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INTRODUCTION

There have been considerable advances in the understanding of the phe-
nomenon of liquefaction in recent years. It is now widely accepted that a
saturated granular material, subjected to cyclic loading involiving shear
stresg reversal, will exhibit a tendency to compact and that if the material
is unable to drain this tendency to decrease in volume will be accompanied by
an increase in pore water pressure. Ultimately, if the cyelic loading is
maintained the soil will reach a condition of zero effective stress and,
depending on its relative density, will underge essentially a complete loss
of strength (liquefaction) or undergo excessively large strains (liquefaction
with limited strain potential).

There has also been considerable progress in the development of test
and test procedures %o determine gquantitative measureg of the stress condi-
tions which lead to these types of soil liquefaction., This development has
been accompanied by development of methods of analysis (Seed and Idriss,
1967, 1971).which‘g§§ thése test resglts to evaluate the liquefaction poten-
tial of s0il deposits in the field. These methods provide a useful basis
for assessing probable site performance for prescribed earthguake performance.

A large proportion of the work degscribed above asgsumes that undrained
conditions prevail and is strietly only applicable to situations in which
the redistribution and dissipation of pore pressures has no significant
effect on the liguefaction potential of the soil mass. Tt has long been
appreclated, however, that guch effects may be quite significant. For
example, If pore water pressures generated In a so0il mass are to some extent
dissipated, then liquefaction may be averted; conversely, the dissipation
of pore water pressures genersted deep within a soil mass may lead to up-

ward seepage and consequent liquefaction of surface layers (Seed and Lee,



1966; Ambraseys and Sarma, 1969; Yoshimi and Kuwabara, 1973; and Seed,
Martin and Lysmer, 1975).

Until very recently it had not been possible to couple the two effects.
However, Seed et al (1975) showed that under one-dimensional conditions the
pore pressure generating effects of cyclic loading could be incorporated
into a dissipation analysis by the introduction of a source term. This
approach was extended to situations invelving radial flow by Seed and Booker
{1976) in their examination of the feasibility of using gravel drains to
stabilize potentially liquefiable soil deposits. An interesting aspect of
this approach is that although it was initially developed to analyze cyclic
loads induced by earthquakes it is egually applicable to many other forms
of ¢yelic loading and may thus, for example, be used to analyze pore pres-
sure generation and dissipation induced by wave action on off-shore struc-
tures, (Rahman, Seed and Booker, 1976).

In this report a methed of analysis of the equations governing pore
pressure generation and dissipation, based on the finite element method is

developed and 1llustrated by application to a variety of problems.

BASIC EQUATIONS

In this section the equations governing the generaftion and dissipation
of pore pressure for a horizontally stratified soil will be developed. It
will be assumed that the Tlow of pore water is governed by Darcy's law so

that the usual considerations of continuity lead to the equation

V(147 3} - & (1)

where u is the excess pore pressure.
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Ym is the unit weight of water

£ is the volume strain, with volumetric reduction
being considered positive
and where the z axis has been chosen to coincide with the vertical axis and
the x and y axes lle in a horizontal plane.
Suppose that during an interval of time dt, the pore water pressure
undergoes a change du, the element will also be subjected to dN cyecles of

alternating shear stress which will cause an additional pore pressure

ou

increase 75%-' dlN, where ug is the pore pressure generated by the alternating

shear stresses for the appropriate prior strain history. It therefore fol-
lows that in situations where the material is isotroplc with respect to
deformation behavior and where the change in bulk stress is negligible, the

volume change of the element during the time dt is just

au
de = mv3(du - _gﬁg an) (2a)
or
3c ou aug ol
§{=mva(ﬁ-3ﬂ¥) (2b)

where m is the coefficient of volume compressibility.
3

Combining equations (1,2) it is found that

{V}T[k]{v #t? = mVS(%% —¢9 (3)
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Equation {3) is a diffusion equation with a source term ¥ = —gﬁ‘gg

corresponding to the pore pressure generated by the alternating shear stresses.
The numerical solution of equation {3) can be found by the finite element
method; details of the solution method will be given in a later section.

In order to evaluate solutions to equation {3) it is first necessary

du
tc evaluate the two components of the source team'—gﬁ’and %%~as well as the
soil compressibility and permeability.
Ju
The value of *5%-can be found from undrained tests as described by

Seed et al (1975). For many soils the relationship between ug and N may be

expressed 1n the form

u 1
g_2 A -y
Oé o arc sin NQ 29 (1)

where N is the number of cycles necessary to cause liquefaction.
O' is the initial mean bulk effective stress for triaxial conditions
or the initial vertical effective stress for simple shear conditions,
and 0 is an empirical constant which depends on the soil type and test

conditions.
The relationship given in equation (4) plotted in Fig, 1 for different values
of 8. A value of 6§ = 0.7 has been found to represent the average‘curve for
many solls. Recent laboratory studies however, show that for some soils
other values of 6 may be required. Tt follows from equation (4) that

1
Bug ol 1

oN omH . 2P8=-1
% gin X cos Y

m
where X §>ru

and ro= u/Oé the pore pressure ratio.

For practical purposes it is found that irregular cyclic loading may

be converted to an equivalent number of uniform cycles Neq occurring during
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a duration of time td. Details of this conversion are discussed by (Seed,

Idriss, Makdisi and Banerjee, 1975). For such cases

oN _ Teq 0<t <t

9t ty a (5)

0 otherwise

The conversgsion of irregular cyclic loading to an equivalent number of
cycles was developed primarily for earthguake induced loading., For some other
forms of loading, such as that induced by a storm on an offshore structure,
the amplitude of the cyclic stress changes may increase and decrease signi-
ficantly during the period of application. For such cases, it may be advis-
able to apply a variation of equation(s) and break the lcading into several
distinct pericds and approximate each of these by an equivalent number of
uniform stress cycles.

For low values of pore pressure ratio it is found that the coefficient
of volume compressibility mv3 is fairly constant. However, for pore pres-
sure ratics larger than about 60% the values of compressibility have been
found to be influenced by both relative density and pore pressure ratio.
Seed et al {1975) found that the variation of mV3 with these two variables
could be approximated by the relstionship
J

nm
ng = IS i (6)
V3o 1+y+ §'y2

where m, is the compressibility for zero pore pressure ratio
30

B B
y = A(ru)
A =5(1.5 ~ Dr)
B = 3(2)—2Dr

and Dr is the relative density. In any analyses, the value of mv% does
not decrease from the highest value attained.

The final parameters necessary to perform the analysis are the coef-

ficients of permeability; these may be determined either from field or



laboratory measurements or from various empirical relationships which relate
grain size characteristics and the coefficients of permeability, Seed et al
(1975). It is found that the coefficients of permeability do not vary to a
marked extent during pore pressure generation or dissipation and therefore

can be considered constant throughout the analysis.
FINITE ELEMENT ANALYSIS

Consider a volume of goil V with a surface 5. Suppose that a portion

of this surface SD is free to drain, so that on S the excess pore pressure

D

u will be zero. Suppose also that the remainder of the surface S is imper-

I
meable so that the component of the pore water velocity vector normal o SI
will vanish. Tt is well known that finding a pore pressure field u, which

satisfies equation (3) and these boundary conditions is equivalent to finding

a pore pressure field which satisfies the boundary conditions on Sp such that

‘/:%: {vsu}’ (k] {vg} + mv35u %%— -yla, =0 (1)

for any virtual pore pressure field, i.e. any pore pressure field Su which
is zero or SD.
A numerical solution of equation (7) can be found by the finite element

method, (Zienkiewicz (1971) and it is found that equation (7) may be approx-

imated by a set of equations having the form
fourt [[al{u} + [D]({%%} - {¥})) =0 (8)

where {Sul}, {u}, {¥} denote the vectors of nodal values of Su, u, U respect—
ively. Additional details of the finite element sclution are given in
Appendix A.

Equation (8) is true for arbitrary variations {Su} so that

[a]{u} + [D]({%%} - f¥}) = {0} (9)

It can be seen from Appendix A that the matrix [A] is constant and that the



matrix [C] which depends upon the element compressibilities mva will vary
with pore pressure ratio.

Equation (9) can be regarded as a set of ordinsry differential equa-
ticns and may be approximately integrated over the interval t, t + At as
Tollows

(10)

[(Al(R{u 1o+ a{Ut})At + 5({Ut+A% - {Ut} - {¥Iat) = {0}

t+AL
where o + B = 1
and the subscripts t, t + At indicate the values of a variable at times, t,
t + At respectively and the bar denotes an average value over the interval
t, t + At (usually calculated from the average pore pressure ratio over
that interval). Different values of o correspond to different approxima-
tions; if & £ 0.5 the integration procedure is always stable. In the
computer programs described in this report it will usually be assumed that

= 0.5 (Crank Nicholson method). Equation (10) may be rewritten in the
form

(8at{a) + [DD{u }o= {p} (n)

t+At

where {b} = [5]({ut} + {¥iat) - aAt[A}{ut}.

If it is assumed that the compressibility of the soil does not vary
with pore pressure ratio the matrix [D] is constant and equation (11) can
be used to march the solution forward in time. If the matrix [D] varies,
equations (11) may be solved iteratively by using the current best esti-
mate of pore pressure ratio to calculate {D] and repeating this procedure
until the process converges.

Tt should be noted that the value of 8 which determines the pore
pressure generation function ¥ can bevassigned different values at esch
nede , corresponding to the appropriate rate of pore pressure develop-

ment for the soil type and loading conditions inveolved.



DESCRIPTION OF COMPUTER PROGRAM

A computer program GADFLEA (aneration And Dissipation For cycling
Loads and Earthqusake gpalysis) has been written to perform the finite ele-
ment calculatione described earlier in this report. The program consists
of a main program GADFLEA and sixteen subroutines. The action of these sub-
routlines is described in Table 1 and the logic of the program is shown in
Fig. 2. A listing of the program is included in Appendix C.

Convergence Criterion

Equation (10) is nonlinear and must therefore in general be solved
iteratively. In this program convergence is said to occur when successive
estimates of all nodal values of the pore pressure ratios u/Gé are less than
some specified guantity DIFFA. In order to prevent the formation of an
infinite loop the number of iterations that can be performed is limited to
ITA; if more than this number of iterations is needed for convergence g
warning is printed out and the calculaticn is terminated.

Details of Storage

This program is set up 3o that it can have

a maximum number of nodes NA

- a maximum semi-bandwidth MA

- a maximum number of elements NEA

- a maximum number of boundary conditions NBCA

- a maximum number of time increments NTIA
Values of these variables are set in the first five statements of the pro-
gram. These statements must always be consistent with the dimension state-

ments and the labelled common statements. Thus if statement 1 reads

then it 1s necessary that the labelled common statements should have the
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TABLE 1. SUBROUTINES IN PROGRAM GADFLEA
SUBROUTINE PESCRPITION DETATLS

OPTION Read the problem Read problem title (TITLE). Read pro-
title and option gram (IOPT plane and radial flow).
data and conver- JOPT constant or variable compressibili-
gence criteria ty. Read convergence criteria (ITA,

DIFA).

NDATA Reads nodal data Reads the number of nodes (NODE) then
and stores it in reads the node number {J)} the nodal
labelled commen coordinates [X(J),Y(J)], the initial
block /NDATAB/ effective stress [ESV(J)], the number

of cycles necessary to cause lique-
faction under undrained conditions
[ELIQ(J)] and pore pressure generation
censtants {(THETA(J)3.

BDATA Reads boundary Reads the number of boundary conditions
data and stores (NBC) and the nodes at which the excess
it in the labeled pore pressure ig zero IBC(I).
common block /

BDATAB /

QDATA Reads the earth- Reads the number of equivalent ecycles
quake data and (FNQ) and the duration of shaking (TD)
stores it in the
labeled common
block /QDATA/.

TDATA Reads the time Reads the number of time increments
step data and (NT1), reads the number of steps of a
stores it in the given time increment [ITI{I)] the
labeled common value of the time increment [PELT(I)].
bloeck /TDATABR/. and the interval at which printout is

reguired [DTPR(I)].

STIFF Calculates the Since permeability does not change this
element matrices need only be called once.

d th
[Aijkl] an e

global matrix [A]
TRISTF Calculates the
"stiffness" ma-
trix for a tri-
angular element

DGNL Calculates the If the compressibility changes this

element matrices
[Dijkll and the

global matrix
[D1AG] = [D]

needs to be called each for iteration
in the solution process.




b

SUBROUTINE DESCRIPTION DETAILLS
SETMTX Calculates the matrix
[AAQ] = BAt [A] + [D]
SETLVI Calculates the position of This portion needs to be calcu-
the load {BQL} = wvector lated for each iteration in the
(-cAL[AT + [D1) {u}t solution process
SETLV?2 Calculates the portion
of the load vector
{Bo2} = [D] {¥ } At
DUG Calculates the first
estimate of {V}At
SLOPE Calculates the value of
FUNCTION Calculates the current
FAC{X, DR} wvalue of compressibility
SYMSOL Triangulises and solves

eguations




READ OPTIONS
READ DATA

SET uP MATRIX [A]

YES

SET UP MATRIX [D]

DO FOR ALL TIME INCREMENTS »

SET UP MATRIX [AAQ]
[AAQ] = B At [a] + [D]

DO FOR ALL TIME STEPS
OF A SPECIFIED SIZE

SeT UP[BQ1]
BQ1= (- ¢ At[A] +[-D]){U}t

ITERATE TIL
SOLUTION CONVERGES

OR TO A MAXIMUM NUMBER
OF ITERATIONS

SET UP MATRIX [D]

SET UP MATRIX[AAQ]

SET UP [BQ1]

et

et
SET UP[BQ 2]
[BQ2]= [D]{y} at

l

SOLVE FOR {u}

END

Fig.2 FLOW CHART FOR PROGRAM



form

COMMON / NDATAB / X(NA), Y(NA), ESV(NA), ELIQ(NA), THETA(FE)

COMMON / EDATAB / NN(Y4,NEA), PERM(2,NEA) RMV(NEA), RMVO(NEA), RMVN(KEA),
DR(NEA)

COMMON / BDATAB / NBC, IRC(NBCA)

COMMON / TDATAB / NTI, ITT(NTIA), DELT(NTIA) DTPR(NTIA)
in the main program and all the subroutines and that the dimension state-
ments should have the form

DIMENSTION AAQ(WA,MA), BQ(NA), BQL(NA) BG2(WA)
DIMENSION U(NA), UQ(NA), UN(NA), UCT(NA), UR(NA)

Input Details

Data for program GADFLEA must be input as shown in Table 2. An illus-
trative example is given later. The data may be in any set of consistent

units.

FExample Problem

The program outlined in this report has the capacity to analyse a
wide range of problems and has tc date been used to analyse problems as
diverse as

(i) The generation and dissipation of pore pressure in a horizontally

stratified soil deposit subjected to earthquake loading.

(ii) The use of gravel drains 4o stabilize potentially liquefiable
soil deposits.

(iii) The generation and dissipation of pore pressure in earth and
rock fill dams subjected to earthquake loading.

{iv) The generation and dissipation of pore pressure in marine depo-

sits subjected to wave action.



TABLE 2. SEQUENCE FOR READING DATA

q(l

N er of Descriptio Fo t
Data Cards p 0 rma
OPTION DATA
1 Read problem title 1226
Read program options 315, 5X, Fl0.5
IoPT, JOPT, ITA, DIFFA
I0PT = 1 for plane flow
I0PT = 2 for axisymmetric flow
JOPT = 1 for a material with constant
compressibility
JOPT = 2 for a material with wvariable
compressibility
ITA = Maximum number of iterations in
value solution
DIFFA = Maximum difference between
successive estimates of the
base pressure ratio
NODAL DATA
1 Read number of nodes (NODE) I5
NODE Read nodal data, read nodal number I5, 5X, 5F10.3
{J), nodal coordinates (X(J}, Y(I)),
nodal effective stress (ESV(J)), num—
ber of cycles to liquefacpion {(ELIQ(J)),
and pore pressure generation constants
(THETA(S )1}3 .
Ssufficient Read nodes at which the excess pore 1615
cards for water pressure is zero (IBC(I)})
NBC boundary
conditions
EARTHQUAKE DATA
1 Read number of equivalent uniform 2F10.3

stress cycles (ENQ) and duration of
earthquake (TD)




Number of .
Data Cards Description Format
TIME STEP DATA
1 Read number of different time increments 15
(NT1)
NT1 Read number of time steps of a given size, I5, 5X, 2Fl0.4

(ITI(T)), size of these steps (DELT(I)),
interval at which results should be printed
out DTPR(I)
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(v) The potential for ligquefaction under off-shore structures sub-

jected to storm loading.

In order to illustrate the use of the program it will be used to ana-
lyse the generation and dissipation of pore pressures in the horizontally
stratified soil deposit shown in Fig. 3a.

The site consists of 20' of material with a relative density of 50%
overlying 30' of a material with relative density 70% overlying 30' of
meterial with relative density of 85% overlying 170' of material with rela-
tive density 90%. The initisl wvertical effective stresses can be calculated
from a static analysis and are shown in Fig. 2b. Notice that the vertical
stress at the surface has been set equal 0.001 to avoid difficulties in
calculating the pore pressure ratic at the surface.

The gite isg assumed to be gsubjected to an earthquake of magnitude
7-1/2 and a duration of 30 seconds. The time history of shear stresses at
different depths can be found from a site response analysis (Schnabel et al,
1972). Using well established methods the irregular time history of stresses
may be converted to an equivalent history of uniform stress cycles and the
average shear stress levels at different depths may he esgstablished and an
equivalent number of cycles of stress application calculated. Then using
the average shear stress levels and the cyclic strength curves for the
corresponding soil layer, the number of cycles required to cause liquefac-
tion are established; these are shown in Flg. 3c.

The finite element mesh shown in Fig. 24 wag used to obtain a numeri-
cal solution to this problem. The problem was one of plane shear and so
ICPT = 1, the compressibility was assumed tc vary so that JOPT = 2, the
maximum number of iterations to obtain convergence chosen as 10 and conver-
gence was assumed to occur when successive estimates of the pore pressure

ratio were all less than 0.005. There were 1b nodes and the coordinates,
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initial effective stregsses and number of cycles required to cause ligque-
faction are shown in Fig. 3. Units of length, weight and time were feet,
lbs. wt., and seconds respectively so that the wnit weight of water was

62.4 1bs/ft°. Six quadrilateral elements were used as shown in Fig. 24

and it was assumed that the material in each of these had a compressibility
of 10-° ftz/lb and c¢gual horizontal and vertical permeabilities of 3.3x:10_“
ft/sec. The relative density for each of the elements is shown in Fig. 2a.
The base and two sides were assumed impermeable and so the only two nodes
(1,2) had a prescribed excess pore water pressure of zero. For this earth-
quake the number of equivalent cycles was assumed to be 30 and the duration
of the earthquake was 30 seconds. Two time increments were used in the
analysis and the first stage of the earthguake was analyzed using 30 one-
second steps with values printed every & seconds; subsequently the earth-
quake was analyzed for an additional 5 time steps of 6 seconds and again
results were printed after every 6 seconds. The data for these analyses is
shown in Appendix B. It should be noted thaet the above problem is merely
illustrative. In any practical situation, the error due to the choice of
time step and spatial discretization should be the subject of an independent
study.

The values of the pore pressure ratios obtained from the program is
presented in Appendix B. It can be observed that the material at nodes 3, 4
has essentially liguefied after 24 seconds and remains in that state until
the end of the earthquake. After the earthquake is over the pore pressures
dissipate quite slowly and the pore pressure ratic at nodes 3 and 4 has only
dropped to .9 after a further 30 seconds.

It is interesting to obgerve the effect of the fime step used on the
accuracy of the analysis. The problem described in this section was ana-

lyzed for the duration of the earthquake using the finite element discreti-

zation shown in Fig. 2 using time steps of 1, 2, 3, % and 10 seconds. The
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pore pressure ratio at node 3 for each of these analyses is shown in Fig. k,
It can be seen that for DT = 1, 2, 3 seconds the results are undistinguish-
able, the results for a time step of 5 seconds is extremely close to these

results and even a time step of 10 seconds seems to give adequate accuracy.
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Appendix A

This report will be restricted to problems of plane flow or flow with
radial symmetry. It was found most convenient to divide the soil mass into
triangular or quadrilateral elements of a simple type although there is no
difficulty in extending the treatment to more complicated elements.

Plane Flow

Consider first the problem of plane flow in the x, y plane. If in the

triangular element shown in Fig. 5, it is assumed that the excess pore pres-

sure values linearly, then

= + - + -
u = u b(x xi) cly yi) (12)
where b = biui + bjuj + bRuR
= +
o] Ciui + Cjuj CRuR
Y. = ¥
= .J R
and bi T 2A etc.
ijk
bid - X
ci = —;EZT———E— etc.
ijk
where Aijk = Area of the triangle i, 3, k

l/2(xk—xi)x(yi-yj)-(yk—yi)(xi-xj)

Thus for a unit slice of the material

T
1 {V8ullkl{Vu}l av= {8u, }tia . 1 {u .} (13)
= ijk ijk ijk
Y
element
ijk
where {u... } = (u.,u.,u )T is the vector of nodal pore pressures
ijk i"73 'k
1 T
and [A,.. ] == [E]l [kII[E]l x A, . where [E] = { b, b, b
ijk Yo ijk i J k



A-la

e

Fig.5 TRIANGULAR ELEMENT
(Nodes numbered anti-clockwise)

X

Fig.6 QUADRILATERAL ELEMENT
(Nodes numbered anti- clockwise)



It is possible to obtain an approximation for the remaining portion of
equation (7) similarly. However, it was found to be simpler to assume an

approximation of the form

8 88 _ v = {6u,, }" ]({d LRy _py 1) (11)
Myt gy T Y Bia Dyl VR ¥k
element
ik

where {éUijk} was definéd previously {Wijk} = (wi, wj’ WR)
1 0 0
(D,..]=—=—— 1|0 1L 0
¢ 0 1

and where W denotes the average value of compressibility over the element.
So far the development of the theory has been restricted to triangular

elements. A quadrilateral element of the type shown in Fig. 6 may also be

used. It can be seen that such a gquadrilateral may be broken into two tri-

angles in two ways and thus it seems reascnable to make the approximation

1 - T
f;; {Vul[x]{u} dav = {éuijkl} [Aijkl]{uijkl} (15)
T
where {uijkl} = (ui, uj, s ul)
1 ;
and [Aijkl] = ”Aijk] + [Ajkl] ol ] LAljiI)

Similarly 1t seems reascnable to make the approximation

{dui'kl}
My &I(Bt - ‘f’)dv = {8y Jkl}[Dijkl] at Wijkl} (16)
mobiaq [L O O O
where [D_,kl] = ___E—l—— D 1 0 ¢©
1 0 0 1 0
o 0 0 1

0t = G, b s 1)



Aijkl = Area of quadrilateral ijkl

and mv denctes the average value of compressibility over the element.

3

The approximation of equation (7} for the entire soil body can be
found by summing the approximations for ail the individual elements and thus

obtaining equation (8).

Flow with Radial Symmetry

It is sometimes of interest $0 analyze problems which exhibit radial
symmetry. These problems are clearly related to those of plane flow and
thus if it is assumed that in Pigs (5 and 6) x denotes the radial coordinate,

it can be shown that 1if a slice of angular span, one radian is considered

then
(el av =~ (oo 1R L
where [Aradial] - 1-A[Aplr:me]
Dradial] - ';[Dplane]
and r = % (xi + Xj + Xk) for a triangular element
= %‘(Xi + Xj + X + Xl) for a quadrilateral element.
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INPUT DATA FOR EXAMPLE PROBLEM
DATA TITLE
CHAMPLE PREODLENM
CPTION DATA

JOPT JOPT ITA DIFFA

2 1 1B EISE

NODAL DATA

NODE
L4
J K(I) ESV{J) ELIQ (J) THETA(J)
1 m. i o v
2 L. -
B Ll 1
< 1. C
5 k. o I
£ 1 :
v H i
o N -0
o E i
1 1 o
11 K, o
1z 1 ot
iz 51 .7
14 1 a

UNIT WEIGHT OF WATER

ELEMENT DATA

NUMET
1E NN {IIE) PERM(ITE) RMV (IE) DR{IE)
e o e e,
1 l 2 ) A i ETE FIF LA 1471 L5A
2 A 4 £ 5 T8
3 = (8] & v O3
| ¢ g 18 5 .30
5 e 16 iz il el
G : 1 14 13 L0




BOUNDARY CONDITION DATA

NBC

IBC(I)

EARTHQUAKE DATA

ENQ TD

TIME STEP DATA

NTI

ITT(I) DELT(I) DTPR (1)

Tt
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EXAMPLE PROBLEM

OUTPUT F'OR EXAMPLE PROBLEM

o — - e W I W T e TR e M W W MRS W i — — Tt T i — — o e o e e S W W M ey iy b o WE S ke o o o N e

i0eT = ly~~=== PLANE PROBLEM

JOPT = 2y=——=—==VARYING COMPRESSIBILITY

ITA = 10==wm=— MAXIMUM NOes 0OF ITERATIONS

DIFFA T 3000=~==== CONVERGENCE TOLERANCE

NUMSBSER OF NODES = 14

NDODE X-COORDINATE Y—-COORDINATE VERTICAL S5TRESS
1 Ce Oe + 001
2 1+ 000 Qe 2001
2 Oe 204000 9524000
4 1000 20000 9524000
5 Os S0e 000 23804000
€ ie 000 504000 2380000
7 Oe B0ao0O0C 383084000
g 14000 B80«000 3808000
9 e 12064000 5712000
10 1000 1200000 5712000
il Oe 170000 8092 000
12 1000 1704000 8092s000
i3 O 2506000 119006000
14 1,000 250000 11900000

- - —

e W - o -

CYCLES TO

LIQUEFACTION

55.000
554000
204000
204000
170000C
170,000
8535004000
55004000
10000000
100004000
1063004000
100004000
10000000
100004000

TAETA

« 700
700
e700
2700
« 700
« 700
700
»700
« 700
e 700
+ 700
700
«700
« 700



UNIT WEIGHT OF WATER = 6244000

NUMBER OF ELEMENTS = 6

ELEMENT NODE NODE NODE NODE COMPRESSIBILITY 2ERMEASILITY PZRMEABILITY RELe DENSITY
1 2 3 4 XX YY

¢« 10000E-05
«10000E~03
s10000E-05
«1000Q00E~-05
s 10000E-0S
+10000E-05

«32800&8-03
+32800E~-03
«32800E-03
e« 32800E-0C3
232800E~03
«32800E-03

2 32800E-03
¢ 32800E-03
+32B00E~-03
©32800E-03

«32800E-03

+32800E~03

s S0000E+CO
« 70000E+00
« 85000E+00
«390000E+00
«20000E+00
«90000E+00

D e  mA e VR M S S G S G M T L 4NN G S R M M S S T S S . —— T — - —— —— T — - ——— T - — A - - ¥

&g



NUMBER GOF B0OUNDARY CONDITIONS = 2

NODES WITH AN EXCESS PORE WATER PRESSURE 0OF ZERO

1 2
NDe OF EQUIVTe CYCLES = 30.000
DURATION OF CYCLIC ACTIDN = 304000
NUMBER OF TIME INCREMENTS = 2

NUMBER OF STEPS STEP LENGTH PRINT INTERVAL

30 14000 6000
S €s 000 65000

9-d



. —— - —— L ANR . S o Nl A e m e W G Mme At S M S e WP R M RN R N e S g R M ) S ) G S S R TR 4 e S T S — T —— ———— T —— . — - — T S S - —— - — -

AT TIME , T= 6400 SECONDS
(1) Oe « 2) Oe ( 3) 0264 (&) 264 ( 5) . 058
{ €) 053 (  7) 6005 ( B) 0005 (  9) «003 ( 10) «003
(119 «003 ( 12) «003 ( 13) 2003 ( 14) .003
AT TIME , T= 1200 SECONDS
(1) Oe « 2) Oe ( 3 446 ( 4) 446 (  5) 0096
( &) 2096 (  7) 2009 ( 8) «009 ( 93 2005 { 10) . 005
¢ 11) .005 ( 12) e 005 ( 13) £ 005 ( 14) $005
AT TIME , T= 18400 SECONDS
ws]
t 1 Os « 2) Ce « 3 644 (&) e&44 ( 3) 129 S
{ 6) 129 { 7) e018 (  3) o014 { 9) «007 ( 10) «007

{ 11) «007 ( 12) « 007 ( 13) « 007 t 14) « 007



- e ——— v ——— i . W AR e A e S T e WP e e A S MR e T T Y T e T e e O At R o Al S e o o A A B o - — W S o —_——

AT TIME

4

24400

SECONDS

«sO18
+ 009

3)
8}
13)

* 396
2018
« 008

4)
3)
14)

2 GIE
« 009
« 008

{ 5)
{ 10}

0161
« 009

A e e A e e M M s S e A MBS e S S S M G ek e SN M M S Gt M e R M S e S I MR S e S e S A S G . e G i S Y M A M A A mme M R R A A e W e am Mn  MBe e

AT TIME

( 11)

AT TIME

Oe
«203
2010

Coa
e 204
s010

30400

{ 12)

36400

SECONDS

Qe
0023
e010

SZCONDS

Coe
20286
+ 010

-y

H
8)
13)

3)
8)
13)

» 5986
o023
2010

2875
8026
+ 010

L)

(
(
{

4)
9)
14)

&)
9}
16}

2 396
e010
«010

-
-
(&
-

e T A AR S e e S U e e -

( S}
¢ 10)

203
«010

» 204
«010

—— o —

- e L D A - —— —— i - — - ] e b e e o e ke ik o i Gy e MR S A T ek ot e T e A G T e S W i S — TY - — o W S G T S N S W - aae AER G G S e e



AT TIME , T= 42«00 SECONDS

( 1) Coe { 2) Oe ( 3) s 55 ( 4) 29355 | o1 204
{ €) 0204 ( 7 o328 ( 8} 2028 ( 9) o011 { 19) « Q11
{ 1) «010 ( 12) « 010 { 13) + 010 { 14} « 010 (

AT TIME , T= 48400 SECONDS

{ 1) Oe { 21 Qe { 3) + 935 { 4) 0935 ( 3) « 205
{ €1 0205 | 7) «031 { 8) ¢031 { G) 0011 ( 10) «011
{ 11) 2010 {12} s 010 ( 13) «010 « 14) « 010 (

AT TIME , T= 54400 SECONDS

( 1) Qs { 2} e ( 3) «91€ { 4) s916 ( S) 2205
( &} 2205 { 7} »033 { 8) 033 ( 9) « 011 ( 10) « 011
{ 119 +010 { 12) «010 { 13) +010 ( 18) »010

AT TIME , 7T= 60s 00 SECONDS

( 1) Os ( 2} Os ( 3) » 837 ( 4) « 897 ( ) « 206
{ &) 0206 { 7) + 0356 { 8) 2036 ( 9) Q11 { 10) « 011
{ 11) a 010 {( 123} 2010 { 13) ¢« 010 ( 14) «Q10
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OO 06N

)

A RNe ]

el aNa]

[

')

Y

—

PROGRAM GADFLEA(INPUT,JQUTRPUT)

A PIOGRAM FOR THT ANALYSIS DOF PQORE PRISSURE GENERATION

AND DISSIPATION CURING ZARTHQUAKS OR CYCLIC LCADING

COMMON/OPTIIONS/IO®T ,,JOPT,LITA,DIFFA
COMMON/NDATAI/XL{30),Y{30),ESVI(30),C0LIQ{30),THETA(33),NONE
COMMON/ZEDATAI/NN{SG,20)yPERM( 2,201 yRMV{20) yRMVIO(20) yRMYN{20}),0R(20)
P SAMAW, NUMF L

COMMON/BDATAR/NBC,IBC{1S)
COMMON/TDATAB/NTI B ITI(10)4DELT{10)4DTPR{10)
COMMON/QDATARB/ENG,TD

COMMON/LOVE/TIME

DIMINSICN AAQ{30,13),B2(30),BQL1{30),3G2(30)

DIMINSION U(30)UB{3C)sUNI30),UGT(30),UR( 30}

DIMINSION A(304,1%),0IAG{30,153)

THE FOLLOWING STATEMENTS ESTASLISH ALLOWAARLE LIMITS OF 3TORAGE
ALL TOMMDN AND BDIMENSION STATEMENTS SHOULD 3Z CONSISTENT
wiITA THESZ VALUES

NTIA=10

DEFINF PRIGRAM OPTIONS
PRINT 28

PRINT 211

CAL_ CPTION

READ NODAL DATA

SPRINT 88
CALL NDATA(NA}

READ ELEMINT DATA
PRIINT 828

PREINT 211

CALL TDATA(NEA}

PRINT 8~
PRINT 211
CALL. 3DATA(NBCA)



OO0

9]

50

20

i11

C-3

READ NUMRER OF EQJIVALENT CYCLES AND DURATION

PRINT 88
CALL QDATA

READ TIME STEP DATA

PEINT 88

CAL. TDATA(NTIA)
PRINT 838

PRINT 211

PRRINT 62

PINT 88

N=NODE

INITIALISE VARIABLES
DO 50 I=1,N

U{1)=0e

UN(T)=0e

8Q(I)=0e

UGT(T1}1=0e

CONTINUE

SET UP STIFFNESS MATRIX, A

CAL. STIFF(A,N,M,NA,MA)

DC 20 I[E=1,NUMEL

RMVO{(IE)=RMV(IE)

IF(JOPTeEQe1)CALL DGNLIDIAG,UyUNyNyM,NA,MA}
TIME=0,0

TTPR=0,

#XCALCULATION LO0P FOR ALL TIME INCREMENTS

DT 100 L=1,NTI

DT =DELT(L)

TPR=DT2R(L)

IT(JIPTeEQe 1) CALL SETMTX(A,DIAG,AAQyNyM,;NA,4A,DT,ALPHA)
NSTEP=ITI(L)

<KK=1

[IF{JOPT«EQst }CALL SYMSOL {AAQ.BQ¢N,MyNA,MA KKK

KAk EAEEXCALCULATION LOOP FOR ALL TIMI STEPS OF A GIVEN SIZE
DS 500 ISTEP=1,NSTEP

TIMZ=TIME+DT

IF(JOPTeEQe1ICALL SETLVI(U,DIAGyA,BQl,ALPHA,DPT NyNA,M,4MA)
1TR=1

Rk kR kxRkxAXITERATION L.OOP FDOR SOLUTION OF EQUATIONS

. ——— - —— T ——————— > W Y R mm e —  THE T M e e e W S S W e e M e W

CONTINUE
ITR=I1ITR+1



la e}

222

39

333

444

777

888

666
5585

79

DO 222 I=1,4N

UO(T)=UNIT)

IF(30PTeEQa1)GO T3 39

CAL. DGNULIDIAG,UyUN,N,MyNA,MA)

CALL SETMTX{A,DIAG,AAQ;NyMyNA,MA,DT,ALPHA)
KKK=1

TRIANGULISE MATRIX,s AAQ

- ———————— —————— " — T — —————— - {— T — R W A W > . W = W e R R e e e

CALL SYMSOL(AAQ,B3G,NyMyNAyMA,KKK)
SET UP LOAD VECTOR

CALL SETLVI(J,DIAG,A,;BQ1,ALPHA,DT,NyNA,M,MA)
CONTINUE

CALL SETLV2(DIAG,U,UN,UGT DT ,BQ2,NyNA,MyMA,I TR}
DO 333 I=1,N

BQ{I)=BA1{1)+BQ2{1)

KKK=2

SOLVE EFQUATIONS

CALL SYMSOL({AAQ,BQ,sN;M,NA,MA,KKK)
D0 444 I=1,4N
IFIBQ(I)eGTeESV(I)IBA{I)=ESV(I])
UNEI)=BQ(I)

CONTINUE

IF({ITR«GTLITAIGO TO 555
IF(1TReEQe2)GO TO 111

DIFM=0e

DI 6€6 I=1,N
DIFF=ABS{UN{I)=-UD(I)I/ESVII)

CHECK CONVERGENCE OF ITERATIVE SOLUTION

IF(DIFF«GTeDIFM) GO TO 777
GO TO 8438

CONT INUE

DIFM=DIFF

KOIFM=1

CONTINUE
IF(DIFFeGTaDIFFA)GU TO 111

Rk gk xkkkkxkEND OF ITERATION LOOP
CONT INUE

CONT I NUE

PO 79 I=1,N

Ut I)=Ba(1)

UR(TI}=UCI)/ESV(I)

CONTINUE

TPRIN=AS3S({TIME~TTPR~-TPR)
IT{TPRINLT«Ds001)GO TO 155

GO TO 255



O

oo

A ING]

o

581

]
1
R

TONT INUE

ITS=1TR-1

2R INT &3,T IME

PFEINT 101y((I1UR(I))7I=lg\‘)
IF(DIFMeLEDIFFAYGO YO 198
PRINT 412,KOIFMITS,DIM
CONT INUE

PRINT 88

TTRE=TTPR+TPR

CONTINUE

D2 981 IE=1,NUMEL
IF{RMVOU{IE)eGT«aRMVYN{IE) }RMVYNIIE)=RMVO( IE)
RMV3(IF)=FMVYN{IE)

xR EREXARKEND OF CALCULATICN LIDOP FOR TIME STEPS

CONT INUE

#%END OF CALCULATION LOOP FOGR TIME INCREMSENTS
CONT INUE

FORMAT(1HL)

TOPMAT(/SXy%*ERROR INFORMATIONesess ¥,

1/5X,*AT NIDE =%,15,/5X,*AFTER ITERATION =%,[5,/5X, ERRCA =%, 1045)
FIRMAT( /715X, %=====PORE PRESSURE RAT[O=~===%//)

TORMAT (/72X %¥AT TIME , T=%,F10e2,2X,%SECANDS*//)
FORMATI/X,130(1H=))

FORMAT(S{2Xy1H( 4 13,1H),F 10e 3))

END



o P

1C

15

SUBROUTINE OPTION
CAMMON/OPT ICN2/I0PT,JOPT,ITA,DIFFA
DIMENSION TITLE(12)

READ 11,TITLE

OOINT 22,TITLE

READ 1,10PT ,JOPT,ITA,NIFFA
IF(ID°TeEQal }PRINT 33
ICS{IGPTeEQe2)PRINT 44
IF{JIPT.EQal)PRINT 55

I {JOPTeEQe2)PRINT 66
PRINT 77,1TA

PR INT 88,DIFFA

FORMAT (315,5X4F1083)

FORMAT(12A6)

FOOMAT (//2X,12A6)

FORMATI(/2X % I0PT = 1y==—==— PLANE PROSLEM*)

EISMAT(/2X, %I0PT = 2,=————AXISYMMETRIC PRO3LIM¥)
FORMAT{/2X % J0OPT = l,—-=—~== CONSTANT COMPRESSIBILITYX)
FORMAT(/2X % J0PT = 2,===== VARY ING CCMPRESSIRBILITYX)
SORMAT(/2X %I TA =X [ 4 g K= —mmm MAXIMUM NOs OF ITERATIONSX)
FORMAT(/2X yXDIFFA =% ,F4 43,y %——-~= CONVERGENCE TOLERANCEX)
RETURN

IND

SUSBROUTINE NDATA(NA)
COMMON/NDATAB/X(30)},Y({30)yESVII0)H ELIQ(3013THETA(30) 4NDDE
RZAD 1,NODE
PRINT 2,NODE
2IINT 15
PEINT B
DC 10 IN=1,NAODE
RTAD 39 JpX{J) YU IYJESVIJI yELIQUI) y THETA( J)
PRINT 44 J ey X{d)y YU U ESVIJ)HZELIQUJ) THETACJ)
CONTINUE
ICH=1
FI{NDDESGTeNA) GOTO 19
RETURN
CGNTINUE
PRINT 29
FORMAT(1S)
FORMAT(/ /% NUMBER OF NODES = %,14//)
FORMAT({ IS,5X,5F1Ce3)
FORMAT(2X,I15,5{4X,F10a3))
FIRMAT(S56EX%*CYCLES TO%*)
FORMAT (22X y ¥NODEX 32X 4 X X=COORDINATE *x,2X ,kY-CODRDINATZ®,2X,
RVERTICAL STRESSHY 43X 2L IQUEFACTIONN, 686X, ATHET A% /)
FORMAT (% DIAGNOSTICS FOR NDATA ICH = %x,14)
END

-
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(o]

i
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SUBROUT INSE EDATA(NEA)
COMMIN/ZEDATAB/NN{ & ,20) y PERM(2,20) yRMV{20) ,RMVO{20) ,RMVYN(20),DR(20)
y GAMAW , NUMEL
READ 1 ,GAMAW
PEINT 2,GAMAW
READ 3,NUMEL
PPINT 4 ,NUMEL

CH=1
IF INUMELe GTeNEA) GOTO 19
DRINT 8
PRINT 9
DO 10 JE=1,NUMEL
READ EyIEZINN{I IZ),1=1,8),RMV{IE} {PERMII IE) L =1,2),DR{IZ)
PRINT 74IE,{NN{T,IE),1=1,48),RMV(IE), (PERM(1,1E),I=1,2),DR{IE)
10 CONTINUE
RETURN
19 CONTINUE

PRINT 29,!CH
1 FORMAT(F10a4)
2 FORMAT(// 42Xy %UNIT WEIGHT OF WATER = %,F1Qe8/7)

FORMAT (15)
4 TORMAT(//,% NUMBER OF ELEMENTS = %,14//)

FIRMAT(515,5X,4F10e8)

FORMAT (3X,S{2X,14143X,4(2X,E12e5))
8 FIRMAT(//2X s ELEMENTX ) 2X » XNODE® , 2X y *NODER 4 2Xy X*NODZ %42 X, ENIDEX
12X *COMPRISSIBILITY®, 2X, *PERMEABILITY® 42X ¢ XPERVMEASILITY,
23X, %RZLe DENSITY*)

FORMATISX ) 3XpBX %1%y BX R 2% 35X K 3% ¢ 5Ny K 4% 4 25X oA XXH p 12 X, ¥ YVE/ /)
FORMAT (% DIAGNDSTICS FOR EDATA ICH = %*,14)

END

ey

O O

SUSIRIJUTINE BDATA(NBCA)
COMMON/BDATAB/NBC, IBC(18)
READ 1 ,N3C

PRINT 2,NBC

ICH=1

IF{NBCsGTeNBCA) GOTC 19
PRINT 5

READ 3,(IBC(I),1=1,NBC)
RETURN

15 CONTINUE

v

PRINT 29,ICH
FORMAT(15)

v}

FORMAT (/7% NUMBER 0OF BUUNDARY CONDITIONS = *,14//)

FORMAT (1615)

FORMAT(2X,2014)

FORMAT (//% NODES WITH AN EXCZSS PORT WATER PRISSJURE OF ZTROX//)
FORMAT (¥ DIAGNOSTICS FOR BDATA ICH = %)

O o oF

END



[V

SUBROUTINE QDATA
COMMON/QDATAB/ENQ, TD
READ 2,ENG,TD-

PRINT 3,ENQ,TD
FORMAT(2F1043)

FORMAT (/72X ¥NCe OF EQUIVTY, CYCLES =k, F10e3,
1//72X%DURATION OF CYCLIC ACTION =%,F103)
RZITURN

END

10

13

2G

SUBROUTINE TOATA(NTIA)
COMMON/TDATAB/NTILITI(10)4DELT(10),DTPR{10)
READ 1 ,NTT

DRINT 2,NTI

ICH=1

IFINTI«GT«NTIA) GOTO 19

PRINT 3

DO 10 I=1,NTI

READ S4ITICI),DELT(I)DTPRI(I)

PRINT 8,ITI{1),DELT{I),DTPR{1I)

CONTINUE

RE TURN

CONTINUE

PRINT 29,1CH

FORMAT (I5)

FORMAT(//% NUMBER OF TIME INCREMENTS = %,14)

FORMAT (/772X (¥NUMBER OF STEPSk®,2X,kSTEP LENGTHX,
13X *¥PRINT INTERVALX*/)

FORMAT{B8Xs14,8X4F1l0s3)5SX,F10e3)
FORMATI(IE,;5X,2F10e4)

FORMAT({(* DIAGNGSTICS FOR TDATA ICH = *,14)
END

c-8



SUBROUTINE STIFF{(AyNyMyNA, MA)
COMMON/NDATAB/X{30),y,Y(30) ,ESV(30}),SL1Q(30),THETA{(30) ,NODE
COMMON/EDATAB/NN{ 4,20 )y PERM(2,20),RMV( 20} ;RMVD{20) 4RMVN{ 20} ,DR(20)
rGAMAW g NUMEL
COMMON/COPTIGCGNB/I0OPT ,JOPT ,1TA,DIFFA
DIMENSION A({NA,MA)
DIMENSION AUX{4,4)
M=0
N=NODCE
ICH=1
RABAR=1le
IF{N«GTsNA) GOTO 19
DO 9 I=1,NA
DO 9 J=1,MA
A{I,J)=0e0
G CONTINUE
D3 11 IE=1,NUMEL
AREA=D,0
DO 10 1I=1,4
DO 10 J=1,4
10 AUX{I,J)=0Ce0
N1=NN(1,1g)
NZ2=NN(2,1E)
N3=NN{3,IE)}
N&=NN{4,IE)
FAC=1a0
IF{IJPTHEQe2)RBAR=IXINLI)I+X(N2)+X({N3)1/3e
LIM=3
RIM=3.0
CALL TRISTFINLZNZ;N3,IZ2,AUX,AREA,0)
IF{NG«EQsQ) GOTO 39
FAC=0e5
IF{IOPTEQe2)RBAR={XINI)I+X(NZ2)+X(N3)+X(Na}}/a,
LIM=4
RIM=840
CALL TRISTF{N2,N3,N4,IE, AUX,AREA, 1)
CAaLL TRISTF(NAGyN1,N2,TE,AUX, AREA,3)
CALL TRISTF{N3,N4,N1,IZ AUXAREA,2)
39 CONTINUE
DD 130 I=1,L1IM
IT=NN{L,IE)
D20 125 Jdz=i1,LIM
JI=NNLJLTE)
KK=JJ=-T11+1
IF(KKeGTeM)} M=KK
ICH=3
IF(MaGTeMA)} GATO 19
IF(KKeGTe0) A(TI4KKI=A{TT KKIH+AUX(I yJ)XFACKkRBAR
125 CONTINUE
130 CONTINUE
11 CONTINUE
RE TUPN
19 CONTINUE
PRINT 2G,1CH

[



130
11

1G

13

14

00 130 I=1,LIM

IT=NN(T,IE)}

CONTINUE

CONTINUE

REZTURN
CONTINUE

PEINT 20,ICH
FORMAT (2X,%DIAGNOSTIC FOR DGNL,

END

FUNCTION FACM{ X,DR)
IF({XasLT40e05)GS TD 13
IF{XaGTalaldX=1a
A=Se* (] ¢5-DR)
Br3e/{2e* %k (24%DR))
COM=AR[ X%=%RB}
UP=zEXP{COM) ‘
BEL=1¢ +COM+COMACOM/ 2o
FACM=UP/BEL

GO TOD 14

CONT INUE

FACM=1,

CONTINUE

RETURN

END

DTAG(IIs1)=DIAG({II,1)+RMVN(IE} /RIMRARFAXRBAR

ICH=%,15)

C-1€
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SUBRDUTINE TRISTFIN1yN2yN3,IZ,AUX,AREA,KZ)
COMMON/NDATAB/X(30),Y(30),ESV(30),ELIQ(30),THETA(30),NDODE
COMMIN/EDATAB/NN( 4,2C)yPERM(2,20) yRMV{ 20) yRMVO(20} yRMVN(20} ,DR(20)

64

€3

19
29

—

,GAMAW, NUMEL

DIMENSION AUX {444} 4,yEE(2,3)
AREA1=AREA
X1=X{N2)=X{N3)
X2=X{N3)=X{N1)
X3==X1=X2
YI=Y(N2)=-Y(N3)
Y2=Y{N3)=Y(N1)
¥Y3=-Y2-Y1

AREA=Q45%{ X2%Y3I-Y2%X3)
[CH=2

IF(AREAaLT«0e0) GOTO 19
DIV=0e5/AREA
EE(1,1)=Y1%DIV
SE(1,2)=Y2%DIV

EE(143)=¥Y¥3%DIV

EE{2,1)=X1%D1YV

EE{(2,2)=X2*¥D 1V

FE{2,3)=X3%D1v

DO 63 I=1,3

II=1+KE

IF(IIaGTe4d) II=11-4

DO 63 J=1,3

SUM=0.0

JJ=J+KE

IF(JJaGTe4) Jd=JJ-4

DO €4 K=1,2
SUM=SUMEE(Ky I P XPERMIK,[E)*EE(K 4 J)
AUX{TII9JJY=AUXA{TITIyJJ)+SUMRXAREA/GAMAW
AUX{JI,II)=AUX(IT JJ)

CONT INUE
AREA=AREA+AREAL
RETURN
CONTINUE

FORMAT(* DIAGNOSTICS FOR TRISTF ICH= %*,14)

PRINT 29, ICH
ZND
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SURRISUTINE DGNL{DIAGyU,UN,;N,M,NA,MA)
COMMON/NDATAB/X{30),Y(30),ESV(30}),ELIQI30),THETA{30),4NIDE
COMMON/ZEDATAI/NN{4,20),PZRM(2,20) yRMV(20) y&MVO({20) s FPMVYN(20),2R{20)
»y GAMAW, NUMF L

COMMON/ZOPTIONB/ZIOPT, JOPT,ITA,DIFFA
DIMENSION DIAGINAZMA)Y ,J(NAY,UN{NA)

174=1

RBAR=1,

IF{NaGTeNAYGD TO 1IG

D3 9 I1=1,NA

D0 S U=, MA

DIAG(I,J)}=0s

CONTINUE

DO 11 1E=1,NUMSL

NLI=NN(1,IE)

N2=NN{2,1E)

N3=NN({3,I1E)

N4 z=NN(4, LE)
IF{IDPTEQe2)RBRAR={X(NLY+X{N2I+XI(N3})/3s
LIM=3

RIM=3,

UVAV={U(NLY+U(NZ)+U(N3) )}/ 3.
UNAV={UNINITYFUNINZ)+UN{N3)}) /3,
SAV=(ESVINII+ESVINZI+ESV N3/ 30
UAV=(UAV+UNAV) /2,

X1=X{N2}=XIN3}

X2=X{N3}-X(N1)

X3==X1-X2

Y1=Y{N2)=Y (N3}

Y2=Y(N3)=-Y(N1)

Y3==-Y2~-Y1

AREA=ZQeS*{ X2%Y3-Y2%X3)

IF{(NALsFQeCYIGL TO 39

X1=X{N3)~X{N4}

X2=X{N&})-x{(N1)

X3==X1-X2

Y1=Y{N3II-Y(N4)

Y2=¥Y{Ng)=Y{N1)

Y3==Y2=-Y1

ARZAZ=043%{X2%Y3-Y2%X3}

AREA=AREA+AREAD2

ICH=2

IF(AREALLTL0)GO TO 19
IF{IOPTeEQe2IRBAR=(XINI)I¢XIN2)IEXINI3)+XINA) )/ 4,
LIM=g

RIM=4,

UAVZ(UINI )Y FUIN2I4UINII+UING) I/ 4,
UNAV={UN{NI)4UNINZ2)HUN(N3)+UNIN4) )} /4G,
SAV=(ESVINLII+ESVIN2Y+ESVINI)I+TSVINEG) ) /4,
UAV={ LHAV+UNAV) /2,

CCONTINUE

RAT=UAV/SAV
RMVYN(IE)=RMV(IE)=RFACM{RAT,DR(IEY)
IF(RMVDL{IE) e GTeRMVYN{IE))RMYN{IE)=RMVD(IE)



10
11

430
460

330
Tr7

320

300

331

SUBROUTINE SETMTX{A,DIAG, AAQyNyMyNA,MA ,DT ,ALPHAY)

COMMON/BDATAB/NBC,IBC(15)

JIMINSION A(NA,MA),AAQ(NA,MA),DIAG{NA,MA)

ALPHA=0a45
BETA=1e0~-ALPHA

DO 11 I=1,4N

DN 10 J=14M
AAQ(IyJ)=A(I,J)*DT*SETA%DIAG(I.J)
CONTINUE

CONTINUE

DG 440 I=1,NBC

K=IBC(I1}

DN 430 J=1,M

LaK=J+1

IF{LeGTe0)} AAO(L;J,=0.0
AAG(K, J)=040
AAQ(K,1)=1o0

RETURN

END

SUBPRIUTINE SETLVI{U,DTIAG,A,BQ1,ALPHA ;DT yNy;NA;M,MA)

COMMON/BDATAB/NBC,IBC(15)

DIMENSION A(NA,MA) ,DIAG{NA,MA),U{NA),BQ1{NA)

D2 3750 I=1,N

[M=I~-1

SUN=0.

DUN=0e

LIM=T1+1-M
IF(IMalLTel}LIM=1
IF{LIMeGTS IMYGD T0O 777
DO 330 K=LIM,Im
DUN=DUN+DIAGI{K, I=-K+1 )%U(K)
SUN=SUN+A{K I -K+1 )=y {K)
CONT INUF

CONTINUE

LIM=M+Y—~1
IF{(LIMeGTaN)ILIM=N

DO 320 K=l,LIM
DUN=DUNDIAGLI I yK=1+1 )%V {(K)
SUN=SUN+A( [ ,K=1+#1)*U (K}
CONTINUE
BOI{I1Y=DUN=SUN®DTX*ALPHA
CONT INUE

ND 331 I=1y4NBC

K=18C(I)

BQl({(K)=0s

RETURN

END

c-13



220

230

240

3390
777

320

302

331

SURROUTINE SETLV2{DIAGyUUNJUGT DT ,BQ24¢NgNAJM,MALITR)
COMMOCN/BDATAB/NBC,IBC(1S)
COMMON/NDATAB/X(30),Y{30)4ESVI(30),ELIQ(30),THETA(302),NCDE
CCMMON/ZLOVE/TIME

COMMON/QDAT AB/ENQ, TD
DIMEINSION DI AGINA,MA)4BQ2(NA)
DIMINSION UINA)JUGTINA) UN(NA)
EPS=¢01

DO 240 K=1,N

ESQO==3SV(K)

ES==S0-U(K)
IF{ESeLTeERPSIU(K)=ESO
EEE=ELIQ(K)

IF(ITRGTe2)GO TO 220

CALL DUGI{EEE, U(K), THETA(K) DT ,ESO4UGH)
GO 70O 230

CONT INUFE

CALL SLOPE(EEE U(KI,UN(K ), THETA(K)DT,ESG,UGH)
CONTINUE

UGT(K)=UGH
IF(ESsLTSEPSIUGT(K ) =0,
CONTINUE

DO 300 I=1,N

IM=1-1

BUN=0,

LIM=I+1~M

(F(LIMelLTel )L IM=]

IF{LIMeGTH» IM)}GD TO 777

00 330 K=LIM,IM
BUN=SUN#+DIAG(K,yI=K#+1)*¥UGT(K)
CONTINUE )

CAONTINUE

LIM=M+I =1

IF{LIMeGTeN)ILIM=N

DO 320 K=I,LIM
BUN=BUN+DIAG{1I,K-1+1)*%UGT(K)
CONT INUE

B8Q2(1)=8UN

CONTINUE

DO 331 I=1,NBC

K=IBC{1)

BQ2{K}) =0

_RE TURN

END
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295

SUBROUTINE DUG(ENL U, ALPHAyDTyESV,,UGH)
COMMON/LDVE/TIME
COMMON/ QDATAB/ENQ, TD
UGH=OQ

IF{TIMELGT+TD}IGO TO 25
BETA=1s/ALPHA
PI=3+141532¢€5

XX=le

RU=U/ESV
ARG=0s5%{1~CES(PI%RU))
RNO=ARG** AL OHA
DR=DT/TO®ENQ/ENL

PN1 =RNO+DR

AR =24 MRNI¥®BETA~-14
IF{ARGeGTe XXIARG=XX
RU=0eB3+ASIN(ARGI/PI
UGH=RU%ESV-U

CONTINUE

RETURN

END

SUBRIOUTINE SLOPE(EEE+UyUN ALPHAWDTyESV,UGH)
COMMON/LOVE/T IME
COMMON/QDATAB/ENQ,TD

UGH=GCo

IF{(TIME«GT«TDJIGO TO 25

BITA=]le /ALPHA

PI=3,1415%265

UM=(U+UN} /2

RU=UM/ESV

IF{(RU«LTs0s0C0O1)IRU=00001
ARG=oS% (1 ~COS(PI%RU})

X=ARGH*ALPHA

XX=Xk%BETA

UP =ESVEXX*ENQ*GETA
BEL=PIXABS(SQART (XX -XXXXX) }RXKTD*EEE
DUT=UP/BEL

UGH=DUT=*DT

CONTINUE

RETJRN

ZND
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100

240

250
260
280
2000

235
279

300

370
400

500
16

29

SUBROUTINE SYMSOL{A,ByNN MM, NA,MA, KKK)

DIMENSION A({NA,MA),8(NA)
SPS=0e 000001

ICH=1

IF(NNeGTeNA) GOTO 19
ICH=2

IF(MMoGTeMA} GOTO 18
IF(KKKeGTel) GOTD 2000
DO 280 N=1 ,NN

D2 260 L=2,MM

ICH=3
IF{A3S(AIN,1))aLT<EPS) GOTO 19
C=A(N,L)/A{N, 1)
I=N+L~1

IF(NN-1) 260,240,240
J=0

DO 250 K=l , MM

J=3+1

ACI 4 J)=A(1,4J)=-CRA{N,K}
A{N,L)Y=C

CONTINUE

DO 290 N=1,NN

D3 285 L=2,MM

I=N+L-1

IF{NN=-1) 290,285,285
I(I)=R(I)-A(N,L)EB(N)
BIN)=BINI/A{N,1)

N=NN

N=N~1

IF(N) 350,500,350

DO 400 K=24MM

L=N+K=1

IF(NN=-L) 400,370,370
F(N)=B(N)-A(N,K)XB(L)
CONTINUE

GOTO 3C0

RE TURN

CONTINUE

PRINT 29,ICH

FORMAT{*DI AGNOSTICS FOR SYMSOL#*, 14}

END
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EARTHQUAKE ENGINEERING RESEARCH CENTER REPORTS

EERC 67-1 "Feasibility Study Large-Scale Earthguake Simulator Facility,"
by J. Penzien, J. G. Bouwkamp, R. W. Clough and D. Rea - 1967
{PB 187 905)

EERC 68-1 Unagsigned

EERC 68-2 "Inelastic Behavior of Beam—to-Column Subassemblages Under
Repeated Loading," by V. V. Bertero - 1968 (PB 184 888}

EERC 68-3 "A Graphical Method for Solving the Wave Reflection-Refraction
Problem," by H. D. McNiven and Y. Mengi - 1968 (PB 187 943)

EERC 68-4 "Dynamic Properties of McKinley School Buildings,™ by D. Rea,
J. G. Bouwkamp and R. W. Clough - 1968 (PB 187 902)

EERC 68-5 "Characteristics of Rock Motions During Earthquakes,” by
H. B. Seed, I. M. Idriss and F. W. Kiefer - 1968 (PB 188 338)

EERC 69-1 "Earthquake Engineering Research at Berkeley," - 1969
(PB 187 906)

EERC 69-2 "Nonlinear Seismic Response of Earth Structures," by M.
Dibaj and J. Penzien - 1968 (PB 187 904)

EERC 69-3 "Probabilistic Study of the Behavior of Structures During
Earthquakes,™ by P. Ruiz and J. Penzien - 1969 (PB 187 886)

EERC 69-4 "Numerical Solution of Boundary Value Problems in Structural
Mechanics by Reduction to an Initial value Formulation," by
N. Distefano and J. Schujman - 1969 (PB 187 942)

EERC 69-5 "Dynamic Programming and the Solution of the Biharmonic
Equation," by N. Distefano - 1969 (PB 187 941)

EERC 69-6 "Stochastic Analysis of Offshore Tower Structures," by A, K.
Malhotra and J. Penzien - 1969 (pPB 187 903)

EERC 69-7 "Rock Motion Accelerograms for High Magnitude Earthguakes,"
by H. B. Seed and I. M. Idriss - 1969 (PB 187 940)

EERC ©€8-8 "Sturctural Dynamics Testing Pacilities at the University of
California, Berkeley," by R. M. gStephen, J. G. Bouwkamp,
R. W. Clough and J. Penzien - 1969 (pB 189 111)

Note: Numbers in parentheses are Accession Numbers assigned by the
National Technical Information Service. Copies of these reports may be
ordered from the National Technical Information Service, Springfield,
Virginia 22151. Accession Numbers should be quoted on orders for reports.
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EERC

EERC

EERC

EERC
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EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC
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69~-9

69-10

69-11

69-12

©69-13
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69-15
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70-1

70-2

70-3
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70-7
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"Seismic Response of Soll Deposits Underlain by Sloping
Rock Boundaries,™ by H. Dezfulian and H. B, Seed - 1969
(PB 189 114)

"Dynamic Stregs Analysis of Axisymmetric Structures Under
Arbitrary Loading," by S. Ghosh and E. L. Wilson - 1969
{PB 1892 026)

"Seismic Behavior of Multistory Frames Designed by Different
Philosophies," by J. C. Anderson and V. V. Bertero - 1969
(PB 190 662)

"Stiffness Degradation of Reinforcing Concrete Structures
Subjected to Reversed Actions," by V. V. Bertero, B.
Bresler and H. Ming Liao - 1969 (PR 202 942)

"Response of Non-Uniform Solil Deposits to Travelling Seismic
Waves," by H, Dezfulian and H. B. Seed - 1969 (PR 191 023)

"Damping Capacity of a Model Steel Structure," by D. Rea,
R. W. Clough and J. G. Bouwkamp - 1969 (PB 190 663}

"Influence of Local Soil Conditions on Building Damage
Potential During Earthquakes," by H. B. Seed and I. M.
Idriss - 1969 (PR 191 036}

"The Behavior of Sands Under Seismic Loading Conditions,"
by M. L, Silver and H. B. Seed - 1969 (AD 714 982)

"Earthquake Response of Concrete Gravity Dams," by A. K.
Chopra - 1970 (a0 709 640)

"Relationships Between Soil Conditions and Building Damage
in the Caracas Earthquake of July 29, 1967," by H. B. Seed,
I. M. Idriss, and H. Dezfulian - 1970 (PB 195 762)

"Cyclic Loading of Full Size Steel Connections,”" by E. P.
Popov and R. M. Stephen - 1970 (Not available from NTIS)

“"Seismic Analysis of the Charaima Building, Caraballeda,
Venezuela," by Subcommittee of the SEAONC Research Committee,
V. V. Bertero, P. F. Fratessa, S. A. Mahin, J. H. Sexton,

A. C. Scordelis, E. L. Wilson, L. A. Wyllie, H. B. Seed,

and J. Penzien, Chairman - 1970 (PB 201 455}

"A Computer Program for Barthquake Analysis of Dams," by
A. K. Chopra ~ 1970 (AD 723 994)

"The Propagation of Love Waves Across Non-Horizontally
Layered Structures,” by J. Lysmer and L. A. Drake -~ 1970
(PB 197 8296)

"Influence of Base Rock Characteristics on Ground Response,"
by J. Lysmer, H. B. Seed and P.B. Schnabel - 1970 (PB 197 897)
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70-8
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70-10

71-2

71-4
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72-1
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"Applicability of Laboratory Test Procedures for Measuring
Soil Liguefaction Characteristics Under Cyclic Loading,"
by H. B. Seed and W. H. Peacock - 1970 (PB 198 016)

"n Simplified Procedure for Evaluating Seoil Liquefaction
Potential,” by H. B. Seed and I. M. Idriss - 1970
(PB 198 009)

"Soil Moduli and Damping Factors for Dynamic Response
Analysis,™ by H. B. Seed and I. M. Idriss - 1970 (PB 197 869)

"Koyna Earthquake and the Performance of Koyna Dam," by
A, X, Chopra and P. Chakrabarti - 1971 (AD 731 496)

"Preliminary In-Situ Measurements of an Elastic Abosrption
in Soils Using a Prototype Earthquake sSimulator,”™ by R. D.
Borcherdt and P. W. Rodgers - 1971 (PB 201 454)

"Static and Dynamic Analysis of Inelastic Frame Structures,"
by ¥. L. Porter and G. H. Powell - 1971 {PB 210 135}

"Research Needs in Limit Design of Reinforced Concrete
Structures," by V. V. Bertero - 1971 (PB 202 943)

"Dynamic Behavior of a High-Rise Diagonally Braced Steel
Building," by D. Rea, A. A. Shah and J. G. Bouwkamp - 1971
(PB 203 584)

"Dynamic Stress Analysis of Porous Elastic Solids Saturated
with Compressible Fluids," by J. Ghaboussi and E. L. Wilson -
1971 (PB 211 396)

"Inelastic Behavior of Steel Beam-to-Column Subassemblages,”
by H. Krawinkler, V. V. Bertero and E. P. Popov - 1971
(PB 211 335}

"Modification of Seismograph Records for Effects of Local
Soil Conditions," by P. Schnabel, H. B. Seed and J. Lysmer -
1971 (PB 214 450}

"Static and Earthquake Analysis of Three Dimensional Frame
and Shear Wall Buildings," by E. L. Wilson and H. H. Dovey
- 1972 (PB 212 904)

"Accelerations in Rock for Earthgquakes in the Western
United States,” by P. B. Schnabel and H. B. Seed - 1972
(PB 213 100)

"Elastic-Plastic Earthquake Response of Soil-Building
Systems," by T. Minami and J. Penzien - 1972 (PB 214 868)

"Stochastic Inelastic Response of Offshore Towers to Strong
Motion Earthquakes," by M. K. Kaul and J. Penzien - 1972
(PB 215 713)
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"Cyclic Behavior of Three Reinforced Concrete Flexural
Members with High Shear,”™ by E. P. Popov, V. V. Bertero
and H. Krawinkler - 1972 (PB 214 555)

"Earthquake Response of Gravity Dams Including Reservoir
Interaction Effects," by P. Chakrabarti and A. K. Chopra -
1972 (AD 762 330)

"Dynamic Properties of Pine Flat Dam," by D. Rea, C.-Y. Liau
and A, K, Chopra - 1972 (AD 763 2928)

"Three Dimensional Analysis of Building Systems," by E. L.
Wilson and H. H. Dovey ~ 1972 (PB 222 438)

"Rate of Loading Effects on Uncracked and Repaired Rein-
forced Concrete Members," by V. V. Bertero, D. Rea, S. Mahin
and M. Atalay - 1972 (PB 224 520)

"Computer Program for Static and Dynamic Analysis of Linear
Structural Systems,”™ by E. L. Wilson, K. J. Bathe, J. E.
Peterson and H. H. Dovey - 1973 (PB 220 437)

"Literature Survey - Seismic Effects on Highway Bridges,”
by T. Iwasaki, J. Penzien and R. Clough - 1972 (PB 215 613)

"SHAKE--A Computer Program for Earthguake Response Analysis
of Horizontally Layered Sites," by Per B. Schnabel, John
Lysmer and H. Bolton Seed - 19872 (PB 220 207)

"Optimal Seismic Design of Multistory Frames," by V. V.
Bertero and H. Kamil - 1873

"Analysis of Slides in the San Fernando Dams during the
Earthquake of February 9, 1271," by H. B. Seed, K. L. Lee,
I. M. Idriss and F. Makdisi - 1973 (PB 223 402)

"Computer Aided Ultimate Load Design of Unbraced Multistory
Steel Frames," by M. B. El-Hafez and G. J. Powell ~ 1973

"Experimental Investigation Into the Seismic Behavior of
Critical Regions of Reinforced Concrete Components as
Influenced by Moment and Shear," by M. Celebi and J.
Penzien - 1973 (PR 215 884)

"Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete
Beams," by M. Celebi and J. Penzien - 1973 (PB 239 568)

"General Purpose Computer Program for Inelastic Dynamic
Response of Plane Structures,”" by A. Kanaan and G. H.
Powell - 1973 (PB 221 260)

"A Computer Program for Eérthquake Analysis of Gravity Dams
Including Reservoir Interaction,” by P. Chakrabarti and
A. K. Chopra - 1973 (AD 766 271)
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"Seismic Behavior of Spandrel Frames - A Review and Outline
for Future Research,”™ by R. Razani and J. G. Bouwkamp -
1973 {PB 246 117)

"Earthquake Analysis of Structure-Foundation Systems," by
A. K. Vaish and A. K. Chopra - 1973 (aD 766 272)

"Deconvolution of Seismic Respose for Linear Systems," by
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of Arch Dams," by R. W. Clough, J. M. Raphael and S.
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R. B. Pinkney and R. W. Clough - 1973 (PB 226 843/AS)

"QUAD-4 A Computer Program for Evaluating the Seismic
Response of Soil Structures by Variable Damping Finite
Element Procedures," by I. M. Idriss, J. Lysmer, R. Hwang
and H. B. Seed - 1973 (PB 229 424)

"Dynamic Behavior of a Multi-Story Pyramid Shaped Building,”
by R. M. Stephen and J. G. Bouwkamp - 1973 (PB 240 718)

"Effect of Different Types of Reinforcing on Seismic
Behavicor of Short Concrete Columns,™ by V. V. Bertero, J.
Hollings, O. Kustu, R. M. Stephen and J. G. Bouwkamp - 1973

"Olive View Medical Center Material Studies, Phase I;" by
B. Bresler and V. Bertero - 1973 (PB 235 986)

"Linear and Nonlinear Seismic Analysis Computer Programs
for Long Multiple-Span Highway Bridges,”™ by W. S. Tseng and
J. Penzien - 1973

"Constitutive Models for Cyclic Plastic Deformation of
Engineering Materials," by J. M. Kelly and P. P. Gillis -
1973 (PB 226 024/AS8)

"DRAIN -~ 2D Users Guide," by G. H. Powell - 1973
(pB 227 016/AS)



EERC 73-23 "Earthquake Engineering at Berkeley - 1973" - 1973
(PB 226 033/AS)

EERC 73-24 "Seismic Input and Structural Response During the 1971
San Fernando Earthquake," by R. B. Reimer, R. W. Clough
and J. M. Raphael - 1973

EERC 73-25 "Earthquake Response of Axisymmetric Tower Structures

Surrounded by Water,"” by C. Y. Liaw and A. K. Chopra -
1273 (AD 773 052)

EERC 73-26 "Investigation of the Failures of the Olive View Stair-
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