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1. INTRODUCTICN

The evaluation of pore pressure generation in soils due to earth-
quakes or other types of cyclic loading conditions has been given con-
siderable attention in recent years,

Laboratory test proceduras have been developed tc obtain quantita-
tive measures of the stress conditions which lead to soil pore pressure
development, In addition, analytical methods which use these test re-
sults have been developed to evaluate the liguefaction or cyclic mobility
potential of soil deposits in the field (Seed and Idriss, 1967, 1971).

The improved understanding of the mechanisms invcolved in pore pres-
sure generation under cyclic leading conditions has also led to advances
in the analysis of ground response taking into account the effects of
pore water pressure generation under dynamic loading conditions {(Finn
et. al., 1977; Ghaboussi and Dikmen, 1978; Liou et. al., 1977; Zienkiewicz.
et. al., 1978; Martin and Seed, 1978), and on the significance of dissi-
pation and internal redistribution of pore water pressures in a soil mass
subjecﬁed to dynamic loading (Seed and Lee, 1966; Ambraseys and Sarma,
1969; Yoshimi and Kuwabara, 1973; Seed et. al., 1975).

Effective stress ground response analyses can only be performed with
the knowledge of the pore pressure distribution in the soil and its vari-

ation with time

lProject Engineer, Engineering and Quvrages D'Art, Clamart, France.

2?rofessor of Civil Engineering, University of California, Berkeley, CA.



Several methods of expressing the rate of build-up of pore water
pressures in a sand deposit subjected to earthquake shaking have been
developed in recent years. They generally fall into one of two cate-
gories;:

1. By referring to the fundamentals of the behavior of granular
materials under cyclic shear stress applications, it has been
possible to isclate the factors and the solil properties which
determine the rate of pore water pressure generation. Then
these data and mechanisms have been incorporated into methods
of effective stress ground response analysis (Finn et. al,,
1977, 1978). Yet, unless these soil characteristics can be
measured with the required degree of accuracy, predicted pore
pressures may be somewhat in error.

2. Use can be made of actual measurements of pore water pressure
build-up in cyclic loading tests. The only criteria then re-
guired to evaluate pore pressure development in anv soil ele-
ment is the evaluation of the number of uniform stress cycles
(N,) which will produce a condition of initial liquefaction
under undrained conditions, This can readily be determined
from undrained cyclic simple shear tests or other appropriate

tests on representative samples.

A method of liquefaction analysis of horizontal sand deposits
using these principles has been developed by Seed et. al. (1975).
This report describes the computer program APOLLO in which the
methed has been incorporated and gives a typlical example of its

application.



2. Derivation of the Basic Equation

The basic assumption involved in a pore pressure generation and
dissipation analysis is that the excess pore water pressure change, Au,
in a soil element is the sum of the pore pressure increment generated
by the dynamic ex;itation, Aug, and of the pore pressure change due to

the flow of pore water in and out of the soil element, Aud:

Au = Aud + Aug (1)

The pore water flow 1s related to the volume change of the element. As-
suming vertical flow and constrained soil deformations in the horizontal
direction:

Au = =Agt = -i-Ae (2)
mV v

where m is the coefficient of volume compressibility. Darcy's law re-
lates the volume change, AEV, occurring in the time At to the vertical

gradient of excess pore water pressures:

Ae = -—3—<k au)-At (3)

AV az ?;'55

where k is the soil permeability and Yw the unit weight of water.  Using
equations 1 through 3, the basic differential equation of the simultane-
ous generation and redistribution of pore pressures within a deposit may

be written:

TR S N "

3. Soil Properties and Liquefaction Characteristics

The solution of egquation (4) requires the knowledge of the undrained
Sug
ot ’

rate of pore pressure generation, the coefficient of volume compres-



sibility, mv, and the cocefficient of permeability, k.

3.1, Undrained Rate of Pore Pressure Build-up
This method of analysis is based on the empirical finding that the

development of pore water pressure in granular soils under cyclic loading

conditions is of the form:
‘ N
= v, —_
Uy a - F <N£> {5)

where Oé is the effective overburden pressure, N ig the number of uni-
form stress cycles undergone by the soil sample and NQ , the accumula-
tive number of ¢yecles at the same stress level required to reach initial
liquefaction under undrained conditions.
For many soils, the function F may be expressed as
F(§N—~> = —Tz-r-arc sin (g—)%& {6)
2 2

where o is an empirical constant which depends on the soil type and test
conditions. The relationship given in egquation (6) 1s plotted in Figure 1
for different values of g. A value of g = 0.7 has been found to repre-
‘sent the average curve for many soils,

The undrained rate of pore water pressure build-up may then be ex-

pressed as

Bug _ Bug an

Bt T N dt 7)

and equation (7) becomes according to eguation (5)

g _ o , dF ( N ) . an (8)
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It may then be noted that the only criterion required to evaluate
the rate of pore water pressure build-up per applied uniform stress cvele,
Bug ‘ ) ]

e 1S the determination of the value of NQ'

This can readily be obtained from undrained cyclic simple shear tests
or any other appropriate test providing curves of the type shown in Fig-
ure 2. In a cyclic loading test, the cyclic loading frequency %% is a
selected constant of the test. In the case &f irregular dynamic loading
patterns, the number of uniform stress cycles over which an equivalent
shear stress amplitude is applied, may be evaluated either by adopting
a representative number of cycles from studies of different magnitude
earthquakes as shown in Table 1 or by using an appropriate weighting pro-
cedure as shown in Figure 3.

Whenever cyclic stresses are applied consistently at an equivalent

level throughout the earthquake duration, t the rate of uniform cyclic

DI
. dN .
loading, I may be taken as a constant determined by
& _ Teg (9)
dt tD

However when a specified earthquake motion induces phases of high stress
intensity followed by significant phases of little activity, it may be
desirable to evaluate the number of stress cycles, Neqi, over which the
uniform equivalent cyclic stress is applied for each phase {see Figure 4}.

If there are k phases in the earthquake motion, then

N = N 10
cx T 2 Ve, a0
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Table 1. Approximate Relationships between Earthquake
Magnitude, Strong Shaking duration and
Equivalent Number of Uniform Cycles
N .
‘ eq Duration Rate of
i:.rziquzze Number of Uniform of Strong Uniform
El Stress Cycles @ C.65 Trax Shaking Cycling
51/2=-6 5 8 sec 0.6 cy/sec
6 1/2 3 14 sec 0.6 cy/sec
7 12 20 sec 0.6 cy/sec
71/2 20 40 sec 0.5 cy/sec
8 30 60 sec 0.5 ecy/sec

10
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3.2. Coefficient of Volume Compressibility

For low values of the pore pressure ratio, ru = u/Gé, it is found
that neither grain size nor relative density have a large influence on
the coefficient of volume compressibility m (Figure 5). For such low
pore pressure ratios, values of m typically range between 1 X 107 % and
2 X10°° £t%/1b (2 X 10 ° and 4 X 10 ° m®/kN) for average densities and
grain sizes of sandy soils.

However for pore pressure ratios larger than about 60%, the values
of compressibility have been found to be influenced by both relative
density and pore pressure rvatic. Seed et, al. (1975) found that the
"variation of m could be expressed by

B m— e (11)

mV e Y
m 1+ v+ hy?

Vo

where mvo is the compressibility for low pore pressure,

y = Alru)B
A = 5(1.5 - D)
B = 3(2) P

and Dr is the relative density. Expression {(11) is shown in graphical
form in Figure 6 for different values of the relative densiﬁy Dr'

Cyclic tests pérformed by Lee and Albeisa {1974) beyond the point
where the cyclic pore pressurs ratio (ru) reached a value of 100% de-
veloped volumetric strains which were much larger than the strains mea-
sured on samples which were merely loaded to the point where ru = 100%
was first developed. These findings were included in a qualitative form
in the analysis by assuming that under a decrease in pore pressure, the

value of m would remain constant and equal to the maximum value reached

during pore pressure build-up.
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3.3. Permeability Characteristics

Permeability is a soil characteristic which covers a wide range of
values. The best available means to evaluate the permeability coeffi-
cient for a soil mass is by means of a pumping test in the field but thev
may also be estimated from a knowledge of the grain size characteristics
of the soil. It is considered that the range of values shown in Figure 7
provide a reasonable guide to the range of permeabilities which might be

expected for granular materials of different grain sizes.

4., Boundary Conditions

Since the problem under consideration is one-dimensional and the
water table is the only drainage boundarvy, it is to be expected that the
consolidation of the lavers in the soil profile will lead to an upward
flow of.pore water resulting in a rise in the water table.

The quantity, Q, of water flowing upward per unit area through the

water table elevation, d, in a time interval At is

Two situations may occur:

a) The saturation line is at the water table elevation.

If the saturation line is at the water table elevation it is
necessary to adopt the concepi of an effective porosity, n_,
for the overlying scoil, i.e. the fraétion of a unit volume

of unsaturated soil which is filled by air, to determine the
change in water table slevation. The volume filled by the
flow of water crossing the water table duriﬁg the interval At

may be expressed as
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Am - 1 = Q/ne (13)

and the corresponding rise in water table over the time interval At will

be equal to AH.

)

The saturation line is above the water table.

Let H be the height of saturated soil above the water table.

Then
H = g-4d (14)

where s is the saturation line elevation.
The flow of water, @, through the water table induces a volume

change, AH, of the saturated zone such as

AH - 1 = ©Q {15)
The resulting change of effective stress, Ag', occurring in the

saturated soil above the water table may be expressed as

. 1 A"
Ag' = =T (16)
R
where mR‘is the coefficient of volume rebound. Finally, the
resulting rise in water table over the time interval At is
Ag = Aol (17)
YW

Experience gained from several case studies indicates that the
rise of the water table through the saturated zone is very
rapid. It was therefore concluded that the coefficient of
volume compressibility, m s could be substituted for m_ in

R

equation (16) without affecting the nature of the phencmenon.

5. Solution of Basic Equation

The computer program APOLLO (gpalysis of Potential Liguefaction of

Layers for One-Dimensional Flow) has been written to solve the basic
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equation with the appropriate boundary conditions through a finite dif-

ference scheme using an implicit formulation.

5.1. Digcretized Equations

The pore pressures, u, are computed at line levels i, separating
layer i above from layer i+l below. The finite difference equations are
obtained by the usual techniques, with the assumption that pore pressures
are continuous throughout the profile and that there is continuity of
filow through the interface separating two layers.

The basic eguations of the algorithm are

200050 0 F % %)e wae VP
u. = (18)
i,t + At oy sy
Za(ai + ai+1) + E_ + g
i i+l

. where © is a convergence parameter, usually set equal to 0.5 (Crank-

Nicholsen Method).

o, = ki _ Dpermeability of layer i
i Azi thickness of layer 1
At
By = % my Am
vi'w i

m being the coefficient of volume compressibility of layer i, Yw the
unit weight of water and At the time increment chosen in the analysis.

The expression of bi is

b, = 201 -90)(agu, o + 0y 0 ),
%y
-[2(1 - @)(ai + ai+1) - EZ

- =1 u, + q. {19)
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bi is completely determined at time t, a; refers to the source term in

equation (18). Its expression is
¢4 o, O, ¢}
i i+l i i+l
q, = O (F,=—+F, ) - o, (=— + ) (20)
i oi lBi i+l Bi+l i,t Bi 141

where Goi is the hvdrostatic vertical effective stress at level 1i. Fi

and Fi+ are the excess pore pressure ratios just above level i and just

1
below, respectively, which would exist at time t = £ + At if the system

were undrained.

5.2. Structure of the Program
The program APOLLO consists of a main program, 18 subroutines and
3 function subprograms.
APOLLO, the main program, inéludes the user's manual in the form of

comment cards. Also, it fixes arbitrarily the values of the following

constants:

THETA = cgonvergence parameter of the implicit formulation
{set as © = 0.3),

PCT = the termination criterion for the iterations within one
time interval, set 0.001% erxror on the éxcess pore
pressures,

ITMAX = maximum number of iterations in the solution procedure

{Implicit Finite Difference), set as ITMAX = 100
MASTER reads the constants of the problem necessary to set up the
dynamic storage.
ADJUST contains the c¢alls to the system dependent routines, e,q.
LOCF and MEM, which return the memory location of a variable and allocate

the required amount of central memory within the limits of the system.
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EQKDIV reads the information concerning the phases at different

stress intensity within an earthquake motion.

SETTIN reads the information concerning each time period of analysis.

Indeed, the analysis may be performed with a sequence of increasing time
steps. >Shorter time steps should be affected to the period of pore pres-
sure build-up, longer time steps to the period of pressure dissipation.

INPT is the tree of the program. It calls the different operations
in seguence.

UNIT reads the system of units in which the data are input and in
which the results are given. The computations within the program are
done in dimensionless units.

PROPYL reads the soil properties of the profile.

OPTICNL reads the output options selected for each period of
analysis. ‘

INITL performs the initializations at the start of each period of
analysis.

SOLVER is the tree of the solution block.

PROUTL prints out the maxima of pore pressures and the minima of
effective stresses at the bottom of each layer for each of the time
periods of analysis.

OUTPTL treats the optional ocutput.

PLT and PLOTL are used for printer-plotting optional output.

PCH is used to punch optional output on cards.

ITR is part of the solution block; it performs the iterations of the
implicit formulation for each time step.

MOBILE is part of the solution block; it computes the water table

rise within each time step.
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NVA is part of the solution block; it computes at the end of each
time step the new values of the variable coefficients of the discretized
equations, i.e., bi and 4G of equations (19) and (20).

FUNCTION F is the normalized function which expresses the undrained
excess pore pressure ratic as a function of the cycle ratio (see equation
6}.

FUNCTION FINV is the.inverse function of F; that is, it expresses
the cycle ratio as a function of pore pressure ratio.

FUNCTION CHANGE is the normalized function which expresses the com-
pressibility ratio, mv/mvo’ as a function of pore pressure ratio and re-
lative density (see equation 11).

The subprograms of APOLLO are listed in Table 2 with the relation-

ship between the programs.

5.3. Usger's Manual
Input Data
1. Job card (3I5, F5.0, 10A6)
1-8 NTS Number of soils with different properties
6=-10  NTL Number of layers {(and of lines within the pro-
file where excess pore pressures are computed)
11-15 ©NUM Number of different time periods of analysis
{maximum of 7). The shortest periods (genera-
tion) with the shorter time step, the largest
periods (diffusion) with the larger time step.
Note: The maximum of 7 periocds can be waived
by adding disk storage on the program card;

e.g. TAPE 8 for periocd no. 8, etc.
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16-20 ALPHA Parameter for the pore water pressure generation

21-80

function., Mean g-value = 0.7

IDENT Job identification

Earthquake motion card (F10.0, F5.0, I5)

1~-10

EQK Earthquake motion duration in seconds

11-15 NCYC Number of equivalent stress cycles for the entire

duration of the motion (reguired if NDiV = 1)

16-20 NDiv Number of phases within the earthquake motion at

different constant rate ¢f cycling. If NDiV = 1,

leave blank

Earthquake motion phases cards (only if NDiV is greater than 1)

Two cards

8F10.0 EQKP(NDiV) - Durations of all the phases in the motion

8F10

Time

8rlo

8F10.

1615

defined by a constant rate of cycling

.0 NCYCP(NDiV) - Numbers of equivalent stress cyeles for

each one of the phases in the motion

Periods of analysis cards (Three cards)

.0 DURATN(NUM) - Durations of each period of analysis

starting from the beginning of the earthqguake motion
DT (NUM} - Time steps to be used in each period of
analysis. Restriction = the time step value for a
given period of analysis must not be smaller than the
one used in the previous period

NA(NUM) - Maximum number of curves to be plotted on a
single graph for each time period of analysis (maximum

of 9). 1If blank, NA = 9 for each time period
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Unit system card (10a6, 2F10.0)}

1-60 IDT Identification of system of units

61-70 GW Unit Weight of Water in the particular system
of units

71-80 GR Acceleration of Gravity in the particular system
of units

Water level c¢ard (8F1l0.0)
1-20 WT Depth of Water Table
11-20 SAT Depth of Line of Saturation

Soil cards (total of NTS cards) (IS5, 5F10.0)

1-5 I Scil number

6-15 DY Humid Unit Weight of Soil

16=-25 K Coefficient of Permeability in om/sec
26=-35 MV Coefficient of Volume Compressibiiity
36-45 DR Relative density (fractional)

46~55 PORES Alr porosity of the soil. By definition, the
air void volume divided by the total volume

Layer cards {total of NTL cards) (2I5, 3F10.0)

1-5 I Layer number
6-10 NS Scil number
11-20 NFT Number of equivalent cycles to liquefaction in

an undrained state at top of layer

21-30 NFB Number of cycles to liquefaction in an undrained
state at bottom of layer

31-40 DZ Thickness of lavyer

Cptional output cards

16I5 KEY{(NUM) - Number of lavers for which optional ocutput is
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requested for each time period of analysis
The following information must appear on a set of two cards per time
period for which output is requested =

16i5 LINES - Numbers of the layers with output

16i5 CODE - Requested output code starting from the righthand
end of a IS field =
Column 1 Pore Pressures
Column 2 Effective Stress
Code @ No Action Taken
1 Print-Plot
2 Punch Only

3 Print-Plot and Punch

End of Input Data

6. Example Problem

In order to illustrate the use of the program, an analysis of the
generation of pore water pressures in the soil profile shown in Figure 8
was performed for a 10-second earthguake motion scaled to 0.lg maximum
acceleration and consisting of the first 10 seconds of the El Centro N~S
component record.

The anticipated profile of eguivalent stress ratiocs determined by
say a total stress ground response analyses such as obtained by the
SHAKE program is shown in Figure £, together with the distribution with
depth of the numbers of cycles regquired to reach a pore pressure ratio

of 100% under undrained conditions. The profile was divided inte 2 soils
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and 13 layers. Soil No. 1 is 4 feet deep; it is a non-saturated super-

ficial sand layer at 45% relative density, with

k = 0.0l cm/sec,
m, = 1X 107% £t%/1b,
n, = 0.20 air porosity = ailr volume/total volume

Soil No. 2 consists of a saturated sand at 45% relative density with

k

]

0.1 em/sec,

1 x 10 % f£2/1p

]

m
v
As shown in Figure 2, the stress history computed by a total stress
analysis at a depth of 22.5 feet is very irregular. Accordingly, the
number of uniform stress cycles at 65% of the maximum stress eguivalent
to the earthquake motion was computed by the usual procedure and the

rate of cycling was found to vary considerably during that motion.

The motion was thus decomposed into six phases:

0=1 second 0 cycle
1-2 secoends 1 c¢ycle
2-3 seconds 5 aycles
3-6 seconds 4ls cycles
6-8 seconds 1 cyecle
8~10 seconds 1% cyecles

Three time pericds of analysis were selected: the first period
covers the sarthquake response with a duration of 10 seconds. The
second and third periods analyze the pore water pressure response in
the soil profile during the 10 and 30 minutes following the earthquake,
respectively.

The necessary input data cards and the output data in the form of

pore pressure distribution as a function of time for different depths
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in the profile are shown in.Appendix A.
7. Run time
On the CDC 6400 computer, run time is about 5 seconds of central

processor per layer and per thousand time steps.
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EARTHQUAKE ENGINEERING RESEARCH CENTER REPORTS
NOTE: Wumbers in parenthesis are Accession Numbers assigned by the National Technical Information Service; these arc
followed by a price code. Copies of the reports may be ordered from the National Technical Information Service, 52#5
Fort Roval Road, Springfield, Virginia, 22161. Accession Numbers should be quoted on ordexs for reports (PR -== =)
and remirtance must accompany each order. Reports without this information were not available at time of printing.
Upon request, BERC will mail inquirers this information when it becomes available.

EERC 67-1 "Feasibility Study large-8cale Earthauake Simulator Facility,” by J., Penzien, J.G. Bouwkamp, R.W. Clough
and D. Rea = 1957 (PR 187 90%)A07

EERC 68-1 Unassigned

EZRC €8-2 "Inelastic Behavior of Beam-to-Column Subassemblages Under Repeated Loading," by V.V. Berteroc - 1968
(°B 184 988)A05

EERC 68-3 "4 Graphical Method for Solving the Wave Reflection-Refraction Problem," by H.D. McNiven and Y. Mengi - 1963
(PB 187 943)A03

TERC 68-4 "Dynamic Properties of McKinley School Buildings," by D. Rea, J.G. Bouwkamp and R.W. Clough = 1968
(PB 187 902)AQ7

EERC 68-5 "Characteristics of Rock Motiens During Earthquakes," by H.B. Seed, I.M. Idriss and F.W. Kiefer - 196g
(PB 188 338)AQ1J

EERC 69-1  "Earthguake Engineering Research at Berkeley," - 1969 (Pp 187 206)All

TRERC §9-2 "Nonlinear Seismic Response of Earth Structures,"” by M. Dibaj and I, Penzien -~ 1363 (PB.187 904)A08

EERC 69~-3 “Probabilistic Study of the Behavior of Structures During Earthquakes,” by R. Ruiz and J. Penzien - 1969
(PB 187 886)A06

EERC 69-4 "Numerical Solution of Boundary Value Problems in Structural Mechanics by Reduction to an Tnitial Value
Formulation,” by N. Distefanc and J. Schujman - 1969 (PB 187 942)A02

EERC $9-5 "Dynamic Programming and the Solution of the Biharmonic Egquation," by W. Distefanc - 196% (PB 187 941)A02
EERC 69-6 "Stochastic Analysis of Offshore Tower Structures,”by A.K. Malhotra and J. Penzien - 1969 (PB 187 903)ACc
EERC 69-7 "Rock Motion Accelerograms for High Magnitude Earthquakes," by H.B. Seed and I.M. Tdriss - 1969 (PR 147 940402

EERC £9-8 "Styuctural Dynamics Testing Facilities at the University of California, Berkeley,” by R.M. Stephen,
J.G. Bouwkamp, R.¥. Clough and J. Penzien - 1383 (PR 189 111)a04

EERC 69-9 "Seismic Response of Soil Deposits Underlain by Sloping Rock Boundaries,” by H. Dezfulian and H.B. Seed
19692 (PR 189 114)303

EERC 69-1C "Dynamic Stress Analysis of Axisymmetric Structuras Under Arbitrary Loading,” by S. Ghosh and £.L. Wilson
1962 (P8 189 026)al0

EERC 69-11 "Seismic Behavior of Multistory Frames Designed by Different Philesophies," by J.C., Arderson and
V. V. Berterc - 196% (PB 190 662)AlQ

EERC 69-12 “Stiffness Degradation of Reinforcing Concrete Members Subjected to Cyclic Flexural Moments." by
V.V. Bertero, B. Bresler and H. Ming Liao ~ 1969 (FB 202 942)a07

EERC 6%2-13 '"Response of Non-Uniform Soil Deposits to Travelling Seismic Waves,” by H. Dezfulian and H.B. Sesd - 1969
(PB 191 0231403

EERC 69-14 ™Damping Capacity of a Model Steel Structure," by D. Rea, R.W., Clough and J.G. Bouwkamp - 1969 (PB 190 663)A06

EERC 69-15 "Influence of local Seil Conditions on Bulilding Damage Potential during Earthguakes,” by H.B. Seed and
I.M. Idriss = 1965 (PB 191 038)A03

EERC 69-16 "The Behavior of sands Under Seismic Loading Conditions,” by M.L. Silver and H.B. Seed - 1969 (AD 714 982)A07

TERC 70~-1 "Farthquake Response of Gravity Dams," by A.¥K. Chopra - 1970 {(AD 700 640)AO§

EERC 70-2 “"Relationships betwsen 80il Conditions and Building Damage in the Caracas Earthquake of July 2%, 1967." by
H.B. Sead, I.M. Idriss and H. Dezfulian - 1970 (PR 195 762)ADS

JELRC .70-3 "Cyclic Loading of Full Size Steel Conneg¢tions," by E.P. Popov and R.M. Stephen - 1970 (PB 213 545)A04
EERC 70-4 “Seismic Analysis «f the Charaima Building, Carapalleda, Venezuela," by Subcommittes of tha 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 201 453)206
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"A Computer Program for Earthquake Analysis of Dams,” by A.K. Chopra and P. Chakrabarti - 1970 {AD 723 394)an5

"The Propagation of Love Waves Across Non-Horizontally Layered Structures," by J., Lysmer and L.A. Drake
1970 (PB 197 896)303

“Influence of Base Rock Characteristics on Ground Response.” by J. Lysmer, H.B. Seed and P.B. Schnabel
1970 {PB 197 897)}a03

"applicability of Laboratory Test Procedures for Measuring Soil Liguefaction Characteristics under Cyclic
Loading,” by H.B. Seed and W.H. Peacock - 1270 (PB 198 016)A03

"A Simplified Procedure for Evaluating Soil Liguefaction Potential,™ by H.B. Seed and I.M. Idriss = 1970
(PB 198 009)A03

"S0il Moduli and Damping Factors for Dynamic Response Analysis,” by H.B. Seed and I.M. Idriss -197C
(P8 197 869)A03

"oyna EBarthquake of December 11, 1967 and the Performance of Koyna Dam," by A.K. Chopra and P. Chakrabarti
1971 (AD 731 493)ACH

"Preliminary In=-Situ Measurements of Bnelastic Absorption in Soils Using a Prototype Earthguake Simulator,”
by R.D. Borcherdt and P.W. Rodgers -~ 1971 (PE 201 454}A03

“Static and Dynamic Analvsis of Inelastic Frame Structures," by F.L. Porter and G.H. Powell - 1971
(PB 210 135)}3A06

"Research Needs in Limit Design of Reinforced Concrete Structures,” by V.V. Bertero - 1371 (PB 202 943}Aa04

"Dynamic Behavior of a High-Rise Didgonally Bracad Steel Building,” by D. Rea, A.A. Shah and .7.G. Bouwhaup
1971 (PB 203 584)a06

"Dynamic Stress Analysis of Porous Elastic Solids Saturated with Compressible Fluids," by J. Ghaboussi and
E. L. Wilsen - 1971 (PB 211 3926)a06

"Inelastic Behavior of $Steel Baam~to~Column Subassemblages,”™ by H. Krawinkler, V.V. Berters and E.P. Popov
1971 {PB 211 33%)Al4

"Modification of Seismograph Records for Effects of Local Soil Conditions,”™ by P. Schnabel, H.B. Seed and
J. Lysmer = 1971 {PB 214 450)A03
"Static and Earthguake analysis of Three Dimensional Frame and Shear Wall Bulldings,” by E.L. Wilson and

H.H. Dovey ~ 1972 (PB 212 904)A0%

"Accelerations in Rock for Earthgquakes in the Western United States,™ by P.B. Schnakel and H.B. Seed - 1972
(PB 213 100)AL3

“Elastic-Plastic EZarthquake Response of Soil-Building Systems," by T, Minami ~1972 (PE 214 868)A08

"Stochastic Inelastic Response of Offshore Towers to Strong Motiorn Barthquakes,” by M.K. Kaul -1972
{PB 215 7L3)A0S

"Cyclic Behavior of Three Reinforced Concrete Flexural Members with High Shear," by E.P. Popov, V.V. Bertero
and H, Krawinkler - 1972 (PB 214 355}A05

"farthquake Responge of Gravity Dams Including Reservoir Interaction Effects,™ by P. Chakrabarti and
A.K. Chopra - 1872 (AD 762 330)A08

"Dynamic Properties of Pine Flat Dam," by D. Rea, C.Y. Liaw and A.K. Chopra - 1972 (AD 763 928)A05
"Three Dimensional Analysis of Building Systems,” by E.L., Wilson and H.H, Dovey - 1972 (PB 222 438)A08

"Rate of Loading Effects on Uncracked and Repaired Reinforced Concrete Members,™ by S. Mahin, V.V. Bertero,
D. Rea and M. Atalay - 1872 (PB 224 5201A08

"Computer Program for Static and Dynamic Analysis of Linear Structural Systems," by E.L. Wilson, K.-J. Rathe,
J.E. Petersen and H,H.Dovey - 1972 (PB 220 437}A04

"Literature Survey - Seismic Effects on Highway Bridges,” by T. Iwasaki, J. Pengien and R.W. Clough -1972
{PB 215 613)al9%

"SHAKE-A Computer Program for Earthquake Response Analysis of Horizontally Lavered Sites." by P.B. Schnabel
and J. Lysmer - 1972 (PB 220 207)A06
"Optimal Seismic Design of Multistory Frames,” by V.V. Bertero and H. Kamil - 1973

"Analysis of the Slides in the San Fernando Dams During the Earthquake of Pebruary 9, 1971," by H.B. Seed,
X.L. Lee, I.M. Idriss and F. Makdisi - 1973 (PB 223 402)Al4
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"Computer Aided Ultimate lLoad Design of Unbraced Multistory Steel Frames," by M.B. El-Hafez and G.H. Powell
1973 (PB 248 315)A09

“"Experimental Iavestigation into the Seismic Behavior of Critical Reqions of Reinforced Concrete Components
as Influenced by Moment and Shear," by M. Celebi and J. Penzien - 1973 (PB 215 884)}A09

"Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete Beams," by M. Celebi and J. Penzien ~1873
(PB 239 568}A03

"General Purpose Computer Program for Inelastic Dynamic Response of Plane Structures,™ by A. Kanaan and
G.H. Powell -1973 (BB 221 260)A08

"A Computsr Program for Farthguake Analysis of Gravity Dams Including Reservolr Interaction,” by
P. Chakrabarti and A.K. Chopra ~ 1973 {(AD 766 271)1A04

“Behavior of Reinforced Concrete Deep Beam-Column Subassemblages Under Cyclic Leads,” by O, Kusty and
J.G. 'Bouwkamp - 1973 (PB 246 117}alz

"Earthquake Analysis of Structure-Foundation Systems,” by A.K. Vaish and &.K. Chopra - 1973 (AD 766 272)AQ7
"Deconyolution of Seismic Response for Linaar Systems,” by R.B. Reimer - 1973 (PB 227 179)A08

"SAP IV: A Structural Analysis Program for Static and Dynamic Response of Linear Systems," by X.~J. Bathe,
E.L. Wilson and F.E. Peterson = 1973 {(PB 221 967)A09

"analytical Investigations of the Seismic Response of Long, Multiple ‘Span Highway Bridges,” by W.5. Tseng
and J. Penzien -1973 (PB 227 B8l6)Al0

"Earthquake Analysis of Multi-Story Buildings Including Foundation Interaction,"” by A.K. Chopra and
J.&, Gutisrrez - 1973 (PR 222 270)A013

"ADAP: A Computer Program for Static and Dynamic Analysis of Arch Dams," by R.W. Clough, J.M. Raphael and
5, Mojtahedi — 1973 (PB 223 763)A09

"Cyeclic Plastic Analysis of Structural Swveel Joints,." by R.B. Pinkney and R.W. Clough - 1973 {PB 226 842)AC8

"QUAD~4: A Computer Program for Evaluating the Seismic Response of Soil Structurses by Variable Damping
Finite Element Procedures,” by I.M. Idriss, J. Lysmer, R. Hwang and H.B. Seed - 1973 {PB 229 424)a08%8

"Dynamic Behavior of a Multi-Story Pyramld Shaped Building,"” by R.M. Stephen, J.P. Hollings and
J.G. Bouwkamp - 1973 (PB 240 718)A06
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