element as Initial conditions for the dynamic
solution. However, it Is difficult to know what the overburden stresses are,
especially when the overburden is great enough to produce Inelasticity. The
present approach is to estimate the overburden stress in terms of stress
invarients and to reflect this in the inelastic properties. Several layers
of sol[ are defined to share a common overburden stress and a common yield
criterion which takes Into account the confining effects of the average
overburden stress within that layer. Evidently, a site which appears to be

homogeneous will have some features of a layered site.

BOUNDARY CONDITIONS

The present technique of applying Input motion to the site of the
finite element grid and using a quiet boundary method to prevent reflectlons
from the bottom and from the opposite side is based on a view of earthquake
motions as a traln of waves, Figure 4-12, If a wave train, having Interacted
with the structure or bypassed it through the surrounding soil, subsequently
encounters a boundary of the grid which has no physical counterpart, It will
be reflected back into the grid, Figure 4-12(b), Each time such a reflection
encounters the structure, its Influence Is superposed on that of the basic
input motion and that of all previous reflections. Eventually, the reflec-
tions can distort the response of the structure, The best solution to thls
problem available In the present computer program is shown In Flgure 4=12(c)
where the quiet boundary technique is used to prevent reflections from two

of the three artificial boundaries of the grid.

‘ The reason for using an elastic boundary layer in Cases I-1
through 1-3 is that the«present quiet boundary procedure has a theoretical
basis for materials in which the dilatation and shear wave speeds are
constant. The wave speeds in inelastic materials depend on the stress
intensity in the material. A simple example of this is illustrated in

Appendix D where the elastic and plastic dilatation wave speeds differ from
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QUIET BOUNDARY

R-6915-1200

AJA1868

FIGURE 4-12. USE OF QUIET BOUNDARY TECHNIQUE IN PRESENT ANALYSIS
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each other. in an attempt to overcome this problem, the material between
sensor and corrector points in the quiet boundary technique (peints j and
j-1 of Figure B-3, Appendix B) is required to remain elastic and hence to

have constant wave speeds. An undesirable side effect of this procedure is

to introduce an artificial boundary between two layers haviny somewhat differ-
ent shock impedances. This is unavoidable with present techniques. The
effects on the solution are neglected. In the present series of calculations,
the assumptions of thc quiet boundary procedure are met by requiring that the
elements adjacent to the boundaries to be quieted remain elastic. The error
committed in following this procedure lies in creating an impedance mismatch
between the boundary elements and adjacent interior ones when the interior
ones are inelastic. This is considered to be preferable to allowing the
boundary elements to become plastic while using the quiet boundary procedure

as if they were elastic.

As an alternative to using a quiet boundary technique, it is common .

(for example, see Reference 12) to use either zero displacement (fixed) or
zero stress (free) boundary conditions for the sides of the grid and to

apply earthquake shaking to the bottom of the grid. The bottom then behaves
as a rigid boundary with respect to waves. This appears to be satisfactory
so long as periods of the wave motion are long enough that wave effects are
negligibie. The present study uses the spatial gradient of motion as a
criterion to determine the importance of wave effects. [If the minimum rise
time of periods of interest is tr and the shear wave speed is CS, the

rise Is spread over a distance L

If L is greater than the characteristic distance of the structure there is
some justification for neglecting wave effects and using the fixed or free
boundaries described above. In the present study, L is typically 40 ft
while the base of the structure is 120 ft. On this basis, it appears that
wave effects may not be neglected in the present study, and that a quiet

boundary procedure is needed.
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INPUT

in all cases, the input is applicd as a horizontal velocity/time
history. The input vertical velocity is zero. Table 4-b indicates the input

conditions for all cases.

The Golden Gate and 0.2 x Olympia records are shown in Figures 4-13
and b-14. Their pseudovelocity spectra are shown in Figure 4-15., The reason
for applying the scale factor 0.2 to the Olympia record is to make the areas
under their respective pseudovelocity versus period curves, Figure h-16,
about the same. According to Reference 2, this means that the intensities
of the Golden Gate and 0.2 x Olympia records are about the same. Hence, the
structural responses to two earthquakes of about the same intensity but with

different frequency contents, may be compared.

The reason for selecting the Golden Gate record is that it has
dominant motions in the frequency range 2.5 cps to 5 cps, which covers the
range of the containment vessel and the internal support structure. According
to Reference 8, such a situation may be expected to produce maximum interaction
effects. The reason for selecting the Olympia record is to study the effect
of a strong motion earthquake whose dominant frequency range is lower than

that of structural components.

The calculations with inelastic soil were performed with 3 x
Golden Gate and 2 x Olympia records. The effect of allowing plastic defor-
mation of the soil may be determined by scaling up the results of purely

elastic calculations and comparing with the companion inelastic cases.
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TABLE 4-4.

Case

Elastic Soil

1
0 <t < 0.8 sec
2 {0.8<¢t < 2 sec

t > 2 sec

6

Inelastic Soil

INPUT CONDITIONS, ALL CASES

lnEut
0.6t
(60.5) {1 - = 5= (0.6 sin 27t + 0.2 cos 7wt)} (in./sec)

(1/16n) [-t cos 10wt + (1/10%) sin 10wt] (in./sec)

(1/147) {- cos 10mt + 0.5 [t cos 10wt - (1/10w)]}sin 107t
(in./sec)

Golden Gate S80E, 0-4 sec

Golden Gate S80E, 0-4 sec

Golden Gate S80E, 0-4 sec

0.2 x Olympia N1OW, 7-11 sec

3 x Golden Gate S80E, 0-3 sec
2 x Olympia N1OW, 7-10 sec

3 x Golden Gate S80E, 0-1.8 sec

in all cases, input vertical velocity Vy = 0.

vly

0021-9169-Y
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SECTION §

RESULTS

The present analytic results are used to study three maln subjects,
The first subject |s the relatlon between motion of the foundatlon and that
of the free-fleld. Also studied.are the influence of sol! stiffness,
Including plasticlity, and the frequency content of earthquake input relative
to frequency of the structure. The second subject Is the relation between
stresses In the soll adjacent to the structure and those at corresponding
points in the free~-fleld. The influence of plasticity on this relation
Is also studled. The third majJor subject Is the relatlonship between the
motion of the foundation and that of the 4-cps oscillator representing the
superstructure, These flndings are drawn from studles summarized In
Table 4-1,

RELATION -BETWEEN MOTIONS OF FOUNDATION AND FREE FIELD

The ratlos of acceleration spectra at the foundatlion to spectra
at the surface of the free field are shown for all embedded structure cases
In Tables 5-1 and 5-2, To Illustrate the findings more clearly, the pseudo-
veloclty response spectra for Cases 3 and 6 are plotted in Flgures 5-1
through 5-4, Ratlos of structural to free-field spectral response, where
the free-field response is measured at the level of the foundation, are
glven In Appendix E.* These results are conslstent with the results of
Cases 1 and 2, Appendix F,

These data clearly Indicate that the horizontal response of the
foundatlion is less than that of the free field. The amount of suppression
In the horizontal direction Is greatest when the free-field response Is

defined at the surface. The trend In the vertical response is less clear.

*Present design procedures that are based either on response spectrum curves
or on time-dependent ground motions use recorded surface motions as input to
foundation analyses. Thus, in the present analysis, emphasis Is given to the
ratio of foundation response to free-field surface response (Tables 5-1 and
5-2). For completeness, ratios of spectra at the foundation to spectra at
the same depth in the free field are gliven in Appendix E.
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TABLE 5-1, HORIZONTAL ACCELERATION SPECTRA (

R-6915-1200

STRUCTURE (FOUNDAT ION)
FREE-FIELD (SURFACE)

Case
Frequency,

cps 3 b 5 6 I-1 -2
i 1.06 1.05 1.09 1,04 0.63 0.67
2 0.73 0.91 1.09 0.65 0.59 0.42
2.5 0.54 0.63 0.76 0.45 0.32 0.25
3 0.51 0.55 0.76 0.39 0.25 0.24
4 0.50 0,34 0.59 0.55 0.23 0.26
5 0.63 0.4Y 0.51 0.72 0.31 0.h2
6 0.51 0.61 0.61 0.43 0.28 0,34
8 0.48 0.29 0.84 0.50 0.33 0.1

10 0.65 0.31 0.50 0.58 0.20 0.84

TABLE 5-2, VERTICAL ACCELERATION SPECTRA (

STRUCTURE (FOUNDAT I1ON)
FREE-FIELD (SURFACE)

Case
Frequency,

cps 3 1 5 6 i-1 =2
1 1.20 1.00 1.06 0.99 .45 1.40
2 0.75 1,42 1.67 0.84 2,34 0.70
2.5 0.66 1.29 1,55 0.79 1.93 0.93
3 0.97 0.89 1.30 0.82 .10 0.68
L 0.42 0.43 0.92 0.60 1.94 0.35
5 0.24 0.30 1,44 0.26 0.92 0.48
6 0.19 0.1 1.03 0.36 0.9k 0.79
8 0.11 0.17 0.62 0.51 0.61 0.67
10 0.68 0.21 0.29 1,07 0.19 0.61
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Some cases Indicate amplification in the 1 to 3 cps frequency range. The
reason for thls In the Inelastic Cases |-1 and -3 Is discussed in the

section on Interaction stresses,

The peak accelerations and velocities of the foundation relative
to the free fleld are summarized In Table 5-3 for Cases 3 through 6 and |-1
and -2, The peak horizontal acceleration Is suppressed by a factor of
0.4 to 0.7, while the velocity is suppressed by a factor of 0.5 to 1.0,

The horlizontal accelerations of the free fleld and foundation
for Cases 3, 6, and I-1, Flgures 5-5 through 5-10, also 1llustrate the
findings summarized In Table 5-3. The suppression of foundation response
relative to free-fleld response Is greater in Cases 3 and |=1 than In
Case 6. The reason for this is suggested by closed-form analyses, which
Indlcate that maximum suppression occurs when the dominant frequencles of
of the Input are in the same range as the frequencies of the structure.

In Case 6, the dominant frequency of input is 1 to 2 cps, whereas In

TABLE 5-3. PEAK ACCELERATIONS AND VELOCITIES OF
FOUNDATION RELATIVE TO THE FREE FIELD

Structure (foundation)
Free-Field (surface)

Peak Motion

Case 3 [ 5 6 -1 -2
Peak Acceleration
Horizontal 0.57 0.38 0.58 0.72 0.50 0.53
Vertical - 0.40 0.84 0.89 0.60 0.75
Peak Veloclty
Hortzontal 0.87 0.86 0.91 0.97 0.48 0.59
Vertical 1.06 0.96 1.12 1.10 1.15 1.14
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Cases 3 and I-1, the dominant frequency Is 4 to 6 cps. Slince the oscil=-
lators give the structure significant frequency response in the range
3 to 5 cps, greater Interaction ahd hence suppression of structural response

Is expected and observed In Cases 3 and I-1 than In Case 6,

This finding Is modified when the soll is made softer. As shown
in Table 5~3, the amount of suppression Is increased signiflicantly when
plastic deformation occurs In the soll. This is illustrated by comparing

Cases 6 and -1,

Numerical oscillations induced by the integration technique in
the present inelastic finite-element program interfere with interpreting
response at frequenclies higher than 6 to 8 cps. Accelerations from Case -1,
Figures 5~9 and 5-10, il1lustrate the problem. A significant part of the
foundation response, Figure 5-10, is in the frequency range 10 to 30 cps,
which 1s too high for the present finite-element mesh to represent accurately.
The corresponding velocities, Figures 5-11 and 5-12, show the high-frequency
accelerations to be merely small perturbations superposed on the main
structural response. In order to present a true picture of the acceleration
responses in Table 5-3, an attempt was made to separate the true acceleration
pulse from the superposed high-frequency numerical noise. Figures 5-11 and
5-12 and similar figures for other cases were used to guide the interpolation
of computed accelerations, such as Figures 5-9 and 5~10. A more objective way
of obtaining accelerations would be to filter the velocity/time histories and
then perform numerical differentiation. This is beyond the scope of the

present work, however.

The following summarizes present findings regarding horizontal

motion of the foundation relative to the free field:

a. The horizontal response spectra of the foundation are suppressed
relative to the free field. The suppression factor varies from
about 0.2 to 1.0 in most cases. A typical suppression ratio for
elastic soils in the frequency range 3 to 5 cps is 0.5, while

for inelastic soils, it is 0.3.

b. The suppression is greater (ratio is smaller) when the structure

has natural frequencies in the same range as the frequencies of
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the input. Suppression may occur over a wide range of frequen-
cies, but tends to be maximum (ratio is minimum) near natural
frequencies of the structure. (Greatest suppression of founda-
tion spectra occurs in Cases 3, 4, and 5 at 2.5 to 5 cps, which
is the frequency range where input and structural response over-
lap. Suppression of foundation spectra Is more nearly uniform
in Case 6, where the dominant input frequencies (1 to 2 cps) do

not overlap the structural frequencles (2.5 to 5 cps)).

C. Horlzontal response spectra of the foundation are suppressed
more in softer solls than In stiffer solls., (Cases 3, 4,

and 1-1 relative to Case 5; Case |-2 relative to Case 6.)

d. The peak horlzontal accelerations of the foundation are
suppressed relative to the peak free-fleld surface accel~-
erations by factors of 0.4 to 0.7. Peak foundation velocitles

are suppressed by factors of 0.5 to 1.0.

e. The present lnelastic finite-element computer program tends
to generate high-frequency accelerations, which complicates
Interpreting acceleration/time histories. This difficulty
can be overcome by filtering the acceleratlon responsej
smoothing the velocity/time histories and redifferentiating

appears to be a practical method.

The vertical response of the structure occurs at predominantly
lower frequencles than that of the corresponding free field, as Figures 5-13
through 5-16 i1lustrate. This frequency shift appears In the spectra
(Table 5-3, Figures 5-2 and 5-4) as amplification of foundation response
over that of the free field at low frequency and suppression at higher
frequencies. This trend is clearly shown In Table 5-3 where the peak
accelerations (high frequency) are amplified and the peak velocitlies (lower
frequency) are suppressed. This frequency shift is not related to vertical
vibration of the oscillators, since the fundamental frequencles of these

are 24 cps for the taller and 32 cps for the shorter. Probably the shift
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in frequency is due to vertical interaction, which is controlled by the
fundamental frequency of the entire embedded structure. The fundamental
frequency was not determined in the present study, but it appears likely
to be in the range of 1 to 5 cps.

RELATION BETWEEN STRESS IN FREE FIELD AND STRESS ADJACENT TO STRUCTURE

The present study indicates that stresses Ih the soil adjacent
to the structure in general differ from the stress which would develop at
the same point in the soil if the structure were hot present. One general
finding Is that the horizohtal stress in the soil beneath the foundation is
less than the corresponding free-field stress, This appears to be due to
the stiffness of the foundation being much greater than that of the soll and
attracting load to itself. This is illustrated in Figures 5-17 through 5-20.

A second finding is that the iInteraction stress appears to be
uniquely related to the velocity of the structure. This is illustrated
in Figures 5-21 through 5-26, where the shapes of the structural-velocity/
time history and the interaction-stress/time histories correlate with each

other but do not correlate with the free-field stress/time history.

The extent of inelastic deformation in the soil surrounding the
structure is compared with that in the free field for Cases I-1 and 1-3
at selected instants of time in Figures 5-27 through 5-30. Figure 5-27(a)
shows the areas of inelasticity surrounding the structure in Cases I-1
and 1-3 at t = 0.498 sec (there is no inelasticity in the corresponding
free field at this time). Figure 5-27(b) illustrates the instantaneous
growth of the inelastic zone surrounding the structure in Case !-3 when
the shear strength of the soil is abruptly decreased to represent lique-
faction, Figures 5-28(a) and (b) show the inelastic zones in the free
field and near the structure in Case I-1 at t = 1,2 sec. The extent of
inelastic deformation in the free field of Case I-1 Is unusual. The effect
of the structure as indicated in Figure 5-28(b) is to stiffen the soil and
reduce the extent of inelastic deformation. Figure 5-28(c) shows how

reducing the shear strength of the soil greatly increases the extent of
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Inelasticlity. Flgure 5-29 shows the same type of Information as is In
Figure 5-28 at t = 1.8 sec. Inelasticity in the frec field of Case I-1,
Figure 5-29(a), Is In a limited zohe which appears to be migrating toward
the right. 1Inelasticity !s concentrated on the left (input) side of the
structure in Case -1, Figure 5-29(b), This Is because the leftward dis-
placement of the Input induces tensile stresses in the soll between the
left boundary and the left wall of the structure. Sihce the soil is
assumed to have llttle tensile strength, this is a favored region for
Inelasticity., The soll between the right wall of the structure and the
right boundary is somewhat shielded from this effect by the inertia of the
structure. Figure 5-29(c) shows the zones of inelasticity for Case 1-3,
where liquefaction of the soil is assumed., Figure 5-30 shows inelasticity
in the soil in Case I-1 at t = 2.77 sec. The effect of leftward displace~-

ment which Induces tensile stress in the soil dominates the response.

The wide extent of plastic deformation in Case I-1 and especially

1-3 suggests that large displacements would occur.

Case !-3 attempts to create a situation in which exceptionally
large displacements, comparable to the original dimensions of an element
can occur. Since the coordinates of nodal points are defined as their
original coprdinates plus their current displacements, the elements were
expected to become greatly distorted which would lead eventually to negative
area for one of the elements and to terminating execution, This is not
the familiar definition of instability in terms of rate of strain energy

release, but is an attempt to calculate onset of large displacements.,

Horizontal displacement is about the same in Cases I-1 and -3
(Figure 5-31) because the dominant force applied by the soil to the struc-
ture is by direct stresses on the structure walls. The soil adjacent to
the walls is plastic in both cases beginning at early times, and hence, the
structure is subjected to about the same net horizontal force in both cases.
The difference in horizontal displacements between Cases I-1 and 1-3 is
probably due to a wider extent of plastic deformation in the soil in Case I-3

with resulting increases in flexibility and natural periods of the system.
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The surprising result of the calculatlons s that the scaled

displacements in Case 3 (Input to Case 3 was 1 x Golden Gate; lnput to

Cases I=1 and
Cases |-1 and

displacements

I-3 was 3 x Golden Gate) are greater than those in both
I-3. The result ls apparently related to attenuation of
due to energy dissipation in the soil., Apparently the
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effects of energy dissipation overcome the effects of Increased flexibility
of the soil., This result would be very difficult to accept if it were not
for the fact that the horizontal force of the soll on the structure ls
governed by direct stress on the walls rather than by shear stresses on

the foundation. The direct stress/strain relationship for plastic defor-
mation under uniaxial strain is only about two times less stiff for the
soll of Cases I-1 and |-3 than for the perfectly elastic soil of Case 3.

0f course, the shear-stress/strain relation Is vastly more flexible in
Cases I=1 and -3 than in Case 3; but since shear stress on the foundation
bottom has little effect on the motion, reducing the shear stress by
reducing strength also has little effect, (The elastic and elastic/plastic

stress/strain relationships are illustrated in Figure 5-32.)

The influence of plasticity on the interaction forces seems to
be more important, relative to energy dissipation, for vertical displace-
ments than it is for horizontal displacements. This Is tllustrated in
Figure 5-33. In Case 3, the main interaction force at t > 0.8 sec s
provided by shear stresses acting on the vertical walls of the structure.
If the soil adjacent to the walls is allowed to become plastic, as in
Cases I=1 and 1-3, larger vertical displacements are expected. Figure 5-33
shows that the vertical displacements are 2.5 to 3 times greater in the
cases with inelastic soil than in the case with elastic soil, It might be
expected that the computed vertical displacements in Case 1-3 would be even
larger due to the fact that the maximum shear force available for resisting
vertical structural motion is very small. This result has not definitely been
explained in terms of the present mathematical model, but it seems related to
the fact that there is only a small upward force acting from beneath the founda-
tion, which arises from confined compression of the soil. Including a vertical
component of earthquake motion might change the outcome of the calculations
considerably. In addition to considering a vertical component of earthquake
input, future calculations should account for the weight of the structure,
which may affect vertical displacements as much as any factor considered in

the present calculations.
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RELATION BETWEEN RESPONSES OF FOUNDATION AND SUPERSTRUCTURE

The containment and internal support structures are represented
in the present analysis by the b-cps and 5~cps oscillators, respectively.
Their response Is goverhed by the translation and rotation of the foundation.
It would be useful if the response of these structures and of equipment
attached to them could be related ih a simple way to the motion of the

foundation. The following analysis investigates this relationship.

The time-varying response of each single-degree-of-freedom
oscillator may be computed from the translation and projected rotation of

the foundation as follows (derivation given in Appendix G):

X = wftﬁﬂﬁ sin [w(t - 1))dt

o
t ae
+ o La(t) sin {w(t - 1)ldt (5-1)
o)

where

ﬁ, B = Time histories of horizontal acceleration and rotation

of foundation

t = Interval of time over which U and ® are given

T = Variable in convolution integral

w = Natural frequency of the oscillator

L = Height of top of oscillator above foundation
The maximum value (g)max occurring during the interval 0 - t 1is the

sum of the two terms in Equation 5-1 and is the spectral acceleration at

the frequency w.

(x) = (translation + projected rotation)max (5-1a)
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Equatlons 5-1 and 5~1a were verified by performing the indicated inte-
gratlon and comparing with X at the tops of the oscillators. The next
step Is to determine whethcr the translattonal and rotatlonal spectra can
be superposed without regard to phase of u(t) and 8(t). That is

t
(i)max 2 (wj; ‘Ulr) stn {w(t - T)]d'r)max

t
(wf La(z) sin [w(t - T)]d-r)max (5-2)
)

The translational acceleration/time history, u(t), and its response
spectra, (translatlon)max, are shown tn Flgures 5-34 and 5-35 for Case 6.
The rotational acceleration/time history, 8(t), and lts response spectra,
(rotatlon)max, are shown In Figures 5-36 and 5-37 for Case 6. The horlzon-
tal acceleration/time history X(t) for the 4-cps osctllator in Case 6

is shown In Figure 5-38. Following Equation 5-2, (translatlon)max +
L(rotat!on)max, at the appropriate frequencies, is compared with the peak
acceleratlion (Si)max of the lb-cps and 5-cps osclillators, Table 5-4 sum-
marizes the results of this comparison over a range of frequencles 2.5 to
5 cps to allow for the possibility that the natural frequencies of the

osclllators are a little lower than the nominal values of 4 cps and 5 cps.

The results indicate that the peak response of oscillators
representing the contalnment and support structures cannot bé determined
by simply adding the spectra of the two contributory motions at the foun-
dation, |t appears that the phase relation between these two motlions is

unfavorable for superposition of max  mum amplitudes.

The response of light equipment attached to the containment
structure (b-cps oscillator) may be represented by response spectra at
various elevations on the structure. The responses in the range of 1 to

6 cps are shown in Figure 5-39 as ratios to the response of the foundation.

77



AJA

1PS

X~VELOCITY,

8.00

R-6915-1200

4.00

2.00

NP 150 CENTER INTERFACE = 6

i
Vol

X-ACC. (IN/SEC2]
c.00

-2.00

-4.00

\
VWi

500

1.50 2.00
TIME (SEC)

2.50 3.00 3.50 4.00

AJALBO7

FIGURE 5-34. HORIZONTAL ACCELERATION OF FOUNDATION, CASE 6

100 LANNNS S B R S RS B Y MR T T T TTY LI R B A R R BB | T T TTTY

LIS S N O

T

1
H SR ww | PR TN S VT S VT WO TR A W O EUUP U whay PRI W SOV T S B TS U 0
.1 1 10 100 1000
FREQUENCY, CPS AJAI827

FIGURE 5-35. HORIZONTAL SPECTRA OF
78

FOUNDATION, CASE 6




R-6915-1200

=
>

0.03

RELATIVE RBCKING BF COLUMNS

0.02

0.01
—
=

-0.00

\/A\/ M 1 i \/V

Iy

ANGULAR ACCELERATION, RAD/SECz
-0.01

-0.02
-

<003

2.50 3.00 3,50 4.00
AJALI810

.00 0.50 1.00 1.50 2.00
TIME (SEC)

FIGURE 5-36. ANGULAR ACCELERATION/TIME HISTORY OF FOUNDATION, CASE 6

1000 -

100

VELOCITY, 107> RAD/SEC

0.1 1600
FREQUENCY, CPS AJATE3L

FIGURE 5-37. ANGULAR PSEUDO-VELOCITY SPECTRA, CASE 6

73



AJA

R-6915-1200
8
NP 167 4 CP8 130 FT 8
8
8
L
N*
O
w
[Tp]
S| N\ / /
Zo
L'., \/
[ ] =]
a®
3k
8
eé.
8
900 0.50 1.0 1.50 2.00 3.00 3.50 4.00
TIME (SEC) AJAIBIY
FIGURE 5-38. HORIZONTAL ACCELERATION, TOP OF 4 CPS OSCILLATOR, CASE 6
TABLE 5-4, RESPONSE OF OSCILLATORS RELATIVE TO
ROTATION OF FOUNDATION, CASE 6
Spectral Acceleration (base)
f, (transYation)max, Lx(rotation)max, Total (base),
cps g g
2.5 0.051 0.072 0.123
3 0.033 0.051 0.084
b 0.027 0.022 0.049
5 0.055 0.056 0.1
Peak Acceleration
4 cps oscillator - 0.030 g
5 ¢cps oscillator - 0.027 g

80




AJA

SPECTRAL RESPONSE OF OSCILLATOR
SPECTRAL RESPONSE OF FOUNDATION

FIGURE 5-39,

R-6915-1200
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In the frequenhcy range of 1 to 3 cps, the response increases with height,
A more complicated relatlion exlsts for higher frequehcies,

The results Indicate that there is ho simple relation between
response spectra at the base and spectra at higher elevations, The
reason lIs probably related to the finding that rocking and translation of
the base are out of phase, or have different dominant frequencles.

EXAMPLE OF COMPLETE ANALYSIS

To economize on the length of the present report, only the most
important aspects of the structural and free-field responses have been
summarized, illustrated, and discussed above, The complete results of a

typical elastic analysis (Case 5) are given in Appendix | as a further
INustration.
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SECTION 6

CONCLUSIONS BASED ON PRESENT STUDY

The following conclusions are based on the analyses described

In the previous sectlons. The concluslons may need to be mod!fled for

earthquake inputs having different frequency contents or longer durations,

for different soll properties, and for structures with different natural

frequencies.

However, input motions, soll properties, and structural

response freguencies cover a wide enough range that the present trends

appear to be valid and they may also occur under conditions dlffering from

.those studied here. How strongly the trends persist under other conditlions

requires further study.

a.

C.

Hortzontal response spectra of an embedded structure
foundatlon are suppressed relative to the free fleld by a
factor of 0.2 to 1.0. A typical suppression ratio for
elastic solls In the frequency range of 3 to 5 cps is 0.5,
while for Inelastic solls It is 0.3. This appears to be

large enough to consider tn selsmic design.

Suppression of horizontal response spectra relative to
the free field tends to be maximum at frequencles near the

natural response frequencies of the structure.
Suppression is greater in softer soils than In stiffer solls,

The peak horizontal accelerations and velocltlies of the
foundation are suppressed relatlive to the peak free fleld
accelerations. The amount of suppresslon is somewhat less
than for the response spectra in the range of 3 to 5 cps.
This finding is probably influenced more than other findings
by the particular choice of Input and structural response

frequencies.
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The vertical response spectrum of the foundation ls
amplified by 1.0 to 1.5 relative to that of the free fleld
at 1 to 3 cps and suppressed by 0.2 to 1,0 at 3 to 8 cps.

The horizontal stress in the soll beneath the foundation is

0.2 to 0.3 times the corresponding free-field stress.

The main horizontal Interaction force on the embedded reactor
structure Is provided by direct stresses on the walls of the
structure, Shear stresses on the bottom of the foundatlion

do not contribute significantly., The vertical Interaction
force Is provided in approximately equal parts by vertical
direct stresses on the foundation and shear stresses on

the walls.

The interaction stresses appear to be uniquely related to

the velocity of the structure.

There Is no simple relation between response spectra at the
base and either the maximum acceleration or the response
spectra at higher elevations. This Is apparently due to
rocking and translation modes of foundation response being

out of phase.
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APPENDIX A

METHOD OF APPLYING PRESCRIBED MOTIONS AS INPUT

This Appendix describes the matrix operations used to apply

velocity input to a finite element grid.

THEORETICAL OUTLINE OF THE METHOD

The equations of motion are:

it + [elfd + [KHu} = {pce)} (A-1)

where [M] = Mass matrix (a diagonal matrix resulting from lumped

mass idealization)

[C] Damping matrix
[K]

{p(o)}

Stiffness matrix (derived using the finite element method)

Load vector

and {u}, {u} and {i} are the displacement, velocity, and acceleration vectors,

respectively.

Suppose u; = u;_, 0‘ = QIO’ and Ui = U,, are known motions at
the ith node for all time t 2 0. (The procedure is outlined for the
ith component and can be extended easily to include a finite number of such

components.) Equation A-1 can be written in the expanded form as

™ ] (m ) S Gz S S S e €] p:\
m Uy €1 €2 v C24-1 S0 S2,41 tt Con )
m U c c cee €y qoy Sier1 Si-taet ot Siop ﬁ._,
1-1 < i-l>+ i1, "i-1,2 i-1,i-1 , , R < i >
" Uy S S tSaer S Siasr S Yy
Y] Uiy Cret,1 Srer,2 0t Cren,i-1 Sieng SienLiet 0 Sieal L Yin
u "n \h‘n Y, :n‘ n2 Cn,i=1 ai LS| “an B kun ]
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CY ce ke K M e Ky ] (“1W (7)) ‘I.

k21 ky2 St kg K206t 0 Koy uy P
+ K Kenz o ke Manyr Ken e o Mo <“b1> _ <th> (A-2)
1 ki2 LI PO kiger o kg Yy P
Ko Man,2 o K- K ey o M e 141
:nl kn2 kn."‘ Kni l<n,I‘l-l o+ Kon \un J \Pn
Imposing the motion constraints u, = u,., U, = 0,., and U, = U,.,
i i0 i i0 i i0
Equation A-2 can be written as
— T - 1 ..
™ (% \ Sy Sz Saer oS e G, (0 \
™y Uy €31 3 €2,i-1 % Sy €n ay
i Yiaa Cior,2 Si-1.2 7 Cien,i-1 @0 Sy Si-1,nf JY1-1
" Uy 0 v} ... 0 c” 0 0 <UIO
P! Yisl Cie1,1 Ciez, Siar,i-t O Chay ey Siarn] 4ia
| m‘i ku ) | “nt “n2 “hyis n, i+l “nn . \un ) (A )
ot 12 e 0 ki i (1) ("1 T Snte T Fatio \
ka1 k22 K2 -t 9 kg i k2n ) Pa T %i%0 T kYo
+ Mera Kier2 Kierior O Ry i i-1,n <”.-1 Pior ™ S-1,i%0 7 Kier,ivio
0 0 0 i 0 0 i0 Yo * “iitio :"H'“i\)
e ez o Renian @ Mierin “aet,nf f Ve Pier ™ Sian,iY0 7 Maen,ivio
knl kn2 kn,l-l 4] kn,iH knn Lun J Pn T citio -kni“i() )

Equation A-3 can be solved for the displacements, velocities, and accelerations
by any convenient method. The linear acceleration method will be emphasized
in the discussion that follows, since this method has been utilized in the

DEPS Code.
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LINEAR ACCELERATION METHOD

Assuming the acceleration vector (including ﬁio) to be linear

within a small time step of At, Equation A-3 takes the form
[K]{“t} ¥ {Pt} (A-t)

where [R] = [K] + CZtMJ; [k] and [MJ are defined in Equation A-3, and

the remaining variables are defined as follows:

e
el
[ d
b
[}
e e,
o
e
+
—
=
[ “A——
——
e e,
>
[ad
o
+
(]
w
N
[v+)
[nd
S ot
S
)
=
N —a
ct
(1
x
O
1
o<
(nd
ot

0 At
1
C =
1 3
1+-A—t3
C, = Cofy

C =a-CZB

= a[M] + B[K]; a and B are damping constants

]
{ut} N _éi'{ut} i {At}; {At} = 2%7'{”t-At} * Z%'{ﬁt-At} * z{ut-At}
} B K%'{“t} i {Bt}; {Bt} - Z%'{“t-At} * z{dt-At} * A%'{ut-At}
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Equation L4-15 can be written as

(30 + €4m) k12 . . k1,11 0 Ky, 1w %
k21 (kg2 * Cm,) . . k2,1-1 0 ky, il ?
kie1,1 ki-1,2 . o (Riep e ¥ Camy) 0 kio1,i41 [
- (A-5)
0 0 . . o (k” +cm) 0 7
ie1,1 kiet,2 . . kie1,i-1 0 (kjuq jar * €M) i+
ka1 ka2 Ka,i=1 ° Kn, i1 . . P,
where {Et} = 'Cl{ut} - B{Bt}
1 (kl a
i
kai 7
- A O - ~ _ A
and {Pt} a {Pt} + [M]({At} * c3{3t}> Q {>ui except P, where P, = [k + Com)i; 7
k_ . I~}
ni o
o
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Gt can be solved from Equation A-5 as.
- “1 9§z
{ut} - [K] {Pt} (A-6)

and then the displacements {ut}, velocitles {0 and accelerations {Ut}

y
are determined from the expressions glven In Equation A-4,

PRACTICAL |IMPLEMENTATION

The present program accepts velocity boundary, Tabular values of
velocitlies are input as functions of time using time Increments. The veloci-
ties at actual time of computation are found by linear interpolation of the
input values. The appropriate columns of the stiffness matrix (only the
nonzero elements) are stored separately for the purpose of modifying the load
vector. The effective displacements of the boundary nodal points are deter-
mined from the input velocities and used to modify the load vector before each
time step. Then, the solution of Equation A-5 results in the effective
displacements of all the nodal points, from which the response quantities can

be determined.
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APPENDIX B

METHOD OF PREVENTING UNWANTED REFLECTIONS FROM ARTIFICIAL BOUNDARIES

The present quiet boundary technique is most clearly illustrated in
the one-dimensional wave-propagation case. This Is shown In Figure B-1 with
the ald of the common conception of real and 'phantom'' waves. A dilatation
wave (p-wave) is shown traveling in a finite element rod from the left
toward a fixed boundary. This wave has a partner ''phantom'' wave traveling
from the right. As these waves meet each other at the boundary, they super-
pose to produce zero particle velocity at the boundary. At later times,
the incident wave has traveled out of the finite element grid and has become
a ''phantom'' wave, while the original ‘phantom' wave has entered the grid and
has become a reflected wave which may interfere with the response calculations
within the grid. The aim of the quiet boundary technique is to minimize or
prevent boundary reflections. The analytical technique used is to calculate
the motion of the boundary surface as it would occur if the rod were continu-
ous. The computer then imposes this motion on the boundary. Inputs to the
calculation are the velocity-time history of the incoming wave and the material
properties of the rod. The calculation is based on the solution to the wave

equation in one-dimension,

The effect of the quiet boundary technique is illustrated in
Figure B-2. It may be considered that the reflection occurs, but that it
Is exactly cancelled by a wave of equal magnitude and opposite sign. Hence,
the problem in the quiet boundary technique becomes one of defining the
amplitude of the correction wave and its phasing relative to the reflected

wave.

To illustrate the application of the quiet boundary technique, let
us first consider the problem of representing an infinitely long ore-

dimensional continuum by an elastic rod of finite length. |In this, it is

desired to determine the boundary conditions at the far end of the rod,
such that the response in the interior of the rod corresponds to that for

the infinitely long continuum.
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In this problem, it is assumed that at time ¢t = tO the particle
velocities at points J and j-1 in Figure B=3 are known, where point j
Is the far boundary point of the rod and point j-1 1is located adjacent to

point J, a distance Ax away. These velocities are denoted by
VJ_1(t0) = Particle velocity at point J-1 and time t = ty
VJ(to) = Particle velocity at point ] and time t = t,.

The solution to the wave equation in one dimension gives the particle
Ax

velocity at J at time t = ty + T as
P
Ax
VJ(to + E;) Vj_t(to) (8-1)

where Cp is the p-wave propagation velocity of the rod material. The
integration scheme used in the finite element code requires the determination
of velocity VJ at time t = to + 2At, where At is the integration time

step. This is found by linear interpolation, using the expression

vt >{_A.>i- m} . v.(t +éi){m}
Jo cp jlo cp
(Ax)
C
P

where, for this to be a solution to the wave equation

vJ.(t0 + 2At) (B-2)

20t < %—x— (8-3)
p
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At every time step, VJ.(tO + 2At) is computed and applied to the boundary
nodal points, where it is regarded as a prescribed velocity at time
= +

t tO 2At.

The results of applying this technique to the rod geometry of
Figure B-3 are illustrated in Figure B-4. In this figure, the motion of a
nodal point in the center of the rod when the quiet boundary technique is not
applied Is compared to the motion of the same point when the quiet boundary
technique is applied. This comparison illustrates the effectiveness of this

technique in canceling the reflected wave.

Another example of the application of the quiet boundary technique
is that of a one-dimensional rod which contains an impedance mismatch
(corresponding to the insertion of a structure) at the midlength of the rod.
In this, it is assumed that kinematic boundary conditions, corresponding to
the response of the rod without the structure, have been prescribed at both
ends of the rod. The problem here is to alter these boundary conditions so
that the reflections at the boundary that arise from the presence of the

structure are prevented.

In the discussion that follows, the term ''boundary'’t velocity will
represent the prescribed input motion which is computed prior to the finite
element calculation. The term 'scattered" velocity will represent the motion
arising due to interaction with the structure in the middle of the grid, and
which must be canceled to avoid unwanted reflections. The velocities are
identified in the following equations by superscripts b and s for

boundary and scattered velocities respectively.

At node point J-1 in Figure B-3, the particle velocity at time

t=t, is composed of boundary and scattered velocities, as indicated below.

Vi (egd = V3 Leg) + VS (e (8-4)
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V?_1(to) is found from V?, which is known for all time, as indicated by the .
expression

W_yltg) = vj(to - 3—:) (8-5)

Thus, the scattered motion propagating toward the boundary at point J-1 and

time ¢t = to s

vj_,(to) = vJ_,(to) - V?(to - %) (8-6)

Employing the wave equation to find the scattered wave velocity at

point j and time t =t + B2 glves

0 ¢
p
Vj(to + EA—’S) = vj_,(to) (8-7)
p
or
vj(to + 2_:) = V() - V'J’(to - %:) (8-8)

The correction to be made to the prescribed boundary velocity at time

t=ty + 2At in order to prevent reflection of the scattered wave is:

vj(to){%’-;- - ZAt} + V;(to + %) {zai}

v3 (:0 + m) = (éﬁ) — (B-9)
C
p

The adjusted boundary condition at time t = ty * 2At  then becomes

V;’(to + 2At) = V?(to + ZAt) + vj(to + 2At) (8-10)
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In the above discussion, the quiet boundary technique is
applied to Incoming p dilatational waves. The technique applies equally
well to s shear waves. The scattered s-wave is given by the following

equation which is analogous to Equation B~9.

v (t, ) {85 - 2a v5< 9—-"—)
oy ]
N (&)

[
S

In Figure B-3, Vj Is the y-component of the scattered velocity at point j.

v (B-11)

If both p and s waves are present in the rod, the correction
calculated by Equation B-9 Is applied to the x-component of velocity while

that calculated by Equatlon B-11 is applied to the y-component of velocity.

The equations above give exactly the desired result for one-
dimensional wave propagation. The same equations are used in cases of two-
dimensional wave propagation to give an approximation to a quiet boundary.

The technique described above was used to quiet the boundaries of the air-
blast-induced ground-shock problem pictured in Figure B-5. The resulting
stress/time histories for a selected element are shown in Figures B-6 through
B-8 and are compared to the analytic solutions due to Cole-Huth (Reference 20).
The comparison shows that the initial peaks calculated by the finite element
method are virtually unaffected by incomplete canceling of reflections.
However, reflections of about 20 percent of the peak signal appear in the
finite element solution following the initial peak. These reflections are
complicated signals containing at least two P-waves and two S-waves. The
maximum amplitude of any of these waves is governed by the maximum amplitude
of the incident P-wave, which is 83.3 psi. Hence, a 20 percent reflection
means that some of the reflected waves could have amplitudes up to about 17 psi.
Hence, it is not surprising that the shear stresses in Element 64 which are

associated with reflected waves have amplitudes of about 6 psi.
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APPENDIX C

STABILITY OF SOLUTION FROM INELASTIC FINITE ELEMENT COMPUTER PROGRAM

STABILITY STUDIES

The term stabllity ls used here to mean that oscillations about
a true solution, which are present to some extent !n all numerical calcula-
tlons, have a small amplitude relative to the true solution. An unstable
solution may diverge rapidly from the true solution by undergoing oscillations

whose amplitude increases with time.

The problem of stability arlses in using INDEPS because the
Incremental equations of motion are integrated using the linear acceleration
method to obtain a solution at t + 8t from a known solution at t. Unless
8t, the integration time step, is'kept small relative to the shortest
natural period In the finite element system, divergence and Instability may
occur. This difficulty is avolded in the elastic finite element program,
used in Task | of the present contract, by using the linear acceleration
method to interpolate between t and t + 26t for the total solution, rather

than the incremental solution, at t + 8t (Reference 10).

A study was conducted to explore conditions under which Instability
In INDEPS develops. The study concentrates on the problem of a small number
of stiff elements embedded in a large number of more flexible ones. This
situation Is simllar to a concrete structure embedded in soil. The objective
is to determine whether the integration time step must be based on the natural
period of the stiffest elements even though they are few and are surrounded
by a greater mass of flexible ones. The outcome of the study bears directly

on the economy of the Inelastic finite element calculations to be conducted

under Task || of the present contract,

Each of the five problems comprising the stability study, whose
identification numbers are unrelated to the 2-D cases, involved triangular

pulse propagating in a one-dimensional rod. The P-wave transit times for
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various elements in the rod were chosen in each case to bear a certain .
relation to the integration time step. The cases are summarized in Table C-1.
The results show that whenever the transit time was less than the integration

time step, instability resulted. The results are described in detail below.

TABLE C-1.
Number of Elements
Case Total T < 8t T > &t Result
1 25 0 25 Stable
2 25 25 0 Unstable
3 25 4 21 Unstable
4 25 0 25 Stable
5 25 2 23 Unstable
8t = lIntegration time step
T = P-wave transit time across an element

The geometry and loading condition for the rod in each of the
five cases are shown in Figure C-1. in Case 1, the properties of the rod
were homogeneous such that the p-wave transit time across each element was
T = 0.001 sec. The time step &t was also 0.001 sec. The stress/time
histories at Elements 5, 7, and 15, shown in Figure C-2, indicate that the

solution is stable and converges about as well as when &t = T/4 (not shown).

The properties of the rod in Case 2 were the same as in Case 1,
but 6t = 0.003 sec = 3T. The results in Figure C-3 show that the solution

Is unstable.

Cases 3 and 4 anticlpate problems of soil=structure/interaction
in which sti1ff material (the structure) s surrounded by more flexible

material (the soil). |In Case 3, &t = 0.001 sec = T for soll elements
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and 3T for structure elements. The result was Instabillty of the type
found In Case 2. In Case 4, &t = 0,000333 sec = T/3 for soil elements
and T for structure elements. The solution is difficult to interpret due
to multiple reflections from boundaries between regions of different shock

impedance, but it seems to be stable.

Case 5 Is very similar to Case 3. The time step Is equal to T
for soll elements and 3T for structure elements, The polnt being Inves-
tigated In Case 5§ is that If the mass of elements in which &t > T s small
enough relative to the mass of the entire system, instability may be sup-
pressed. This apparently Is not the case, because instability of the same

type found in Case 3 developed in Case 5.

The present stablillity study points to the conclusion that the
Integration time step must be less than the least transit time in the entire
fintte element grid, This appears to be due entirely to the choice of inte-
gration methods used here. It has unfavorable implications for the economy
of Inelastic finite element calculations Involving Interaction between soft
soll and concrete structures. Further work is needed to find an economical

Incremental Integration method.
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APPENDIX D

COMPARISON BETWEEN INELASTIC FINITE ELEMENT AND CLOSED FORM SOLUTIONS

CONVERGENCE STUDIES

The term convergence is used here to denote the tendency for a
solution obtalined by INDEPS to approach the exact solution obtained by closed

form methods. The problems used to illustrate convergence are as follows:
1. Plane, one-dimensional! wave propagation In an elastic rod.
2. Plane, one-dimensional wave propagation in an lnelastic rod.

3. Superseismic air blast (pressure) moving at constant speed

over the surface of an elastic half-space.

L, Cylindrical wave propagation in an Inelastic medium,

PLANE, ONE-DIMENS!ONAL WAVE

The case of a plane, one-dimensional wave propagating in an elastic
bar is illustrated in Figure D-1. The stress profiles calculated by INDEPS
at various times are compared with the exact solution. The quiet boundary
procedure is used in INDEPS to absorb the wave at the bottom boundary. The
purpose of this procedure is to cause the rod to appear infinitely long, and
its effectiveness is demonstrated by the apparent absence of reflections at

t = 0.03 sec.

Two similar problems involving inelastic deformation of the rod
are Illustrated in Figures D-2 and D-3. The INDEPS solutlon for the trian-
gular input pulse represents reasonably well the loading phase of the pulse,

including the elastic precursor. The unloading phase is represented less
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well. The quiet boundary procedure was not used in this calculation, which
was stopped before reflections reached the stations shown 11 Figure D-2, An
attempt was made to reduce or eliminate the oscillations In the unloading
portion of the finite element solution by reducing the time step, but no
appreciable improvement resulted. |t was tentatively concluded that the
mesh size would have to be reduced in order to Improve agreement with the

exact solution.

The INDEPS solution for a ramp load followed by a constant load
Is shown in Figure D-3. As in the case of the trlangular pulse, the loading

phase is accurately represented.

CYLINDRICALLY DIVERGING, INELASTIC WAVE

Al though there are a few two-dimensional problems for which
analytic or semi-analytic solutions exist, these problems are not well
suited to checking out INDEPS in its present form. These solutions are
for air-blast/induced ground motion, where the alr blast Is assumed to have
zero rise time. |t would not be possible to provide a sufficiently refined
mesh to approximate a zero rise time without using peripheral storage, which

INDEPS is presently unable to do.

Instead, a one-dimensional inelastic wave-propagation problem, for
which an approximate solution exists, was solved as a two-dimenslonal problem.
The geometry, loading, and material properties for this problem are shown
in Figure D-4, The equations of motion are solved by the present finite
element code for the x and y directions (global coordinates). The stresses
and motions so obtained may be referred to a cylindrical coordinate system
whose origin coincides with the origin in the x-y frame (Figure D-4), By
representing the results in this one-dimensional form, comparison may be
made with an existing semi-analytic solution (Reference 23). This solution
Is for a step load, and must be adapted for a ramp load which can be accom=
modated by the present finite element program. The results of Reference 23

were adapted using the method of characteristics and Interpolation. The
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characteristics and method of interpolation are illustrated In Figures D-5

and D-6. The adapted results are shown in terms of radial stress g, versus
range at several Instants of time in Figure D-7., The reglons where the
adaptatlon |s accurate are shown as solld lines and the reglons of uncertainty
are shown as broken lines., The present finite element results are also

plotted in the flgure., Agreement ls best where the mesh is finest.

TWO-DIMENSIONAL ELASTIC WAVE

The response of a two-dimenslional elastic half-space subjected
to an alr blast pulse of constant shape and amplitude and traveling at
constant speed is avallable in closed form (Reference 20). An example problem
which allows comparison to be made between the closed form and the present
finlite element method is 'lIUStrateQ In ngure 0D-8. The comparison is vallid
during the interval between t =0 and t = 0.092 sec, after which a
signal from the left hand boundary arrives at the target point. The com=-
parison Is made In terms of stress and velocity components at points down

to 15 ft below the surface.

The results are shown In Figures D-9 through D-18. The comparison
is most févorable for vertlical components of stress and particle velocity,
which Is due partly to the highly superseismic (Mach 3.0) nature of this
specific example. The comparison Is least favorable for shear stresses,
which Is due partly to the fact that they are small relatlve to the vertlcal
and horizontal stresses. Hence, a small percentage error in calculating

horizontal or vertlcal stress is a large percentage error in shear stress.
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ELASTIC TOP BREAKS OUT AT Or/Y =2 AT t = 0,3 SEC.

2  PLASTIC FRONT BREAKS OUT AT SAME TIME AS 1 BUT TRAVELS AT
Cp = a/SEC RATHER THAN Ce = 1,2a/SEC.

3 SHOWS X/t FOR SIGNAL CORRESPONDING TO THE FIRST APPLICATION
h]3 or/Y TO CAVITY SURFACE (PLASTIC).
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APPENDIX E

ADDI TIONAL RESULTS OF INTERACTION STUDIES

Tables E-1 and E-2 compare response at the foundation of the
structure with the free~-field response at the same elevation. This differs
from the comparison In Table 5-2 and 5-3, where the free-field response Is
defired at the surface. The trend is the same in both instances, although
suppression due to the presence of the structure Is less when the free-
fleld motion is defined as In Tables E~1 and E-2,
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TABLE E-1. HORIZONTAL ACCELLRATION SPECTRA (

R-6315-1200

STRUCTURE (FOUMDAT 10QY)

FREE-FIELD (55 FT)

}

Case
Frequency,
cps 3 b 5 6 -1 1~2
1 1.2 1.12 1.09 1.10 0.73 0.74
2 0.87 1.04 1.12 0.85 0.76 0.69
2.5 0.69 0.89 0.89 0.62 0.44 0.31
3 0.67 0.83 0.95 0.52 0.37 0.38
b 0.59 0.63 0.74 0.67 0.34 0.31
5 0.73 1.00 0.66 0.87 0.45 0.48
6 Q.74 2.2 0.73 0.69 0.47 0.4
8 0.92 1.7 0.97 0.93 0.64 0.52
10 0.8 0.67 0.7 1.03 0.54 0.50

TABLE E-2, VERTICAL ACCELERATION SPECTRA (

STRUCTURE (FOUNDAT1QN)

FREE-FIELD (55 FT)

)

Case
Frequency,
cps 3 4 5 6 =1 1-2
1 1.14 1.00 1.00 0.91 o 1.27
2 1.0 1.28 1.48 0.63 w 1.50
2.5 0.85 0.98 1.25 0.49 f 0.95
3 0.69 0.78 0.95 0.50 : 0.73
4 0.57 0.26 0.48 0.67 o 0.95
5 0.53 0.51% 0.67 0.84 © 0.62
6 0.h2 0.63 0.99 0.67 - 0.48
8 0.23 0.94 1.1 1.01 © 0.36
10 1.06 0.93 0.56 = 0.56
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. APPENDIX F

COMPARISON OF FINITE ELEMENT SOLUTIONS WITH CLOSED FORM SOLUTIONS

Two attempts, identlflied as Cases 1 and 2, were made to compare
the present methods of computing interaction effects with those of previous
Investigators. Case 1 consliders a cantilever structure embedded In a strip
of soil, Figure 4-1, and s reported by Scavuzzo in Reference 21, The

present results are compared with those of Reference 21 in Figure F-1,

Comparison is made in Figures F-2 and F-3 between the present
results and those reported in Reference 22 for Case 2, The comparison is
qualitatively favorable. Quantitative differences are due partly to dis-
tortion of the input in the analysis of Reference 22, Whereas the Input
{s 5-cps harmonic motion and the present analysls falthfully preserves this,
the analysis of Reference 22 distorts the Input to predominately b-cps
motion by using excesslively large elements in the soll, This data is also .

presented in Table F-1,
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TABLE F-1. VELOCITY RESPONSE SPECTRA (

FOUNDAT ION

FREE

FIELD (SURFACE))

Case 2

Frequency, Horizontal Vertical

cps AJA Reference 22 AJA Reference 22
1 0.23 0.71 0.28 0.45
2 0.37 0.81 0.22 0.39

2.5 0.26 0.63 0.22 0.42
3 0.28 0.4 0.21 0.28
L 0.28 0.39 0.19 0.44
5 0.20 0.16 0.20 0.44
6 0.19 0.25 0.18 0.36
8 0.2 0.2 0.19 0.32

vly
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A second comparison with the present Case 2 was performed by
Scavuzzo, who used the closed form methods in Reference 21. Scavuzzo's
analysis represents the horizontal translational degrees of freedom of the
base mass and of the 4-cps and 5-cps oscillators. His analysis differs
from the present Case 2 in that he omits rocking of the foundation and
wave propagation underneath the foundation. The input to Scavuzzo's analysis
was the S-cps harmonic motion defined in Table 4-4, This motion has a peak
acceleration (180/138) times greater than that computed at the surface by
the present Case 2 free field analysis. The difference is due to numerical
distortion by the finite element grid and to part of the momentum being
changed from all horizontal to part horizontal and part vertical as the
input motion propagates through the grid. To compare the two methods,
the differences in input motion must be taken into account when the output
is evaluated. This is done by scaling upward the foundation response spectra
of the present Case 2 by (180/138). Figure F-4 and Table F-2, which include
th{s scaling factor, Indicate that the two methods give similar results,
especially at the fixed base frequencies of the internal support structure

and contalnment vessel (4 to 5 cps).

TABLE F-2. VELOCITY RESPONSE SPECTRA (FOUNDATION)

Case 1, Reference 21,
Frequency ips ips
1 0.28 1.35
2 1.1 2.35
3 1.83 2.88
h 4.80 L.82
5 17.73 18.51
6 3.56 8.82
8 1.23 2.09
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A]A R-6315-1200

APPENDIX G

CONTRIBUTION OF ROCKING TO RESPONSE SPECTRA

The relation between the motion of the mass of a single degree
of freedom oscillator and the translation and rotation of its base is
derived below with the ald of a convolution integral. The geometry of

the oscillator Is shown in Figure G-1,.

The equation of motion for the mass subjected to base motions
u(t) and o(t) Is

m + k (x = (wol)) = 0 (6-1)
or

%+ w? (x - (wol)) = 0 (G-1a)
letting x - (utel) = z (6-2)
X - (u+BL) = 2 (6-3)
U = z+u+6L (G-4)

Substituting Equations G-4 and G-2 into G-la leads to
P+ wlz = - (Ut6L) (-5)

z(t) can be expressed as a function of the excitation u(t), 8(t) and the

impulsive response h(t) by means of a convolution integral.

2(t) = f*- file) + LE(0)] hle-n) dr (6-6)
o
h(t) 1is the solution to the equation

5+ wiz o= 1 (6-7)
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FIGURE G-1. SINGLE-DEGREE-OF-FREEDOM OSCILLATOR SUBJECTED
TO TRANSLATION AND ROTATION OF BASE
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The Laplace transform of Equation (G-7) is

s? Z(s) + wzi(s) = E‘- (6-8)
or
- 1 1
z(s) = Py (—5_- 2) (6-9)
s +w
The inverse transform is:
z(t) = L(t) = (—l—sln wt (6-10)
Substituting G-10 into G-6
2(t) = f* - [u(e) + Lo(e)] 3 sin [a(e-)] do (G-11)
o w

and noting from Equations G-2 and G-la that

z = - %

; (6-12)
it follows that
] fz‘ - %f: - (1) sin [o(e-n)] dr ¢ ":"f: oo s [w(t-T)]dTm-w)

Given L, 8(t), u(t), the maximum response X at a given frequency w over
the interval t can be found. An array of such responses for a range of

Is the response spectrum.

1
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APPENDIX H

DEFINITION OF INPUT FOR INDEPS CODE

6915-1200

Card
Group

No. of
Cards

Data and Definitlons

Fortran
Format

1

INTRY, KARD, (HED(1), 1=1,12)

INTRY = A numeric flag informing the
computer as to whether or not
there Is another problem following

the problem beling read in.

= |} for a single problem or the last
in a series of problems Included

in the run.

= 0 when subsequent problems follow.

KARD = * |f this variable is different,
than an asterisk (%), card will
continue to be read until this

flag is found.

HED

[}

A 72 column label of alphanumeric
characters used to identify each
problem. This label will appear

at the top of each printed output
page.

JPT, JPL

JPT

[

Total number of nodal points whose
displacements, velocities or

accelerations are to be saved for
subsequent processing (i.e., plotH

ting)

JPL

[

Total number of displacements,
velocities, and/or accelerations

saved.

(11,A1,
12A6)

(213)

AJA FORNI NO. 1075
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DEFINITION OF INPUT FOR

R-6315-1200

INDEPS CODE
Card No. of Fortran
Group | Cards Data and Definlitions Format
3k JPT | ((yPLoT(1,d), J=1,7), I=1,JPT) (13,1x,611)

JPLOT(1,1)

= Nodal point number of a point fo

which displacement, velocity, or

acceleration data is to be saved
JPLOT(1,2) = Horizontal displacement flag.*
JPLOT(1,3) = Vertical displacement flag.*
JPLOT(1,4) = Horizontal velocity flag.*
JPLOT(1,5) = Vertical velocity flag.*
JPLOT(!,6) = Horizontal acceleration flag.*
JPLOT(1,7) = Vertical acceleration flag.*

The total number of nonzero
columns in JPLOT(!,2) through
JPLOT(1,7) for all | must equal
to JPL.

% In columns 5 through 10 a 1 is punched to
identify the quantities whose time histories
are to be plotted.

%%No cards needed in this card group if JPT =0

r
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% No cards needed if JPT =0

R-6915-1200
DEFINITION OF INPUT FOR
INDEPS CODE
Card No. of Fortran
Group | Cards Data and Definitions Format
L = JPT (JCOMNT(1) ,1=1,JC0) (6A6)
JCO = 6 * JPT ~ Comment cards are supplied for
only those points for which plots are requested
(1 card per Nodal polnt)
JCOMNT = A 36 column label of alphanumeric
characters which Is to be written
toward the upper right-hand corner
of all the plots pertaining to
the corresponding nodal point.
5 1 KEL = Total number of elements whose (213)
stresses are to be saved for
subsequent processing (i.e., plot-
ting)
KPL = Total number of stresses saved

AJA FORM HO. 1075
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DEFINITION OF INPUT FOR

INDEPS CODE
Card No. of Fortran
Group | Cards Data and Definitions Format
6 KEL ((xpLOT(1,d),6,1=1,KEL) (13,1x,
)
KPLOT(!,1) = Element number of the elements for
which stresses are to be saved.
KPLOT(!1,2) = Horizontal normal stress flag.*
KPLOT(1,3) = Vertical normal stress flag.*
KPLOT(!,4) = Horizontal or vertical shearing
stress flag.*
KPLOT(),5) = Max. prinicpal stress flag.*
KPLOT(1,6) = Min. principal stress flag.*

The total number of nonzero
columns in KPLOT(!,2) through
KPLOT(!,6) for all | must be
equal to KPL.

* In columns 5 through 9 a | is punched to
Identify the quantities whose time histories
are to be plotted.

AJA FORM NO. 1375
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“No cards needed if KEL = 0

to be performed.

R-6915-1200
. DEFINITION OF INPUT FOR
INDEPS CODE
Card No. of Fortran
Group | Cards Data and Definitions Format
7% | = KEL (KCOMNT (1), I=1,KCO) (6A6)
(KCO = 6 * KEL) ~ Comment cards are supplied
for only those elements which are to be plotted,
(} card per element).
KCOMNT =A 36 column label of alphanumeric
characters which is to be written
toward the upper right hand corner
of all the plots pertaining to the
corresponding element.
8 I NUMNP, NUMEL, NUMMAT, NT, NPRINT, NP, ALFA, (615,
BETA, DELT 3F10.0)
NUMNP = Total number of nodal points in
the finite element mesh.
NUMEL = Total! number of elements in the
mesh - including all the quadri-
lateral, triangular, and ''one-
dimensional'' elements.
NUMMAT = Total number of different
materials included in the finite
element mesh.
NT = Total number of integration cycleg

AJA FORM NO, 1075
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the numerical integration.

R-6915- 1200
DEFINITION OF INPUT FOR Y
INDEPS CODE
Card No. of Fortran
Group | Cards Data and Definitions Format
8 NPRINT = Printing interval in cycles for
Contd. the nodal point displacements
velocities, accelerations and
element stresses.
NP = The number of cards used to
specify the two histories involved
in a pressure set. (See card group
11).
ALFA = @ The damping coefficients
involved in the expression:
BETA = B H = a[M] + B [K]
The units of a and B are
—l~-and sec, respectively.
sec !
DELT = Step size, in seconds, used in

AJA FORM HO. 1075
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Bulk modulus parameters.,

R-6915-1200
DEFINITION OF INPUT FOR
INDEPS CODE
Card No. of Fortran
Group | Cards Data and Definitlons Format
9 2 I, BLK(1), SHR(I), RO(1), ALPHA(1), CELL(1) (15,5F15.0)
| = Material identiflication number.
BLK(1) = Bulk modulus
SHR(1) = Shear modulus
RO(1) = Density
ALPHA(1) = Angle of frictlon
CELL(!) = Cohesion
L, BY1 (1), B22(1), B33(1), vi1(1), vaa(l) (15,5F15.0)
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DEFINITION OF INPUT FOR ‘
INDEPS CODE
Card No. of Fortran
Group | Cards Data and Definitions Format
10 Variable|N, KODE(N), R(N), Z(N}, CH(N), CV(N), T(N), Q(N) (215,6F10.0)
depend-
ing upon N = Nodal point number,
the .
rumber KODE (N) = Boundary condition code.
of nodal = 01 for a horizontal roller.
points = 10 for a vertical roller,
to be
genera- = 11 for a pinned nodal point,
ted i.e., both horfzontal and
qutomat-
ically vertical constraint.
by the = 0, or left blank, for a free nodal
Code.

point; a point with velocity input,

or a point to be quieted,

R(N) = X coordinate in feet. The positive
X axis is usually taken to be
directed toward the right.

Z(N) = Y coordinate in feet. The positive

Y axis is usually taken to be

directed upward.

AJA FORN HO. 1075
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DEFINITION OF INPUT FOR
INDEPS CODE

R-6915-1200

Card
Group

No. of
Cards

Data and Definitions

Fortran
Format

10
Contd.

CH(N)*

CV(N) =

T(N)

Q(N)

il

The vertical "tributary length' in
feet. In the Code, this number Is
first multiplied by 12*% and then
multiplied by the associated
horizontal pressure to get the
horizontal force acting at the

nodal point.

The horizontal '"tributary length"
in feet for the vertical force

acting at the point.

CH and CV are all necessarily zero

for a point which is not loaded.

Arrival time in seconds of the
associated pressures at the nodal

point.

0, INITIAL Velocity, displacement=0,

0, INITIAL Velocity, displacement

to be specified.

*Note: Since the thickness of the finite

element system (in the dircction perpendicular

to the mesh) is taken as 1 inch in the code,

the '"'tributary length'" in Inches is numerically

equal to the tributary arca in square Inches.
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DEFINITION OF INPUT FOR .
INDEPS CODE
Card No. of . Fortran
Group | Cards Data and Definitions Format
10a 1 for X0(2 *N-1),X0(2 *N), X1(2 *N-1), Xi1(2 * N) (4€20.10)
cach of
the
nodal X0(2 *#N-1) = Initial horizontal displacement in
points inches.
with
nonzero | x0(2 * N) = Initial vertical displacement in
initial .
condi= inches.
ti .
ons X1(2 *N-1) = tnitial horizontal velocity In
in/sec.
X1(2 % N) = Initiél vertical velocity in
in/sec.
All these quantities are considered
positive when directed in the
direction of the positive coordin-
ate axis.
11 NP ((P(K,M),K = 1,3), M = 1,NP) (3F10.1)
P(1,M) = Time at which load is specified
(sec)
P(2,M) = Horizontal load (1b/in.)
P(3,M) = Vertical load (1b/in.)

AJA FORM O, 1375
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M = Element number
IX(M,1) = Nodal point numbers of ‘the
IX(M,2) = corner points. 1JKL In tbe
case of a quadrilaterlal? | JKK
1X(4,3) = In the case of a triangle, and
IX(M,b4) = 1JJ! in the case of a one-

dimensional element?* In the
case of a quadrilateral or a
triangle, the nodal points must
be read In counter-clockwise

order.

IX(M,5) = Material number

NOTE: If element cards are missing in card
group 12, automatic element generation will
occur. This generation takes place by Incre-
menting the values of the element and nodal
point numbers in the !X array by 1 (e.g.
(I1X(M,J),d=1,4) = (IXx (M-1,J), J=1,4) +1),
The material number (IX(M,5)) is set to the
value on the last input card,

Element generation only fills in any
skipped element numbers and does not extra-
polate. This requires that the last element
card of a mesh must always be supplied.

*NOTE: When a quadrilateral is concave

(not recommended), the entrant corner must be
elther J or K. For example the concave
quadrilateral shown below must be numbered

In one of the two ways shown.

K L
J or K J
L | |

Entrant Corncr "J" Entrant. Corner ''K'"

*%NOTE: One-dimensional element have elastlc
properties only.

R-6915-1200
DEFINITION OF INPUT FOR
INDEPS CODE
Card No. of Fortran
Group { Cards Data and Definitions Format
12 My (IX(M,1), 1=1,5) (615)

AJA TORIV NO, 1075
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R-6915-1200

DEFINITION OF INPUT FOR
INDEPS CODE

Card
Group

No. of
Cards

Data and Definitions

Fortran
Format

13

14

15

16

!

KBP

NTIME

KBP

Number of nodal points where there
are klnematic (velocity) inputs.
These nodal points include those
which are to be quieted. If there is
no kinematic input, a blank card is
supplied and all the followlng cards

are om{tted.

(KBNP(1),1=1,KBP)

NTIME

Nodal point numbers with kinematic
Input. |f the nodal point does not
share the user-prescribed veloclity/
time history (l.e. node points which
are quieted and which do not have
velocity input prescribed), the nodal
point number is preceded by a minus

sign,

Number of discrete times at which
input velocities are specified. |If
there are no velocities to be specl-

fied, a blank card Is supplied.

((v(1,J),J=1,3),1=1 NTIME)

V(1,1) = Time at which velocity Is specified

(sec)

V(I,Z) = Horizontal velocity (in./sec)
V(1,3) = Vertical velocity (in./sec)

(13)

(1015)

(13)

(3€20.0)

AJA FORI HO. 1075
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DEFIHITION OF INPUT FOR
INDEPS CODE

R-6915-1200

Card

No. of

KBNP srrav

Fortran
Group | Cards Data and Deflinitions Format
17 1 NQ (13)
Number of nodal points to be quicted.
If no polints are quieted, a blank card
is supplied.
18 NQ (CrQlr,Jd),d-1.5),1=1,N0) (515)
1Q(1,1) = Type of boundary.
= | if boundary vertical
= 2 if boundary horizontal
10(1,2) = Node point number of corrector
(0(1,3) = Hode point number if sensor
1Q0L,L) = NMorerial prop riy index
10(),5) = Seqguence nusbor of the point in the

AJA TORIN NO. 10
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c 1Pg88$‘)m INDEPS (INPUT20UTPUTPLOToTAPES=INPUT+TAPES6=0UTPUT+TAPE] ’

REAL MASS
COMMON ALFA+BETASDELT yMBANDsNyNEQoNNNsNP ¢NT s NUMNP ¢ NUMEL yNUMMAT o

1 TTeVOL+DUMMY (5) sA(550936) +SIG(25047)sB(550)+yB0(550)9CC(1500)

2 C(393)4CH(275) ¢CV(275) sEPS(25044) sH(6000) s IX(25045) yKODE (275) »

3 MASS(275) 9P (3450) «R(275) sZ(275) S(10s10) 9T (275) sX0(550) 9+X1(550)

4 X2(550)
COMMON/MATARG/BLK (12) 9SHR(12) 4RO (12) s ALPHA(12)4CELL(12)4B11(12),

1 B22(12)+833(12)4U11(12),U22(12)
COMMON/PLDATA/PLD (50451) s JKPL19yKEL s LSHIFTsNTAPE
COMMON/KINBC/KBP ¢KBNP (60} s NTIME sNQsIQ(60+5) sDV(120) 9V (15043)

1 Iv(60)

DIMENSION NAMEX (3) sNAMEY (34) o« JPLOT (50473 9 JCOMNT (300) ¢KPLOT (5046)

1 KCOMNT(300)

DIMENSION AJA(9) ¢HED (12) s XC(250)sYC(250)
EQUIVALENCE (B (1) sNAMEX{13) (B (4) ¢NAMEY (1)) ¢ (B(38)+JCOMNT (1))

1 (B(338) yKCOMNT (1)) s (A(Ls1) s XCU1)) s (A(L192)eYC(1))

DATA (AJA(I)y I=1+9)/6HA G B +6HA B I +6HA N = 46HJ A C 46HO B S

1 6HE N As6H S S O0s6H C I Av6H T E S/

DATA (NAMEX(I)s I=193)/2 12H TIME (SEC) /
DATA (NAMEY(I)s I=1+34)/3+ 18H X=DISPLa. (IN) o

1 18H Y-DISPL. (IN) s 18H X-VELOCITY (IPS)

2 18H Y=VELOCITY (IPS) 184 X-~ACC. (IN/SEC2)

3 18H Y=-ACC. (IN/SECZ2) 18H SIGMA=~X (PSI)

4 18H SIGMA-Y (PS1) 18H TAU=XY (PSI)

S5 18H SIGMA=-MAX. (PS}) 18H SIGMA-MIN, (PSI)
DATA INTRYsMARK/ Qs 1H®/

DATA NTAPE/T/

6 @& o6 e
N s e @

READ AND PRINT OF CONTROL INFORMATION AND MATERIAL PROPERTIES

OO0

50 IF(INTRY.EQ.,0) GO TO 52
CALL EXIT
52 READ (5+41010) INTRYs KARD, (HED(I)s I=1412)
IF (KARD«NE «MARK) GO TO 52
WRITE (6+2020) (AJA(I)s I=1+9)s (HED(I),s I=1412)
READ (5+1011) JPTsJPL
IF (JPT LEQ. 0) GO TO 53
READ (5+1013) ((JPLOT(lsdde J=1sT)s I=14JPT)
N=62JPT
READ (541012) (JCOMNT(I)s I=1¢N)
53 READ (5+1011) KELKPL
JKPL=JPL+KPL
JKPLI=JKPL+1 :
IF (KEL +EQ. 0) GO TO 54
READ (541014) ((KPLOT(IsJ)s J=1+s6)0s I=1,KEL)
N=6#KEL
READ (541012) (KCOMNT(I)s I=1,N)
54 READ (Se1000) NUMNP ¢NUMEL ¢ NUMMAT ¢ NT 9yNPRINTyNPoALFA$BETAZDELT
WRITE (6+2000) NUMNP ¢NUMEL s NUMMAT yDELT oNToNPRINT+ALFAL,BETA
IF (UKPL.EQ,0) GO TO 56 .
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KEWIND NTAPE
WRITE (NTAPE) NToJPTeJPLy ((JPLOT(19J) eJd=197)91=219JPT)sKELIKPL
1 ((KPLOT(1eJ)oeJ=196)el=19KEL) s (B(1)s1I=1+637)
56 DO 59 M=1,NUMMAT .
READ (591001) I+BLK(I)sSHR(I)RO(1)sALPHA(I) 4CELL(I])
READ (54+1001) I4811(1)4822(1)9B33(1)sU11(I)sU22(])
WRITE (692011) I+BLK(I)sSHR(I)9RO(I)sALPHA(TI)sCELL(I)9sB11(1)
1 B22(1)833(1),U112(1)eU22(1)
59 CONTINUE

READ AND PRINT OF NODAL POINT DATA

WRITE (6+2020) (AJA(I)y I=199)s (HED(I)y I=1y12)
tRITE (692004)
=0
60 READ (5+12002) NoKODE (N) sR(N) 9Z(N) oCH(N) 9yCV(N) o T(N) »Q
R(N)=12.0%R(N)
L(N)=12,0%Z(N)
CH(N)=12.,0%CH(N)
CV(N)=12,0%CV(N)
IF (Q) 65462965
62 X0(2%N=1)=0,0
X0(2%*N)=0,0
X1(2%N~1)=0,0
X1(2%N)=0,0
GO 70 67
65 READ (5¢1006) X0 (2%N=1) ¢ X0 (2¥N) 9 X1 (2%N=1) 9 X1 (2#N)
67 NL=L+1
IX=N=L
OR=(R(N)=R (L)) /2ZX
DZ=(Z(N)=Z(L))/2ZX
70 L=L*]
IF (N=L) 100+90+80
80 KODE (L)=KODE(L=1)
R(L)=R(L~]1)*DR
Z(L)=Z(L=1)+D2
X0(2%L=1)=0.0
X0(2%L)=0,0
X1(2*L=1)=0.0
X1(2*L)=0,0
TL)=0.0
‘CH(L)=CH(L~1)
CV(L)=CV(L=1)
60 TO0 70
90 WRITE (692002) (KsKODE (K) sR(K) 9Z(K) 9 X0 (2%K=1) ¢X0(2%K) X1 (2%K=1)»
TIX1(2%K) o T(K) oCH(K) 9 CV (K) oK=NL oN)
IF (NUMNP=N) 1009110+60
100 WRITE (6+2009) N
CALL EXIT
110 CONTINUE
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120

OO0

125
130
140

150

170

180
190

OO0

s NoNe]

320

325
340

READ AND PRINT OF LOAD DATA

IF (NP.EQ.0) GO TO 125

WRITE (6+2020) (AJA(I)y I=1+49)y (HED(I)y I=1,12)
WRITE (642007)

DO 120 M=14NP

READ(S5+1004) (P(KeM) oK=143)

WRITE (642005) ((P(KsM)9yK=193) eM=14NP)

READ AND PRINT OF ELEMENT PROPERTIES

WRITE (642020) (AJA(I)e I=149)s (HED(I)y I=1412)
WRITE (6+2001)

N=0

READ (591003) My (IX(MeI)sI=145)
N=N+]

IF (M=N) 170¢170+150
IX(Ne1)=IX(N~141)¢1
IX(Ne2)=IX(N~1¢2)¢1
IX(Ng3)=IX(N=143)¢]
IX(Ns&a)=IX(N~194)+]
IX{NSY=IX{N=1,45)

WRITE (642003) Ne(IX(NsI)oeI=1,5)
IF (M=N) 18091809140

IF (NUMEL=N) 190+190,130
CONTINUE

CALCULATE CONSTANTS FOR THE STEP-BY=-STEP SOLUTION

Cl=3.0% (ALFA+2,0/DELT)
C2=3,0+ALFA#DELT#®*0.5
C3=1.,0+3.0%BETA/DELT
C3I=1.0/C3
C4=C1#C3I1/DELT
DELT2=DELT#*DELT
ODT1=3.0/DELT
DT2=0.5%DELT
DT73=3,0/DELT2

DETERMINE BAND WIDTH

J=0

0C 340 N=1sNUMEL

DO 340 I=1+3

I11=1+]

DO 325 L=111s4
KK=IABS(IX(NsI)=IX(NyL))
IF (KK=J) 325¢325+320
J=KK

NELE=N

CONTINUE

CONTINUE
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a0

OO0

k [T

348

351

352

353

356
358

MBAND=2%J+2

NEQ=2#NUMNP

IF (MBAND=36) 34843489344
WRITE (6+2012) MBANDJNELE
CALL EXIT

WRITE (6+2013) MBANDJNELE

FORM INITIAL STIFFNESS MATRIX

NNN=0
CALL STIFF

SAVE PLOT DATA AT T=0

IF (JKPL .EQ. 0) GO TO 353
LSHIFT=0

IF (JUPT .EQ., 0) GO TO 351
TT=°.°

CALL SAVEPD (JPLOTsJPT979JPL50)
IF (KEL .EQ. 0) GO TO 353
PLD(141)=0.0

M=JPL+2

MJ=M+KPL~1

DO 352 I=MeMJ

PLD(1+1)=0.0

CONTINUE

CHECK FOR KINEMATIC INPUT
READ (S+1011) KBP

R-6315-1200

WRITE (6+2020) (AJA(I)y I=199)s (HED(I)s I=1412)

WRITE (6+2021) KBP
IF (KBP .EQ. 0) GO TO 360
READ (5+1015) (KBNP(I)s I=14KBP)

D0 358 I=].KBP

IF (KBNP(I) LT, 0) GO TO 356
v =1

GO TO 358

IViI) =0

KBNP (1) =~KBNP(I)

CONTINUE

READ (S+1011) NTIME

WRITE (6+42022) (KBNP(I)s I=14KBP)

WRITE (6+2023) NTIME

READ IN AND PRINT OUT VELOCITIES AND TIMES
IF (NTIME .EQe. 0) GO TO 359

READ (591020) ((V(IeJ)s Jm193)s ImloNTIME)
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s NoNe

O OO0 O O

OO0

359

360

365

375

380

WRITE (6+2020) (AJA(I)s I=149)s (HED(1)s I=1,412)
WRITE (6+2040)
WRITE (6+2041) ((V(IsJ)s U=193)s I=1eNTIME)

CHECK FOR NODAL POINTY TO BE QUIETED

READ (5+1011) NQ

WRITE (6+2020) (AJA(I)s I=149)s (HED(I)y I=1412)
WRITE (6,2024) NQ

IF (NQ@ .EQ. 0) GO TO 360

READ (5+1021) ((IQ(I4J)s J=145)y I=14NQ)

WRITE (6+2025)

WRITE (6+42026) ((IQ(IsJ)y J=1495)s I=14NQ)

LL=]
T7=0.0

DO 365 I=1+NUMEL
00 365 J=1+4
SIG(I+J)=0.0
EPS(I+J)=0.0
CONTINUE

DO 680 NNN=1sNT

IF (NNNL,EQ.1) GO TO 375

REFORM STIFFNESS MATRIX AND (H) MATRICES
CALL STIFF

TT=TT+DELT
MMM=NNN=LL #NPRINT
CALL LOAD

DO 380 1=1sNEQ
DELB = B(1)-BO(])
BO(I)=B(I)

B(I) = DELB
CONTINUE

FORM EFFECTIVE LOAD VECTOR

DO 390 I=1sNEQ

IT = (I+1)/2

B(I) = B(I) ¢ MASS(II) # (Cl # X1(I) + C2 * X2(I))
*A(T91)#(3,0%X)1 (1) 40, S*DELT#X2(]1))*BETA

DO 385 J=2y MBAND

Ji= J=1

IMJ1 = 1I-J1

IF (IMJ1 .LT. 1) GO TO 382

B(I)=B(I)+A(IMJI1sJ)®(3,0%X1(IMJIL) +0,5#DELT#X2(IMJ1) ) *BETA
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OO0

OO0

o NoNe

OO0

e XeoXe]

38z

38s
390

395

400

410

500

510

520
540

560

IPJU1 = 14J1

IF (IPJ1 «GT. NEQ) GO TO 385
BIIN=B(I)+A(L1oJ)#(3,0#X1(IPJL)+0.S*DELT#X2(IPJ1))#BETA
CONTINUE

CONTINUE

DO 395 I=1+NEQ
B(I) = C31 #B(I)
CONTINUE

FORM EFFECTIVE STIFFNESS MATRIX

DO 400 I=1,NEQ

IT = (1+1)/2

AlIs1) = A(Isl) + C4 # MASS(II)
CONTINUE

IF (KBP .EQ. 0) GO TO 410
CALL VELOAD (X0+X19X29RsBLK9SHRIRO9TT9DELT 9NNN9NUMNP ¢ NUMMAT o
1 BETAsMBAND B sNEQsKODEsA)

CALCULATE DISPL. INCREMENTS THROUGH T=T+2#DELT

CALL SyYmsoL (1)
CALL SYMSOL (2)

OBTAIN SOLUTION AT T=T+DELT

DO 500 I=1.NEQ

X0(I)=X0(1)+B(I)
X1(I)=0T1#B(I)=2.04X1(1)=DT2%#X2(I)
X2(1)==DT3#B(I1)+DT1#X1(1)=0.5%#X2(1])
CONTINUE

DO 510 I=1sNUMNP
[2=1+1
R(I)=R(I)+B(I2-1)
Z(1)=Z(1)+B(12)
CONTINUE

SAVE DISPL.s VELO. AND ACC. FOR PLOTTING TIME=-HISTORY

IF (JPT +EQ. 0) GO TO 520
CALL SAVEPD (JPLOTsJPT»79JPL950)

PRIND DISPL.s VELO., AND ACC. AT SPECIFIED INTERVAL

IF (MMMJ,NE.O) GO TO 580
LL=LL+1

NSTART==49

NSTOP=0
NSTART=NSTART+50
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NSTOP=NSTOP+50 .
IF (NSTOP .GT. NUMNP) NSTOP=NUMNP

WRITE (6+2020) (AJA(I)y I=149)s (HED(I)4y I=1,12)

WRITE (6+2006) TT

WRITE (6+92008) ((NsXO(2#N~=1) 9X0(24N) ¢ X1 (2%N=1) ¢ X1 (2¥N) ¢ X2 (2%N=1) »

1 X2(2%N) sN) » N=NSTART4NSTOP)

IF (NSTOP .LT. NUMNP) GO TO 560

COMPUTE s PRINT AND SAVE STRESSES

leReNe]

580 CALL STRESS (XC,YC)

IF (KEL.EQ.0) 6O TO 590

CALL SAVEPD (KPLOTsKEL+69JPL+50)
590 IF (MMM.NE.O) GO TO 660

NSTART = = 49
NSTOP = 0

600 NSTART = NSTART + 50
NSTOP = NSTOP + 50
IF (NSTOP .GT. NUMEL) NSTOP = NUMEL
WRITE (6s 2020) (AJA(I)y I= 19 9)s (HED(I)s I= 1y 12)
WRITE (6y 2030) TT
WRITE (692031) ((NsXC(N)oYCIN)9SIG(N91) ¢SIG(N+2)9sSIG(Ns4),
1 SIG(N9S) 9sSIG(Ne6)sSIG(Ns7)) s N=NSTARTsNSTOP)
IF (NSTOP .LT. NUMEL) GO TO 600

660 CONTINUE

680 CONTINUE

c

IF (JUKPL.EQ.0) GO TO 900
NT1=NT+1
M=MOD (NT1+50)
IF (M.EQ.0) GO TO 900
WRITE (NTAPE) ((PLD(IsJ)y J=19JKPL1)s I=1,50)

900 GO TO 50

1000 FORMAT (61Ss 3F10.0)
1001 FORMAT (15+5F15.0)
1002 FORMAT (215+6F10.0)
1003 FORMAT (615)
1004 FORMAT (3F10.0)
1006 FORMAT (4E20.10)
1010 FORMAT (I1+Als12A6)
1011 FORMAT (213}
1012 FORMAT (6A6)
1013 FORMAT (I3+1Xe611)
1014 FORMAT (I3+1Xs5I1)
1015 FORMAT (1015)
1020 FORMAT (3E20.0)
1021 FORMAT (5I5)
2000 FORMAT

1(30H0 NUMBER OF NODAL POINTS==w=== 14 /
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>

. 30H0 NUMBER OF ELEMENTS==eecceew-- 14 7
30HO NUMBER OF DIFF. MATERIALS=== 14 /
30HO TIME INCREMENT=emvceccccmeee- F7.5/
30H0 NUMBER OF CYCLES==we~mwemew- 14 7
30H0 PRINTING INTERVALS==w== com—— 14/

30H0 DAMPING COEFFICIENT ALFA==== F7.,4/
30H) DAMPING COEFFICIENT BETA~==~ F7.4///
27H0 MATERIAL PROPERTIES TABLE//
1Xe BHMATERIALs SXe 4HBULKe 7Xe¢ SHSHEARs 6X9 4HMASS, 29X,
27THELASTO-PLASTIC COEFFICIENTS/2Xes 6HNUMBERy SXo¢ THMODULUS, 4X»
THMODULUS s 4Xs THDENSITYy SXoe 4HALFAe BXe 3HCEEs BXe 2HBly 99X
2HB2y 9Xs 2HB3y 99Xy 3HMULs B8Xs 3HMUZ2/)
2001 FORMAT (8Xs 44HEL NO 1 J K L MATERIAL NO/)
2002 FORMAT (169 1By 2F12.29 2F13.5s 2F14.5y 3F13.5)
2003 FORMAT (I13s 416y I10)
2006 FORMAT (43X 22HINITIAL DISPLACEMENTS, 8X9
1 19HINITIAL VELOCITIES/1Xs B8HNODAL PTe 2Xs 4HTYPEs S5X9 SHX=ORDo
2 TXe SHY=ORDs10Xe 2HX0911Xs 2HYOs 12Xe 3HX10s 11Xe 3IHY1047Xs
3 9HARRIVAL Ts 7Xs 2HCHs 11Xse 2HCV/13Xs 2(8Xe 4H(IN))
& 2(9Xy 4H(IN) )y 2Xe 2(6Xs BH(IN/SEC))s TXs SH(SEC)/)
2005 FORMAT (F15.5¢ 2F20.2)
2006 FORMAT (B8H TIME T=F7.5//1Xs 9HNODAL PTeys 4Xo
1 BHX=NISPL.y 8Xs BHY=DISPLes 7Xs 10HX=-VELOCITY,
2 6Xy 10HY-VELOCITYs 8Xs 6HX-ACCes 10Xy 6HY=ACCes 7Xs 9HNODAL PT./
34Xy 2(12Xe 4H(IN)) s 2Xe 2(BXe BH(IN/SEC)) s 1Xs
4 2(7Xy QGH(IN/SEC2))/)
2007 FORMAT (10Xe 4HTIMEs 13Xse 6HX-LOADs 14Xe 6HY=-LOAD/10Xse SH(SEC)»
1 13Xe SH(PSI)s 15Xs SH{(PSI) /)
2008 FORMAT (I16s 6F16.5+ 112)
2009 FORMAT (26HONODAL POINT CARD ERROR N= I5)
2011 FORMAT (1Se 4Xs 10E11.4)
2012 FORMAT (22HOBAND WIDTH EXCEEDED =4 149 9Hs ELEMENTs I14)
2013 FORMAT (13HOBAND WIDTH =4 13s 9Hs ELEMENTs I4)
2020 FORMAT (1Hls 20Xs 9AL6//1Xy 12A67)
2021 FORMAT (64HOTOTAL NUMBER OF POINTS QUIETED AND POINTS WITH VELOCIT
1Y INPUT =, 13/)
2022 FORMAT (20HONODAL POINT NUMBERS//(10I8))
2023 FORMAT (/32HONUMBER OF VELOCITY-TIME CARDS =4 14)
2024 FORMAT (33H TOTAL NUMBER OF POINTS QUIETED =, 13/)
2025 FORMAT (9HOTYPE OFs 6Xs 9HCORRECTORs 7X» 6HSENSOR 99Xy 8S8HMATERIALS
1 44Xy 11HSEQUENCE NO/9H BOUNDARYs 8Xs 4HNODEs 11Xse 4HNODEs 11X,
2 SHINDEXs 7Xe 9HIN (KBNP)/) ‘
2026 FORMAT (ISs 4I1S)
2030 FORMAT (8H TIME T=F7.5//3Xs 6HEL.NO.s 6Xs 1HXs 11Xs 1HY,s 11Xy
1 7THSIGMA=Xy 8Xs THSIGMA=Y,s 9Xs 6HTAU=XYy 6X9 10HMAX=STRESSs 5X»
2 10HMIN=STRESSy SX9¢ SHANGLE/6Xs 2(8Xs 4H(IN))e10Xs SH(PSI),
3 4(10Xs SH(PSI))s 88Xy SHIDEG)/)
2031 FORMAT (I7¢ 2F12429 S5F15.59 Fll.2)
2040 FORMAT(1SH VELOCITY INPUT///1Xs10HTIME (SEC)910Xs19HX-VELOCITY (IN
1/SEC) 96X 19HY=VELOCITY (IN/SEC)/)
2041 FORMAT (F10,6914XeF10e6914X9F1046)

FWUN=O0OE~NCUNISWN

"’ ¢ END
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100

101
102
103
104
105
106
109

110
120

200

SUBROUTINE SAVEPD (JKs 11s JJs JPLs NR) ‘

REAL MASS

COMMON ALFABETASDELT9MBAND ¢sNoNEQsNNNoNP ¢NT ¢ NUMNP ¢ NUMEL s NUMMAT ,

1 TTH»VOL sDUMMY (5) 9A(550936) 9SIG(25047) +B(550)+80(550)+CC(1500),
2 C(3+43)+CH(27S) 9CV(275) +sEPS(25094) sH(6000) s IX(25045) yKODE (275) »
3 MASS(275) +P(3950) sR(275) ¢Z2(275) ¢S(10010)sT(275) 9 X0(550) +X1(550) »
4 X2(550)

COMMON/PLDATA/PLD(50951) ¢ JKPL19yKELsLSHIFToNTAPE

OIMENSION JK(NRy1)

NN1 = NNN + 1 = LSHIFT
PLD (NN1y 1) =TT
IF (JJ - 6) 100y 200y 100

DISPLACEMENTs VELOCITY OR ACCELERATION TO BE SAVED

M =2

DO 120 I= 1y 11

L = UK(Is 1)

L2 = 2 # L

L1 =12 -~ 1

DO 110 J= 29 7

IF (UK(Is J) EQ. 0) GO TO 110

Jl1 = J - 1

GO TO (10191029103910491055106) 9J1
PLD (NNls M) = XO(L1)

GO TO 109
PLD(NNls M)
GO 170 109
PLD(NN1y M)
GO TO 109
PLD (NN1y M)
GO T0 109
PLD (NN1y M)
GO TO 109
PLD(NN1s M)
M=M=+
CONTINUE
CONTINUE

IF (KEL .EQ. 0) GO TO 400
GO T0 500

Xo(2)

X1(L1)

X1(L2)

"

X2 (L1

x2((L2)

STRESSES TO BE SAVED

M= JPL ¢ 2

DO 220 1= 1y II

N = JK(Iy 1)

DO 210 J= 2s 6

IF (JK(Is J) «EQ. 0) GO TO 210
Jl = J -1

GO TO (2019202+203+2049205)s J1
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201 PLD(NN1sM)=SIG(Ns1)
GO TO 209

202 PLD(NN1+M)=SIG(N+2)
GO T0 209

203 PLD(NN1sM)=SIG(N.4)
60 TO 209

204 PLD(NN1+M)=SIG(N+S)
GO T0 209

205 PLD(NN14M)=SIG(N+6)

209 M=M+]

210 CONTINUE

220 CONTINUE

400 IF (NN1 LT, S0) GO TO S00
WRITE (NTAPE) ((PLD(IeJd)s J=1eJKPL1)y I=1+50)
LSHIFT=LSHIFT+S0

500 RETURN

END
SUBROUTINE STIFF

REAL MASS

COMMON ALFAJBETADELT ¢yMBANDsN9NEQsNNNoNP ¢NT s NUMNP ¢ NUMEL s NUMMAT

1 TToVOL+sDUMMY (5) sA(550936) +SIG(25097) 9B (550) 9B0(550)+CC(1500)
2 C(393)4CH(275) sCV(275) +EPS(25094) sH(6000) ¢+ IX(25045) yKODE (275) »

3 MASS(275) eP(3950) sR(275)+Z(275)9S(10510)9T(275)9X0(550)4X1(550),
4 X2(550)
COMMON/MATARG/BLK (12) 9SHR(12) sR0O(12) yALPHA(12) sCELL(12)+4B11(12)
1 B22(12)+833(12)+U11(12)+U22(12)

DIMENSION LM(4)

IF (NNNJ.NE.O) GO TO 45
DO 40 I=1+NUMNP

40 MASS(I)=0.0

45 DO 50 I=1sNEQ
DO 50 J=1,MBAND

S0 A(I+J)=0.0

D0 210 N=1sNUMEL
IF (NNN.EQ.0) GO TO 60

NO=6%# (N-1)
C(1l91)=CC(NO+1)
C(192)=CC(NO+2)
C(1+3)=CC(NO+3)
C(2+2)=CC(NO+4)
C(2+3)=CC(NO+5)
C(3+3)=CC(NO+6)
C(2+1)=C(1+2)
C(35s1)=C(1+3)
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120

130
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185

190

C(392)=C(2+3)
GO0 TO 90

MTYPE=IX(Ny5)
BM=BLK (MTYPE)

G=SHR (MTYPE)
C(lel)=BMe4,0#G/3.0
Cl{2+2)=C(1s1)
C(l92)=8M=2,0%#G/3.0
C(291)=C(1+2)
C(3¢3)=6

C(ls3)=0.0
C(243)=0.0
C(3s1)=0.0
C(3+42)=0,0

CST ELEMENT

IF (IX(N¢3) «NEs IX(Nos4)) GO TO 100
CALL CSTSTF

NPT=3

GO TO 120

QUADRILATERAL ELEMENT

CALL QUAD
NPT=4

FORM MASS MATRIX

IF (NNNJ.NE.O) GO TO 185
X=NPT

MTYPE=IX(NsS)
ELMASS=VOL#RO (MTYPE) /X
DO 130 I=1sNPT
K=IX(Ns1I)

MASS (K) =MASS (K) +ELMASS
CONTINUE

ADD ELEMENT STIFFNESS TO TOTAL STIFFNESS

DO 190 I=1+NPT
LM(I)=2%IX(NsI)=-2
CONTINUE

DO 200 I=1eNPT
DO 200 K=1s2
1I=LM(])+K
KK=2%]=2+K

DO 200 J=1sNPT
DO 200 L=1+2
JI=LM(J) +L=11+1
LL=2#J=2+L
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OO0 O

195
200
210

250

550

570
575

580
600

700

710
720

730

740

750

760

770
800

IF (JJ .LT. 1) GO TO 200
IF (JJ4LEL36) GO TO 195
WRITE (6+2000) N

CALL EXIT
ACTIT9JI)=A(TT9JJ)+SIKK-LL)
CONTINUE

CONTINUE

MODIFY STIFFNESS MATRIX FOR ZERO DISPLACEMENTS

DO 600 N=1sNUMNP
KK=KODE (N)

KD=10

DO 600 M=1ls2

IF (KK=KD) 580¢550+550
NX=2%#N=2+M

D0 575 J=2yMBAND
A(NXyJ)=0,0
NN=NX=J+1

IF (NN) 57595754570
A(NNyJ)=0.0
CONTINUE
A(NXs1)=1,0
KK=KK=KD

KDO=KD/10

CONTINUE

IF (NNN NEs 0) RETURN
CALCULATE INITIAL ACCELERATION

D0 700 I=1,.NEQ

X2(1)=0.0
B(I)=X0(I)+BETA®#X1(I)

DO 800 I=1,NEQ

K=NEQ=1+1

IF (K=MBAND) 72097209710
K=MBAND

DO 730 J=1sK

1J=1+J-1
X2(I)=X2(1)+A(1,J)*B(1J)
IF (I~-MBAND) 7509740+740
L=MBAND~-1

GO TO 760

L=1I~-1

IF (L) 800+8005760

1I=1

DO 770 J=1sL

11=11-1
X2(1)=X2(1)+A(I1sJ¢1)#B(I])
CONTINUE

TT=0.0
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810

850

2000

100

CALL LOAD C

0O 810 I=1+NEQ
8o (I)=B(I)
CONTINUE

DO 850 M=1sNUMNP

K=2%M

X2 (K=1)=(B(K=1)=X2(K=1))/MASS (M) =ALFA®X] (K=1)
X2(K)=(B(K)=X2(K))/MASS (M) ~ALFA#X]1 tK)
CONTINUE

RETURN

FORMAT (38HOSTIFF COEFF GETS OUT OF BANDs ELEMENT l4)
END
SUBROUTINE CSTSTF

REAL MASS

COMMON ALFABETASDELT sMBAND sNoNEQ oNNNsNP ¢NT s NUMNP ¢ NUMEL s NUMMAT 4

1 TTsVOL+DUMMY (5) 2A(550936) +SIG(250+7) ¢+B(550) 480 (550)+CC(1500)

2 C(3+3)+CH(275) 9CV(275) +EPS(25044) sH(6000) s IX(250+5) +KODE(275) »

3 MASS(275) ¢+P(3450) sR(275)+2(275)9S(10+10) +T(275)+X0(550) ¢+X1(550)»
4 X2(550}

DIMENSION X (3)9Y(3)+CB(346)

I=IX(Ns1)
J=IX (N 2)
K=IX(Ny3)

X(1}=R(K}=R(J)
X(2)=R(1)=R(K)
X(3)=R(J)=R(I)
Y(1)=Z(J)=Z(K)
Y(2)=Z(K)=2(1)
Y(3)=Z(I)=2(J)
AREA=0.5% (X(3)#Y (2)=X(2)#Y(3))
IF (AREA.GT.0.0) GO TO 100
WRITE (6+1000) N

CALL EXIT

VOL=AREA

PREPARE (H) MATRICES FOR THE NEXT STEP

A21 = 1.0/(2,0%AREA)

NO = (N=1)%24
N1 = NO +3
N2 = NO +11

00 140 I=1+3
H(NO+I) = A2I#Y(D)
H(Nl+I) = 0,0
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140

180

200

220

240

1000

100

120
140

HIN2+I) = A2I#X(I)
H(NO+19+I) = H(NO+I)
H(N1*5+]) =0.0
H(N2+S+1) = HIN2+I)
CONTINUE

FORM ELEMENT STIFFNESS MATRIX

COM =0.5%A21

DO 180 I=143

DO 180 J=1,3

CB(IsJ) = COM®R(C(Isl) * Y(J) + C(I+3)2X(J))
CONTINUE

DO 200 I=1.3

DO 200 J=1.3

CB(IyJ+3) = COM*(C(I92)2X(J)+C(I+3)%2Y(J))
CONTINUE

DO 220 I=1+3

DO 220 J=1+6

S(IsJ) = CB(1leJ) # Y(I) + CB(39J)®X(])
CONTINUE

DO 240 I=1,3

DO 240 J=1+6

S(I+39J) = CB(2eJ) # X(I) + CB(3»J) #Y(I)
CONTINUVE

RETURN
FORMAT (39HOAREA OF TRIANGLE NEGATIVE, ELEMENT NO, l4)

END
SUBROUTINE QUAD

REAL MASS

COMMON ALFA+BETA+DELT ¢MBAND oNoNEQyNNN o NP o NT o NUMNP o NUMEL y NUMMAT

1 TToVOL yDUMMY (5) 9A(550936) 9S1G(250+7) +B(550) +B0(550) sCC(1500) »
2 C(343)+CH(275) yCVI(275) +EPS(25094) +H(6000) ¢ IX(25095) yKODE (275) »

3 MASS(275) sP(3+50) sR(275) 9 Z(275) 9S(10910) 9T (275) 9X01550) 9X1(550) »
4 X2(550)

DIMENSION ST(3+10)

FORM QUADRILATERAL STIFFNESS MATRIX

00 140 J=1+10
D0 100 I=1+10
S(I+J)=0.0

DO 120 K=1+3
ST(KeJ)=04.0
CONTINUE

VOL=0.,0
I=IX(Ns1)
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490

500

600

90

J=IX(Ns2)

K=IX (Ns4) . 9
CALL LSTSTF (19347919 JeKeST)

I=IX(Ne3)

J=EIX(N+4)

K=IX(Ns2)

CALL LSTSTF(Se793+19J9KeST)

ELIMINATE CENTER POINT

DO 500 K=1s2

IH=10-K

ID=1H+]

00 500 I=1sIH
SUIDsI)=S{IDsI)/S(IDsID)

DO 490 J=1.3
ST(Js1)=ST(JeI)=ST(JsIDI#S(IDs])
DO 500 J=1oIH
S(JeI)=S(JsI)=S{JyIDIH#S(IDHI)

STORE (ST) AS (H) MATRIX

NO=(N=1)#24-8
DO 600 I=1+3
NO=NO+8

DO 600 J=1+8
HI(NO+J)=ST(I+J)
CONTINUE

RETURN

END
SUBROUTINE LSTSTF(N1sN2sN39I+JsKsST)

REAL MASS

COMMON ALFAJBETAsDELT +sMBAND sNoNEQoNNNyNP ¢NT 9 NUMNP ¢ NUMEL s NUMMAT »

1 TT+VOLsDUMMY (5) sA(550936) sSTG(25097) +B(550) 980 (550) 9CC(1500)

2 C(393)9CH(275) sCV(275) sEPS(250+4) +H(6000) s IX(25045) sKODE (275)

3 MASS(275) +P(3+50) sR(275) 4Z2(275) 9S(10+10)sT(275) 9X0(550) +X1(550) »
4 X2(550)

DIMENSION BA(392) sU(3+4) 9V (3+4) sUV(39442)eLM(4)s5T(3910)
EQUIVALENCE (UV(1)sU(1))e(UV(13)sV(1))

BA(ly1)=Z(J)=2(K)

BA(2y1)=Z(K)=Z (1)

BA(3,1)=Z(1)=2(J)

BA(192)=R(K)=R(J)

BA(2+2)=R(1)=R(K)

BA(3+2)=R(J)=R(])

AREA=0,5% (BA(3+2) *BA(2+1) -BA(2+2)%#BA(3s1))

IF (AREA) 90+50,100

WRITE (6+1000) N .
CALL EXIT 170
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c
100 VOL=VOL+AREA
COMM=1./(48,%AREA)
Cl1=C(1l41)*COMM
Cl12=C(1,2)#COMM
C13=C(14+3)#COMM
C22=C(2+2) #COMM
C23=C(243) #COMM
C33=C(3+3)#COMM

DO 150 NN=1s2

D1=BA(14NN)

D2=BA (2 +NN)

D3=BA(34NN)

UV(1s19NN)=D1

UV (291 eNN)=D1

UV (3+1+NN)=D1

UV(1s2sNN)=D2

UV (2929NN)Y=D2=2.,%D3

UV (3+2sNN)==D2

UV(193sNN)=D3

UV(2939NN)==D3

UV (393s4NN)=D3=2,.%#D2

UV(1s4eNNI=0.

UV (294 eNN)=4,%D3
150 UV(3+49NN)=4,%D2

LM(1)=N1

LM(2)=N2

LM(3)=N3

LM(4) =9

COMM=8,#AREA
00 310 I=1+4
II=LM(I)

UU=(U(2+1)+4U(3,1))/COMM
VV=(V(241)+4V(341))/COMM
ST(1e11)=ST(1ls11)+UU
ST(2911+1)=ST(2911¢1)eVV
ST(3+sI1)=ST(3,11)¢VV
ST(3911+1)=ST(3,11+1)¢UU

SUM=U(191)+U(251)+U(391)

SUM1=SUM+U(1s1])
SUM2=SUM+U (2+ 1)
SUM3=SUM+U (3+1)

SUM=V (1s1)4V(2+1)+V(3s])

SVM1=SUM+V(1,1)
SVM2=SUM+V (24 1)
SVM3=SUM+V (3+1)
DO 300 J=1s4
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JI=LM(D) ‘
UQU=U(19J) #SUM1+U(29J) #SUM24U (39 J) #SUM3
VQU=V (19J) #SUML 4V (29J) #SUM2+V (34 J) #SUM3
VOV=V (19J) #SVMLI+V (29J) #SVM2+4V (3 9J) #SVM3
UQV=U(1+J) #SVM1I+U(29J) #SYM2+U (3 9J) #SVM3I
S(II4JJ)=S(I1sJJ)+ C11#UQU+C13#(VQU+UQV)+C33#VQV
S(II+1eJJ+1)=S(11+1sJJe]l)+ C22#VQV+C23#(VQU+UQV) +C33#UQU
S(II1sJJ+1)=S(I1eJJ+1)¢ C23#VQV+C13*UQU+VQU#C]2+C3I3#UQYV

300 S(JJ+1911)=S(IIsJdJ+])

310 CONTINUE

400 RETURN

1000 FORMAT (39HOAREA OF TRIANGLE NEGATIVEs ELEMENT NO. I4)

END
SUBROUTINE LOAD

REAL MASS

COMMON ALFA+BETAyDELTyMBAND yNoNEQoNNNgNP gNT s NUMNP ¢ NUMEL s NUMMAT o

1] TTsVOLsDUMMY (5) 9A(550+36) 9SIG(250¢7) 9B (550) 9B0(550) 9CC(1500)

2 C(393)+CH(2T75) 9CV(275) 9EPS(25044) yH(6000) 9 IX(250+5) yKODE (275) »

3 MASS(275) 9P (3950)9R(275) +Z2(275)9S(10910) 9T (275) 9X0(550) +X1(550)
4 X21550)

IF (NPJNELO) GO TO 20
DO 10 I=1.NEQ
B(I)=0,0

10 CONTINUE
GO T0 270

20 N=1
100 TAU=TT=T(N)
IF (TAU) 5041505150
150 K=1
60 IF (TAUJGE P (1sK) sANDeTAUL. TP (1sK+1)) GO TO 200
K=K+]
GO TO 60
200 D=P (14K+1)=P (1K)
DH=P (24K+]1) =P (2+K)
DV=P (3+4K#+1) =P (3sK)
DT=TAU~P (1K)
FH=P (2K} +DTH*DH/D
FV=P(3:K)+DT*DV/D
160 IF (CH(N)EQe0e0sANDCV(N) EQe0.0) GO TO 50
IF (CH(N)) 30042504300
250 B(2%N=1)=0.0
350 B(2#N)=CV(N)*FV
GO0 TO 500
300 B(2%N=1)=CH(N)#FH
IF(CV(N)) 35044009350
50 B(2#N=1)=0.0
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400
500

120
140

270

100

120

240

260

B(2¢¥N)=0,.,0

N=N+1

IF (NUMNP=N) 270912049120
IFA(T(N)=T(N=1)) 10091405100
IF (TAU) 5091609160

RETWURN

END
SUBROUTINE VELOAD (X0 sX1sX2sReBLKsSHRsROWTToDELT o NNNyNUMNP ¢ NUMMAT
1BETASMBAND+yBsNEQIKODE sA)

COMMON/KINBC/KBP ¢KBNP (60) yNTIME ¢NQ9IQ(60+5) 9DV (120) 2V (15043)

1 Iv(60)

DIMENSION X0 (1) ¢X1(1)eX2(1)sR(1)+BLK(L1)+sSHR(1)sRO(1) 9B (1) +KODE(1)
19CPS(15+2) 9VJ(2)9A(550,1)

KBPZ2=24#KBP

00 100 I=1.KBP2
DV(I)=0.0
CONTINUE

IF (NQ +EQ. 0) GO TO 500
IF (NNN JNE. 1) GO TO 240

CALCULATE P- AND S-WAVE SPEED

DO 120 I=1sNUMMAT

BLKM=BLK (1)

SHRM=SHR (])

YMOD=9+0*BLKM#SHRM/ (3. 0#BLKM+SHRM)

U= (3.0%BLKM=2,0%SHRM) / (6, 0#BLKM+2,0#SHRM)
CPS(I41)=SART(YMOD*(1.=U)/(RO(II#(1.4U)*(1.=2,%U)))
CPS(I+2)=SQRT(YMOD/ (2.%#RO(I)#(1.+VU)))

CONTINUE

CALCULATE CORRECTIONS TO PRESCRIBED VELOCITIES

IF (NTIME .EQe. 0) GO TO 260
T=TT-DELT

VJ(1)=VELINT (T92+Ve1s150)
VJ(2)=VELINT(T9+3+sVs0+150)

DO 490 I=1sNQ
I1=1IQ(I+1)
I12=1Q(142)
13=1Q(1+3)
14=IQ(I+4)
I5=1Q(I,5)

I1=TYPE OF BOUNDARY (1 OR 2)
12= NODE NUMBER OF CORRECTOR
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c I3= NODE NUMBER OF SENSOR
C I4= MATERIAL PROPERTY INDEX
C I5= SEQUENCE NUMBER IN KBNP ARRAY
c
IF (I1 +EQ. 1) 10=0
IF (I1 «NEe. 1) I0=27S
C

D0 480 J=1+2
DEL=ABS(R(12+410)=R(13+10))/CPS(14,yJ)
T=TT-DELT-DEL
IF(T .LEe 040) GO TO 480
IF (11 oNE. 1) N=3-J
ODUM1=X1(2#13~2+N)
DUM2=X1(2%#12=2+N)
IF (NTIME .EQe. 0) GO TO 460
IF (IV(IS) .EQe. 0) GO TO 460
DUM1=DUMI=-VELINT(TyN+194Vels150)
LUM2=DUM2=VJ (N)
460 DOV (2#15~-2+N)=(DUM2# (DEL~DELT)+DUM]#DELT)/DEL
480 CONTINUE '
490 CONTINUE
IF (NTIME .EQ. 0) GO TO 600

ADD SPECIFIED VELOCITIES TO THE CORRECTIONS

eNeRe!

500 T=TT
VII=VELINT(T+2+Vs1s150)
VIZ2=VELINT (T+34Vs0s150)
00 S20 I=1sKaP
IF (IV(I) +EQs 0) GO TO 520
I2=2%]
Il=12-1
DV(I1)=DV(I1)+VIl
DV(I2)=DV(I2)+VI2

520 CONTINUE

CALCULATE THE INCREMENTAL DISPLACEMENTS CORRESFONDING TO THE
SPECIFIED INCREMENTAL VELOCITIES

OO0O0

‘600 CONST=DELT/3.0
- DO 620 I=1+KBP

N=KBNP (1)

I2=2%1

Il=Iz2-1

N2=2#N

Nl=N2-1

DV(I1)=CONST*(DV(I1)+2,0#X1(N1)+0.5#DELT#X2(N1))

DV(I2)=CONST#(DV(I2)+2.0%X1(N2)+0.5%DELT#X2(N2))
620 CONTINUE

c MODIFY LOAD VECTOR FOR KINEMATIC INPUT (VELOCITY)
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DO 820 I=1.KBP
N=KBNP (1)
Ne=2#N
Nl=N2=-1
A(Nls1)=1
A(N2sl) =1
DO 760 J=
Jl=J-1
N1l1=N1+J]
N22=N2+J1
BIN11)=B(N11)~A(N1J)®DV(2#]=~1)
A(Nl1yJ)=0.0
IF (N22.GT.NEQ) GO TO 780
BIN22)=B (N22) ~A(N2sJ) #DV (2%1)
760 A(N2sJ}=0,0
780 CONTINUE
DO B800 J=2+MBAND
Ji=Jd=-1
N3=N1-J1
Na=N2-J1
BING)=B(N4)~A(N4yJ)RDV (2%])
A(N4eJ)=0,0
IF (N3.LT.1) GO TQO 820
BIN3)=B(N3)~A(N3sJ)#DV (2%1~1)
800 A(N34J)=0.0
820 CONTINUE

«0
0
2 +MBAND

SET LOADS CORRESP. TO CONSTRAINED POINTS TO SPECIFIC VALUES

OO0

840 DO 890 N=]1sNUMNP
KK=KODE (N)
IF (KK.EQ.0) GO TO 890
IF (KK=10) 870+880+860
860 B(2*N=-1)=0.
870 B(2%#N)=0.
GO TO 890
880 B{(2%#N-1)=0.
890 CONTINUE

DO 900 I=1.KBP
N=KBNP (1)
B(2%¥N-1)=DV(2#I~-1)
B(2#N) =DV (2#]1)

900 CONTINUE

RETURN

END
FUNCTION VELINT(TeNeVsKsNTIME)
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C

DIMENSION V(NTIME,1) '
C

IF(K.NEJ1) GO TO 30

J=1

10 IF (T.GE4V{Js1) s ANDaToLT4V(J+lsl)) GO TO 20
J=J+1
GO T0 10

20 DT1=V(J+1e1)=V(Jsl)
DT2=T=V(Jys1)

30 DV=V(JU+1eN)=V{JeN)
VEUINT=V (JeN}2DV*#DT2/0T1

RETURN

END
@ ELT STRESSs1+690919y 52167
@ EOF @
SUBROUTINE STRESS (XCsYC)

REAL MASS
COMMON ALFASBETASDELTsMBANDsNsNEQsNNNoNP o NT s NUMNP ¢ NUMEL ¢ NUMMAT
1 TTsVOLoDUMMY (5) 9A(550936) 9SIG(25007)+sB(550)¢B0(550)+CC(1500)
2 C(393)¢CH(2TS) sCV(2TS) sEPS(25094) sH(6000) +IX(25095) +KODE(275)
3 MASS(275)Y 2P (3450) 9R(27S5) ¢Z(275) 9S(10910) ¢T(275) +X0(550) +X1(550) »
4 X2(550)
COMMON/ELPLS/STRESS (4) ySTRAIN(4) ¢ STRINC(4) +BMyGoALPHoCEE
1 Bl1lsB2sB3,U1sU2
DIMENSION XC(1}YsYC(1)

COMPUTE ELEMENT STRESSES

DO S00 N=1+NUMEL

O e NeNe!

CALL CANDDE (BsHsNsIX9yNUMEL+SIGHIEPSsCC)

DO 100 JU=ls4

SIG(NsJ)=STRESS (J)

EPS(Ns¢J)=STRAIN(J)
100 CONTINUE

J=IX(Ne2)
K=IX{Ns3)
L=IA(Ns+4&)
IF (KoNE.L) GO TO 200
I=IX(Ny1)
XC(N)=(R(I)+R(J)+R(K))#0.33333
YCIN)=(Z{I)+Z(J)+Z(K))#0.33333
60 TO 300

200 XC(N)=(R(J)+R(L))*0.5
YCIN)=(Z(J)+Z(L))I®0.5
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300

400
500

1000

240

250
260
280

2000

285
290

CALCULATE PRINCIPAL STRESSES

CB=(SIG(Ny1)+SIG(Ns2))#0.5
BC=(SIG(Ns1)=SIGI(N+2))*0.5
CR=SQRT(BC##2+4SIG(Nyg) 8##2)
SIG(N+S)=CB+CR
SIG(Ns6)=CB~-CR

IF ((BC.EQs0+0)sAND«(SIG(Ns4) ,EQ.0.0)) GO TO 400
ANGLE=ATANZ2 (SIG(Ns4) +BC) %045
SIG(Ns7)=57.396%ANGLE

60 TO 500

SIGI(Ns7)=0.0

CONTINUE

RETURN

END
SUBROUTINE SYMSOL (KKK}

COMMON ALFABETA+DELTyMBAND 9NoNEQsNNNsNP oNT s NUMNP ¢ NUMEL s NUMMAT
1 TTsVOL sDUMMY (5) 9A(550+36)sSIG(250+7) 4B (550) +B0(S50) sCC(1500)»
2 C(393)sCH(27S) +CV(275) +EPS(25044) sH(6000) 9 IX(25045) yKODE (275) »
3 MASS(275) 9P (3+50) ¢R(275) +Z(275)+9S(10+10) 9T (275) ¢X0(550) ¢ X1(550)
4 X2(550) '

GO TO (1000+2000) ¢ KKK
REDUCE MATRIX

DO 280 N=]1+NEQ

DO 260 L=2+MBAND
CONST=A(NsL)/A(Ns1)

[ = Ne+L~]

IF (NEQ=1) 2604+240+240
J=0

D0 250 K=LyMBAND
J=J+1
A(I+J)=A(1sJ)=CONST®A(NsK)
A(NsL)=CONST

CONTINUE

GO TO 500

REDUCE VECTOR

DO 290 N=1.NEQ

DO 285 L=2+MBAND
I=N+L-1

IF (NEQ=1) 290+285+9285
B(I)=B(I)=A(NsL)#*B(N)
B(N)=B(N)/A(Ns1)

BACK SUBSTITUTION
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300

350

370
400

500

N=-1

N) 35045009350

DO 400 K=2+MBAND

L=N+K=-]

IF (NEQ=L) 400+370,370

BIN) = B(N) = A(NsK) # B(L)
CONTINUE

60 TO 300

‘RETURN

END

SUBROUTINE ELFUN(BsGoeB1lsB2+B3sUlsU29STRAININEBO)
DIMENSION UELMAX (250) +STRAIN(4)

EQUIVALENCE (DUM3UCRNT)

E1=STRAIN(1)

E2=STRAIN(2)

£E3=5STRAIN(3)

E4=STRAIN (&)

UCRNT=ABS ((1.+E1+E2+E1#E2~E4*E4) # (1.4E3) ~1,)

UMAX=UELMAX (NE)
IF (UCRNT.GE.UMAX) GO TO 10

C UNLOADING/RELOADING HYDROSTAT

BP=B2+(81-82) #UMAX/U1
IF(BP.GE.B1) BP=8B1
B=BP+ (B1-BP) *DUM/U1
GO TO 100

C VIRGIN HYDROSTAT

10

100
300

B=B1=(B81-82)#EXP (-DUM/U2)
UELMAX (NE) =UCRNT
CONTINUE

CONTINUE

B=B0

RETURN

END

SUBROUTINE ELAST(BeGyC)
DIMENSION C(4y4)

C(ls1) = B +1.333%6
C(le2) = B=46667%G
C{4+4)=6

C(193)=C(1+2)
C(le4)=0.

C(2+1)=C(1s2)
C(2:2) =C(1s1)
C(293)=C(1+2)
Ci{2¢4)=0.

C(3+41)=C(1+2)
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C(3e2)=C(1s2)

C(3¢3)=C(1s1)

C(3s4)=0.

Cl441)=0.

Cl442) =20

Cla493)=0.

RETURN

END

SUBROUTINE YLDFUN(SsCOEFF +BsGeALPHASCEE+IREQG)

DIMENSION S(4) +COEFF (494)

DIMENSION F (4)
DUM=,166T7T#{(S(1)~S(2))##2+(S(2)=S(3))##2+(S(3)=S(1))##2)+S5(4)#n?
DUM=SQRT (ABS (DUM))
Fl)=(e166T%(2.%5(1)=S5(2)~5(3))/DUM)~ALPHA
F(2)=(,1667%{2.%S5(2)=S(1)=S(3))/DUM)~ALPHA
F(3)=(s1667%(2.%S5(3)~=S(1)~S5(2))/7DUM)~ALPHA

F(4)=5(4) /DUM :

CALL PLAST(F(1)9+BsGyCOEFF(1s1))

RETURN
END
SUBROUTINF COMPUT (COEFF ¢STRINCsSTRESS¢STRSIN)
DIMENSION COEFF (494) oSTRINC(4) 9STRESS(4) +STRSIN(4)
35 DO 50 I=144
DUM=0,
DO 40 J=1,4
DUM=COEFF (I+J)#STRINC(J) +DUM
40 CONTINUE
STRSIN(I)=DUM
50 CONTINUE

DO 60 I=1.4

STRESS(I)=STRESS(I)+STRSIN(I)
60 CONTINUE

RETURN

END
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@ ELT CANDDE 196911219 64671
® EOF ®

SUBROUTINE CANDDE (BeHsNsIXsNEL9SIGIEPSCC)

c

R-6915-1200

COMMON/MATARG/BLK (12) +SHR(12) yRO(12) »ALPHA(12) »CELL (12)9B11(12)»

1 B22(12)+B33(12),U11(12),U22(12)

COMMON/ELPLS/STRESS (4) ¢+ STRAIN(4) ySTRINC (4) 9BMsGsALPHCEE s

1 BlsB2+sB3yULsU2

DIMENSION B(1)sH(1)9IX(25001) +BB(8) vEPS(25041) 9C(444)4+CC(1)y

1 SIG(250+1)

OO0

DO 100 I=1.3
I2=1¢1
Ja=2# X (N 1)
BB(I2-1)=8(J2-1)
BB(12)=B(J2)

100 CONTINUE
J24=28IX(Ne&)
IF (Y26 .,EQ, J2) GO TO 120
BB(7) = B(J24~1)
BB(8) = B(J24)
NF =8
GO TO 140

120 NF=6

COMPUTE YNCREMENTAL STRAINS

OO0

140 DO 160 1=1,3
STRINC{1}) = 0,0
160 CONTINUE

NO = N#24-32
00 200 I=1+3

NO = NO+8

DO 180 J=1eNF

K = NO+J

STRINC(T} = STRINC(I) +. H(K)#*8B(J)

180 CONTINUE
200 CONTINUE
STRINC (4)
STRINC (3}

STRINC(3)
0.0

i

PREPARE TO GO TO ELPL

2 Xole]

D0 220 I=1s4
STRESS(I) = SIG(NsI)
STRAIN(I) = EPS(Ny»I)

180
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OO O

220 CONTINUE

MTYPE = IX(Ne5)
BM = BLK(MTYPE)

6 = SHR(MTYPE)
ALPH = ALPHA(MTYPE)
CEE = CELL (MTYPE)
Bl = B11(MTYPE)

B2 = B22(MTYPE)

B3 = B33(MTYPE)
Ul=U11(MTYPE)
U2=U22 (MTYPE)

CALL ELPL(CoN)
STORE (C) MATRIX

NO=6# (N=1)

CC(NO+1)=C(1s1)
CC(NO+2)=C(1+2)
CC(NO+3)=C(194)
CC(NO+4)=C(292)
CC(NO+5)=C(2+4)
CC(NO+6)=C(494)

RETURN
END
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@ ELT ELPL21+69112) 64672
® EOF @
SUBROUTINE ELPL (COEFF ¢NE)
DIMENSION COEFF (494) »DS (4) 9DE (4) 9STROLD(4) STRSIN (4)
COMMON/ELPLS/STRESS ¢4) oSTRAIN(4) +STRINC(4) »
1B0Y6 9 ALPHAYCEEsB1sB2+B3,U1,U2
IREG=1
DO 1 I=1ls4
STROLD (1) =STRESS (1)
1 CONTINUE
CALL ELFUN(BsGsB1esB2sB3:U1sU2+STRAIN(1) ¢NE+80)
CALL ELAST(BeGeCOEFF(1+1))
CALL COMPUT (COEFF (151)+STRINC(1) sSTRESS (1) 9STRSIN(1))
CALL TSTYLD(IREGsSTRESS(1)s1+ALPHAYCEE)
IF(IREG.EQs1l) GO TO 30
DO 20 I=le4
STRESS(I)=S5TRESS(I)=STRSIN(I)
20 CONTINUE
CALL YLDFUN{STRESS (1) +COEFF (1s1) ¢B89GsALPHASCEEsIREG)
CALL COMPUT (COEFF (1s1)sSTRINC(1)STRESS(1)+STRSIN(1))
THIS CALL TO TSTYLD ADJUSTS THE DEVIATORS SO THAT STRESS EX ACTLY
SATISFIES THE YIELD CONDITION

OO0

CALL TSTYLDITHEGeSTRESS (1) 92 +ALPHASCEE)

IF (IREGL.EQ.-1} CALL FELAST(BsGsCOEFF(141))
30 CONTINUFE

DU 40 I=1a4

DS(I=STR 52 {I}=STROLD{Y)
40 CONTINUL

DP=(DS (1205423 <05(3))%,33333

DO 50 I=1,3
DE(I)=(,33334DP/B)+(.5»(DS(1)-DP)/0G)
STRAIN(I)=STRAIN(I}+DE(])

50 CONTINUE
STRAIN{(4) =S5TRAIN{(4) ¢+ (DS{(4}/G)
END
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@ ELY TSTYLDs1+6911219 64673
® EOF @

(222X y]

40

SUBROUTINE TSTYLD(IREGeSTRESSsI9ALPHALCEE)
DIMENSION STRESS (4)

S1=STRESS (1)
$2=STRESS (2)
S3=STRESS (3)
S4=STRESS (4)

DUML=,1667%#({S]=52) #4424+ (S2-53) ##2+(53=5]) ##2) +S4#S4
DUM2=S5]1+52+53

DUM1=SQRT (DUM1)

P=ABS (DUM2/3.)

CONTINUE

IF(1.£Q,2)G0 TO 20

F=DUM1=0.95% (ALPHA#DUM2+CEE)

IF(FLEC0.,)GO TO 10

PLASTIC DEFORMATION

IREG=2
IF(1.EQs1) RETURN

STRESS HAS PROPERLY BEEN COMPUTED BY YLDFUN

20

50

30

10

DMAX=DUM2

IF (ALPHAW.EQ.0.0)GO TO 50

DD=~,95#CEE/ALPHA

IF (DUM2.LT.DD) GO TO S0

DMAX=DD

IREG=]

FACTOR=0,

IF (DUM]1 .NE.0a) FACTOR=ABS (ALPHA#DMAX+CEE) /DUM]
IF(FACTOR,EQ.0.) IREG=1

DO 30 J=1,3

STRESS (J) ={STRESS (J) =DUM2/3,) *FACTOR+DMAX/ 3,
STRESS (4) =STRESS (4) #FACTOR

RETURN

IREG=1

RETURN

END
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® ELT PLAST+1+691121s 64674

@ EOF @
SUBROUTINE PLAST(FsB9GsC)
DIMENSION F(4)+C(G44)
Fl=F(1)
Fa2=F (2)
F3=F (3)
Fa=F (4)

LAME S PARAMETER
X=B=,667%G

OO0 oo

FF=F1 + F2 + F3
S=F18F1 + F2%F2 ¢ F34F3 ¢ 2,%F4%F4
DEXH#FF#FF ¢ 2,%G#S

AL=XBFF 42, #GHF 1

A2=X#FF+ 2,8G*F2

Ad= XHFF+ 2,%G#F3

Cllol)= (X+2,%G) =(A1*AL/D)
C(1y2) X=(A1%A2/D)

C(1+3) X~{(A1#A3/D)

C(ly4) -2+ #G¥F4%AY/D

#ounu

C(2+2)
C(2y93)
C(294)

X¢2.%G~(A2%A2/0D)
X={(A2%A3/D)
=2 #GHF4*A2/0

Huu

C(3+3)
Ci3+4)

X¢2.%#G=(A3%A3/0D)
=2 ¥GHF4#*A3/D

nu

Class) G~ (Lo RGHGRF4%F 4 /D)
C(29¢1)=C(192)
C(3+1)=C(193)
Cl(3+92)=2C(293)
Cl4e1) =C(1s4)
Clas2)=C(294)
Cl493)=C(3+4)
20 RETURN
END
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APPENDIX |

EXAMPLE OF COMPLETE ANALYSIS--CASE 5

In Case 5, the soil is represented as belng homogeneous with
Cp = 2500 fps and C, = 1440 fps, as illustrated in Figure I-1. The
structure is the same as is used in Cases 3 and 4. The input is the first
four seconds of the east-west Golden Gate record. One calculation with a

structure and one calculation of free field response were performed.

The main results of the calculation are shown in Tables I-1 and
1-2 in terms of acceleration spectra in the free field and at the foundation.
Pseudo-velocity spectra for the same points are shown in Figures I-2 and |-3.
The spectra of the foundation lie below those of the free field in the
horizontal direction, and mainly above the free field in the vertical
direction. The structural spectra may be regarded as suppressed relative
to the free field in the horizontal direction and partly amplified in the
vertical direction. The horizontal suppression is similar to that observed
in Case 3 and iess that that observed in Case 4. The vertical spectra of
the structure are amplified over those of the free field by a greater amount
than in Cases 3 and 4. The rcason for amplification in the vertical direction
is presently unknown. The oscillators having transverse frequencies of 4 cps
and 5 cps also have fundamental modes of vertical vibration at approximately
21 cps and 38 cps, respectively. These frequencies are too high to affect

the frequency range shown in Tables I-1 and 1-2.

Selected acceleration/time histories of free-field and structure
foundation are shown in Figures i-% through [-7. The angular acceleration
of the base and its shock spectra are shown in Figures 1-8 and 1-9. There
are peaks in the angular velocity spectra at 2.5 cps and at 4 cps. These
are apparently related to the transverse frequencies of the oscillators.
The fixed base frequencies of these oscillators are 4 cps and 5 cps within

+2 percent. However, the base of the structure is sufficiently flexible
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TABLE 1-1. SUPPRESSION OF HORIZONTAL ACCELERATION SPECTRA
BY STRUCTURE--CASE 5

Horizontal Acceleration Spectra

Without With Ratio. —With structure
Structure Structure ’ Without structure
Frequency, 2140° A1y 150° 2150 2150
cps 9 9 9 314 %140
1 0.035 0.035 0.038 1.09 1.09
2 0.056 0.058 0.063 1.09 1.12
2.5 0.18 0.21 0.16 0.76 0.89
3 0.075 0.094 0.071 0.76 0.95
b 0.23 0.29 0.17 0.59 0.74
5 0.14 0.18 0.092 0.51 0.66
6 0.26 0.31 0.19 0.61 0.73
8 0.33 0.37 0.32 0.84 0.97
10 0.20 0.28 0.14 0.50 0.7

Subscripts refer to nodal point numbers

Case Node Depth Below Surface
Without structure 1h4o 55 ft
Without structure 144 0 ft
With structure 150 55 ft
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TABLE |-2. SUPPRESSION OF VERTICAL ACCELERATION SPECTRA
BY STRUCTURE--CASE 5
Vertical Acceleration Spectra
. With structure
Without With Ratio, Trihout structure
Structure Structure
Frequency, Ao Ay 3150 150 3150
cps 9 9 9 144 4140
1 0.017 0.016 0.017 1.06 1.00
2 0.027 0.024 0.040 1.67 1.48
2.5 0.088 0.071 0.1 1.55 1.25
3 0.041 0.030 0.039 1.30 0.95
b 0.093 0.049 0.045 0.92 0.48
5 0.054 0.025 0.036 1.44 0.67
6 0.067 0.064 0.066 1.03 0.99
8 0.053 0.12 0.075 0.62 1.4
10 0.063 0.12 0.035 0.29 0.56

Subscripts refer

Case

Without structure

Without structure

With structure

to nodal point numbers

Node Depth Below Surface
140 55 ft
144 0 ft
150 55 ft
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that, under dynamic response conditions the natural frequencies are reduced
to about 2.5 cps and 4 cps, respectively. This is illustrated in Figures 1-10
and 1-11, which show the oscillators vibrating at frequencies close to the

natural ones for the conditions of fixity used In the calculations.

The stress/time histories in Figures 1-12 through 1-17 are for a
point directly below the center of the foundation and for the corresponding
poing in the free field. The structure suppresses horizontal stresses and
increases vertical stresses relative to the free field values. The stresses

are predominatly tensile (positive in present sign convention).

Comparison of vertical and horizontal free-field shock spectra from
Cases 3, 4 and 5 indicates the relative responses for hard, soft and layered
sites. Figures 1-18 through 1-21 show the spectra from the three types of
sites at the surface and at 55 ft dépth, equal to the depfh of the foundation.
The most remarkable feature of these spectra is in Figure [-19, where the
vertical spectra of the layered site is greatly amplified while that of the
hard site is slightly depressed at § to 6 cps. The reason for this behavior
is presently under study. That it is related to the interface between hard
and soft layers is more clearly shown in Figures 1-22 through I-24, where the
vertical spectra from each case at two different depths are plotted on the same
graph. Cases 3 and 5 (homogeneous) are similar, but there is a remarkable
amplification in Case 4 (layered) between the interface at 55 ft and the

surface.
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