o Lo-E NG 7 200" o

© LASSAL, COMPUTER PROGRAM FOR ANALYSIS
© OF SEISMIC RESPONSE AND LIQUEFACTION OF
 HORIONTALLY LAYERED SANDS

~ The National Science Foundatlon el e
SR Research Grant ENV76-00626 ' 3

o wNewrz e






ATTENTION

AS NOTED IN THE NTIS ANNOUNCEMENT,
PORTIONS OF THIS REPORT ARE NOT LEGIBLE.
HOWEVER, IT IS THE BEST REPRODUCTION
AVAILABLE FROM THE COPY SENT TO NTIS.

DIRECT QUESTIONS RESULTING FROM ILLEGIBILITY

TO: Dr. Jamshid Ghaboussi
University of Illinois at
Urbana-Champaign
Urbana, Illinocis 61801






BIBLIOGRAPHIC DATA (1. R . r No.
SHEET N§%7ﬁA-770316

4. Ticle and Subtitle | ASS_TT, Computer Program for Analysis of Seismic
Response and Liquefaction of Horizontally Layered Saturated

2.

Sands &
7. Author(s) . . 8. Performing Organization Rept.
J. Ghaboussi, S.U. Dikmen No. UTLU-ENG-77-2018

9. Performing Organization Name and Address : 10. Project/Task/Work Unit No.
University of ITlinois

at Urbana-Champaign
Urbana, I11inois 61801

11. Contract/Grant No.

ENV7600626
12. Soonsorine Oreanization Name and Address 13. Type of Report & Period
Applied Science and Research Applications (ASRA) " Covered
National Science Foundation Technical
1800 G Street, N.W. ‘ 14.
Washington, D.C. 20550 | |
! 15. Supplementary Notes ' ' .
, Abstracts

*A new approach to analysis of seismic response and evaluation of the liquefaction
potential of saturated sands are presented. Work on the development of a two-phase

fluid solid model for quasi-static and dynamic analysis of saturated soils has been
extended here by using a nonlinear material model to represent the behavior of solid
granular medium. The separate phases of solid granular skeleton and the pore water

are modeled individually, and the coupling between these two phases is taken into
account. The pore water is allowed to flow with respect to granular solid. This
process is assumed to be governed by Darcy flow Taw with the coefficient of permeability
as the material constant. Dynamic analysis of this model allows direct determination

of the time histories of pore water pressures and effective stresses. The seismic
response of the system to earthquake base acceleration is also determined in the

process of dynamic analysis. The material model used is defined in terms of effective
stresses. Criteria for the occurrence of initial liquefaction and onset of liquefaction
aredefined in terms of effective stresses and are included in the material model.

17. Key Words and Document Analysis. 17a. Descriptors

Earthquakes Porosity

Seismic waves Computer programs
Seismology

Soil dynamics

Sands

Soils

. _. Identifiers/Open-Ended Terms

Liquefaction

Seismic response
Saturated sands
Nonlinear material model
Pore water

... COSATI Field/Group

_ Awailability Statement 19.. Security Class (This 21. No. of Pages
. Report)
NTIS UNCLASSIFIED 1l
20. Security Class (This 22, Price
Page é 14 47/
UNCLASSIFIED A ﬂ _ ‘

FORM NTIS-35 {REV. 10-73)  ENDORSED BY ANSI AND UNESCO. THIS FORM MAY BE REPRODUCED. USCOMM. DC 8265-P74






LASS-IT, COMPUTER PROGRAM FOR
ANALYSIS QF SEISMIC RESPONSE AND LIQUEFACTION
OF HORIZONTALLY LAYERED SATURATED SANDS

By

Jamshid Ghaboussi

S. Umit Dikmen

A Technical Report of
Research Sponsored by

THE NATIONAL SCIENCE FOUNDATION
Contract ENV 76-00626

UNIVERSITY OF ILLINOIS
AT URBANA-CHAMPAIGN
URBANA, ILLINOIS

JUNE 1977

Any opinions, findings, conclusions
or recommendations expressed in this
publication are those of the author(s) =
and do not necessarily reflect the views.
- of the National Science Foundation
, l _






ACKNOWLEDGEMENT

This research was sponsored by NSF under grant Number ENV76-00626.
Some early work in this area was done by the first author during a study
for Naval Civil Engineering Laboratory, Port Hueneme, California under
contract Nos. N62583/76-M-W510 and N62583/76-M-W707. Mr. John Ferritto
of NCEL monitored this contract. Both these supports are gratefully
acknowledged.

Mr. Giancarlo Gioda developed a plot package for computer

program LASS-II. This contribution is gratefully acknowledged.






LASS-II, COMPUTER PROGRAM FOR
ANALYSIS OF SEISMIC RESPONSE AND LIQUEFACTION
OF HORIZONTALLY LAYERED SATURATED SANDS

TABLE OF CONTENTS

INTRODUCTION .

METHOD OF ANALYSIS .

MATERIAL MODEL

3.1. Pre-initial-liquefaction model .
3.2. Post-initial-Tiquefaction model
POST EARTHQUAKE ANALYSIS .

EFFECTIVE DAMPING

CASE STUDIES .

CONCLUDING REMARKS .

REFERENCES

APPENDIX I. INPUT DATA FOR COMPUTER PROGRAM LASS-IL
APPENDIX II. LISTING OF COMPUTER PROGRAM LASS-II
APPENDIX III. EXAMPLE INPUT AND OUTPUT .

Page

11
13

15

o17

20






LASS-II, COMPUTER PROGRAM FOR _
ANALYSIS OF SEISMIC RESPONSE AND LIQUEFACTION
‘OF HORIZONTALLY LAYERED SATURATED SANDS

1.  INTRODUCTION

The problem of iiquefaction of saturated soils during earthquakes has
attracted considerable attention in recent years and e*tensivé research has
already been performed in; understanding the phenomenon; the process of
fdeve]opment of liquefaction during earthquakes; and, factors affecting this
. Process. It is not intended here to give a complete Titerature survey in the
area of liquefaction. However, few references cited here (2, 8, 10, 11, 12,
14, 15) represent some of many significant Qevelopments and various approaches
to the problem. An exce]}ent survey of the state of the art has been.presented
in a recent paper by Seed (16).
| Presented here is a new approach to analysis of séismic response and
evaluation of the lTiquefaction potential of saturated sands. A two phase fluid-
solid model has been previously developed for quasi-static and dynamic analysis
of saturated soils (3, 4, 5, 6). This work has been extended here by using a
nonlinear material model to represent the behavior of solid granular medium.

The separate phases of solid granular skeleton and the pore water are
modeled individually and the coupling between these two phases is taken into
account. The pore water is allowed to flow with respect to granular solid and
this process is assumed to be governed by Darcy flow law with the coefficient
of permeability as the material constant. Dynamic analysis of this model
allows direct determination of the time histories of pore water pressures and
effective stresses. The seismic response of the system to earthquake base

acceleration is also determined in the process of dynamic analysis.



The material model used in this study is defined in terms of effective
stresses. Criteria for the occurrence of iniija1 liquefaction and onset of
liquefaction is defined in terms of effective stresses and are included in,
the material model. Initial liquefaction is considered as a condition of
"near failure". Two different material models are used for the behavior of
soil before and after the initial liquefaction. Cyclic effects are included
in the material model.

A1l the material parameters needed for the material model used in
this study can be determined from routine laboratory tests and possibly um:is.l..
triaxial test under monotonically increasing stress. Cyclic tests are not
required for this model. Another feature of the method of analysis presented
here is that the damping is not included as an independent parameter. The
model inherently includes two effective damping mechanisms; hysteretic damping
and dissipative damping. Thus the need for evaluation of damping ratio is

eliminated.



2. METHOD OF ANALYSIS

| The saturated granular soil system is treated as a two-phase
medium with consituent materials being the granular solid skeleton and pore
water. The two phases are coupled through volumetric strains. The method
is general and has been applied to two dimensional cases in previous studies
(3, 5). However, in tﬁe previous applications the Tinearly elastic material
properties were used for modeling the behavior of the solid skeleton. With
this type of material model the pore water pressures result only from elastic
volumetric strains which neglect the reduction in effective pressures and
increase in pore water pressure which is caused by dilatency and contractancy
of granular soils under shear deformations. An appropriate nonlinear material
property has been used in this study which is capable of adequately represent-
ing the volumetric deformation under shear strains.

The horizonta]ly'layered system of saturated soils is assumed to
consist of horizontal 1ayers with specified thicknesses and material properties.
Each Tlayer is subdivided into a number of "layer elements" which consist of
the medium contained between two horizontal planes a distance h apart. The
plane separating two adjacent elements is referred to as 'nodal plane". The
motion of the system is described by nodal displacement degrees of freedom.

In a general case each node has four displacement degrees of freedom; three
components of displacement of solid portion, Ugs Uys Uys and a vertical

Yy’ 'z

displacement of pore water with respect to solid, w A schematic representation

5
of a layered system and a typical layer element are shown in Figures (1) and (2).
The nodal planes remain horizontal during the motion of the systems

and they can only undergo parallel displacements. Torsional motion of the



system is neglected. As a result of these assumptions there are only three

non-zero strain components. The strain-displacement relations are:

€27 = Uz, 2

®xz = Yx, z (1)
e _ = U

yz Yz

and the volumetric strain of pore water is given by the following relation:

LTV, (2)

For a typical layer element shown in Figure 2 the components of
displacement are assumed to vary linearly between the nodal planes i and j.
With this assumption on variation of displacements for each element the
st{ffness matrix, mass matrix, and "dissipation resistance” matrix can be
computed. The matrices for the system result from direct assembly of the
element matrices.

The matrix equation of motion for the system can be written as

follows.
MS 0 1u 0 0 u KSs st y MSI e
+ + = Ug (3)
. T
0 Mlw O H] jw Keg Keg| | W 0

The terms of equation 3 are as follows.

vector of the displacements of the solid portion

it

u

vector of the displacements of the pore water with respect to solid

4]

W

s Tumped mass matrix for the bulk of saturated soil

M
Mf Tumped mass matrix for the fluid portion

£

H = dissipation resistance matrix. The terms of this matrix are inversely
proportional to the coefficient of permeability



K.. = stiffness matrix for the bulk of saturated soil
Kff = stiffness matrix for the fluid portion

st = stiffness matrix representing the coupling between solid
and fluid portions.

u_ = time history of base acceleration.

Equation 3 is a nonlinear system of equations. The source of
nonlinearity is through the sub matrix Kss which contains the nonlinear
material behavior of the solid granular skeleton. This nonlinear matrix
equation can be written symbolically as follows.

Mu(t) + D a(t) + Ku(t) = ML Ug(t) (4)
in which L is a vector containing ones and zeros at the appropriate locations.
Since it is only possible to develope a tangent stiffness matrix, the third

term on the left hand side of Equation 4 has to be written in incremental

form as follows

Ku(t) = Ky au (t) + R {t - at) : (5)
in which
au(t) = u{t) - u(t - at) (6)

and the vector R {t ~ At) is the vector of internal

resisting forces which is computed from the stresses computed at the end of
the previous time step, as follows.
R(t - at) = z_{ BT (t- at) dv (7)
v

The matrix B is the strain - displacement matrix and the inte-
gration is carried out over each element with the summation sign denoting
direct assembly process.

Substitution of Equation (5) into Equation (4) yield the following
incremental form of the equation of motion.

M u(t) + D U(t) + K, du(t) = ML ﬁg(t) - R(t - At) (8)



This nonlinear matrix equation of motfon is directly integrated in time by
a time marching scheme, as described in reference (6).

Two types of energy absorption mechanism or equivalent damping
effects are present in the analytical model used here, A hysteretic damping
is introduced into the system by using the material model which will be
discussed in the next section. The‘magnitude of energy absorbed with this
damping mechanism is dependent on the history of shear strains which develop
within each element. Another energy absorption mechanism is provided through
the dissipation resistance matrix which represents dissipation of pore water
pressure and flow of pore water through granular solid. It is difficult to
evaluate these damping effects in terms of other conventional damping mechanisms
used in dyﬁamic analysis such as proportional and modal damping. However,
the influence of the damping mechanisms used in this study can be shown
through their effects on the response of the system. Bystudying such responses,
as will be shown Tater, it appears that these two damping mechanisms adequately

represent the energy absorption in the system.



3. MATERIAL MODEL

Two distinct material behavior models are required to cover the
whole range possible during the stress history of an element of soil from
insitu stress condition to final liquefaction. The first material model is
to represent the soil behavior from insitu stress condition up to the initial
liquefaction. After the onset of initial liquefaction the material behavior
is quite different than the pre-initial tiquefaction. A second material
model is required to represent this behavior.

The initial liquefaction here is considered to be a condition of
near failure in the soil element. After the initial liquefaction the granular
structure of sand changes due to large strains developing in the near failure
condition. The material model for the post initial liquefaction range is in
effect the representation of the post failure behavior of sand in a cyclic
stress environment,

The material model developed here and used in the computer prqgramr
LASS - II is based on the observations of the soil behavior and the test

results reported in literature (1,7,9,13,17).
3.1 PRE-INITIAL - LIQUEFACTION MODEL

The shear stress-strain relation under monotonic loading is repre-

sented by following equation and shown in Fig. (3a).

(%TJ = ¥ Gy Spax (9)
Y Gy * Spax

in which q is the shear stress, p' is the effective pressure and y is the
shear strain. This relation is assumed to applying equally to shear stress

in positive or negative direction. The unioading is assumed to take place



Tinearly with the slope GO until previous maximum or minimum value of q/p' is
reached, whereupon the above stress-strain relation in Equation 9 becomes valid
again. The stress-strain relation in shear as represented by the above equation
is assumed to remain constant up to the onset of initial liquefaction. This

is a reasonable assumption as no significant changes occur in the void ratio

of saturated sands during the earthquake prior to liquefaction. In the p'-q
plane the shear yield loci (1ines of equal shear strain) take the form of
straight lines radiating from the origin, Fig. (3b). Within the Tow effective
stress range encountered in earthquake analysis of soil deposits this appears

to be a reasonable assumption. The existence of such yield loci for shear
deformations has been experimentally verified and reported in References

(7, 13). However, it has been shown that for higher values of effective pressure
the yield loci approach a state parallel to p'-axis.

Under monotonic shear stress increase with this model the failure
will occur as the stress point in p'-q plane approaches a line corresponding to
the asymptote of the shear stress-strain relation in Equation 9. This failure
1ine which is also referred to as “critica].sfate” 1ine is given by the foiiowing
‘equation

fy=q-p' tang¢ =0 (10)
Initial 1iquefaction occurs as the stress point approaches the failure line
but before reaching this line. Therefore, it is justified to assume that
tan ¢ takes a value slightly smaller than Smax.

The initial effective pressures at each depth prior to application
of shear stresses are denoted by p'o. With the application of monotonically
increasing shear stresses in undrained conditions, the stress point in plq
plane follows a path similar to the stress path shown in Fig. {3b) which

intersects the failure line at effective pressure p%. This stress path has



been approximated by a quarter of an ellipse which is given by the follow-
ing equation.

] [2 1 2 ] ]
f2=(p“pf) +"2" q "'(p"pf

2
A 0 )

= 0 (11)
The material parameter ) is the ratio of the major and minor axes of the
ellipse, as given by the following relation.

A= p% tan ¢
Py - Pt (12)

The stress path given in Equation 11 is completely defined by two material
parameters A and ¢ and the insitu effective pressure pé. Equation 11 can

be written in terms of these parameters as follows.

2
= 2 2 1 2}\ I3 i >\ - tan ? ,2 —
o=+ I - Gy P et Gvtang) Pod =0 (;3)

As can be seen from Fig. (3b) under monotonic increase in shear stress the
effective pressure p' decreases and as a result the pore water pressuré
increases in undrained cdndition. In unloading the effective pressure is
assumed to remain constant until the stress path reaches the previous
maximum or minimum value of q/p' in p' - q plane. After the stress point
has reached the previous maximum or minimum value of g/p', it continues
along a stress path given by Equation 13 but computed with a new value of
pé which is determined such that the stress path goes through the point
just reached by the stress path. This process in effect corresponds to
successive reduction in the value of initial effective pressure pé as a
result of cyclic shear stress. When unlocading occurs, the value of q/p’
just prior to unloading becomes the current value of the so called previous

maximum or minimum value of g/p'.
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The original concept of the "state boundary surface" has been
extended by Ishihara and his co-workers (7,17,18) by introducing the concept
of the "multiplicity of state boundary surface" which helps in explaining a
number of aspects of the behavior of sands under cyclic shear stress. As
a result of this concept it is postulated that the loading stress paths
on each side of the p'-axis are independent of the other side. In a cyclic
stress situation therefore, at each instant two current values of pé exist
associated with stress paths for positive and negative values of q.

It is important to relate the model material parameters to relative
density which is recognized to be an important factor in determining the
liquefaction potential of saturated sands.

© The values of x determined from various reported experimental
results are shown in Fig. (4) versus the relative density. The data appears
to fall within a narrow band for low and medium densities. The value of A
increases with relative density and the value of A = 1 occurs at about
35% relative density. This corresponds to a circular stress path f2 = Q.
Below 35% relative density the major axis of f2 falls along p'-axis and
above this relative density the major axis of fz is parallel to g-axis,
From the data in Figure (4), which are for fairly uniform sands with rounded
particles, it appears that » is only dependent on relative density and the
effective pressure has little effect»on the value of A. Data from tests at
various effective pressures, pé = 1.0, 4.0 and 10.0 kg/cm2 do not differ
appreciably. As a result of this observation it can be concluded that, for fairly
uniform sands with rounded particles, the shape of the stress path f2 remains con-
stant and only its size changes with pé, since A is independent of pé. However,

Castro also has reported the results of experiments on two types of sands



il.
with angular and subangular particles. The values of » determined from
these results are shown in Figure (5) and it is evident that the effective
pressure pé has a great deal of influence on A. Therefore, for these types
of sands the shape of the stress path f2 must also be dependent on the effec-
tive pressure. However, at the present there is not sufficient data to
Jjustify quantification of this phenomenon and it is not included in computer

program LASS-II.
3.2 POST INITIAL LIQUEFACTION BEHAVIOR

After the stress path has reached a level very close to failure
1ine or montonic strain has reached a certain level, it is said that the
soil element is at initial liquefaction. When using a strain criteria for
initial 1iquefaction it is important to distinguish between the actual strain
in cyclic environment and its monotonic strain equivalent. The later must be
used. After initial Tiquefaction the material behavior of the soil element
changes abruptly. Although this material behavior change is gradual in
cyclic tests, especially for dense sands, under montonic loading for low
relative densities very abrupt material behavior changes have been observed.
In any case, for the purpose of material modeling, this material behavior
change must be considered an abrupt and discrete phenomenon.

There appears to be very little experimental data to provide insight
as to the mechanism of post initial Tiquefaction behavior of saturated
sands. Limited experimental data does point to certain general material
behavior characteristics for this range. However, development of accurate
material postulates based on acceptable material mechanism must await further
experimental evidence. Ishihara, et al. (8) have used a specific stress

path for post initial liquefaction behavior which appears justified based
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on Timited experimental data. This specified stress path is sufficient for
the type of application reported in Ref, ('8). However, a general material
model needed for a systematic dynamic stress analysis requires information.
as to the deformational characteristics of sand at post 1ﬁit1a1 liquefaction
range. Sufficient experimental data for development of such a material model
does not exist at the present.

A1l sands do not lose their strength after the initial liquefaction.
It appears that only at very loose states and low densities complete Tlique-
faétion almost instantaneously follows the initial liquefaction: the effective
stress point in p'-q plane instantaneously follows the failure line down
to origin. At higher values of relative densities, additional stress cycles
are reguired to further reduce the effective pressure and achieve complete
Tiquefaction. It appears reasonable to assume that shear loading and un-
loading characteristic does not change appreciably after initial lique-
faction. From cyclic tests it seems that the pore pressures and effective
pressures start oscillating after initial liquefaction, which is due to the
fact that the stress point must move up along failure line upon loading
which reduces pore pressure and upon unloading the pore pressure increases
The magnitude of pore pressure increase in each cycle of loading will
depend on relative density of sand and the highest magnitude of the shear
stress in that cycle. It seems the higher shear stresses after initial
Tiquefaction cause an interlocking of particles resulting in higher
effective pressure which upon unloading is transferred to pore pressures.
A possible mechanism for explaining this phenomenon is a change in com-

pressibility of solid skeleton.
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4. POST EARTHQUAKE ANALYSIS

After the completion of the earthquake analysis excess pore
water pressures are computed throughout the layered system. This excess
pore water pressure dissipates with time after the termination of the
earthquake strong shaking. In the process, the excess pore pressure
distribution through the depth changes which may cause some unliquefied
portions to liquify. Some significant ground settlements may resuit
after{the dissipation of the excess pore water pressure.

The differential equation governing the dissipation of excess pore

pressure is as follows.

o . am (14)
27 "% et

Q2

in which = is the excess pore pore prassure, k is the coefficient of
permeability and c, is the coefficient of compressibility. The discrete
form of the dissipation equation for the same mesh as used during the

earthguake analysis is as follows.
[A] {v}+({B] {x} =0 (15)

in which {7} is the vector of excess pore pressures and the matrices [A] and
[B] are obtained from direct assembly of element matrices [Am] and [Bm],
respectively. For the one-dimensional elements used here, it is assumed that
the excess pore pressure varies linearly between the nodal values of excess

pore pressure..The element matrices are as follows.
11
A = T |1 1| (16)

~
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CVL 2 1
[Bm] = —6—' 1 2 . (17)

The matrix equation of dissipation, Equation 15, is integrated in time
using Crank-Nicolson (mid-differnece) scheme which reduces Equation 15

to the following form.

(0] tr 3 = [E] {m ;3 (18)

in which {ﬂn} is the vector of excess pore pressures at time nAt and At
is the integration time step. The matrices D and E are computed from the
matricies A and B as follows.
[0] =i [B] +
At

[£] = 55 [B]

[A] (19)

pal— roje

[A] (20)

Equation 18 is applied successively to compute the time history of the
excess pore pressures. The starting vector (initial conditions) contains
the value of excess pore pressures computed at the termination of the
earthquake analysis.

Due to the logarithmic nature of variation of excess pore pressure
with time, usually a smaller timé step is used at the beginning of the
analysis and 1ater the value of the time step is increased. The time
integration method used is unconditionally stable and therefore there is

no restriction on the size of the time step for stability considerations.
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5. EFFECTIVE DAMPING

Two types of energy absorbing mechanisms which act as effective damping
are available in the method of analysis presented in this report. These damping
mechanisms are as follows.
1. Hysteretic damping which is inherent in the material model
used in this study.

2. Dissipative damping which is the result of modeling the two
phase nature of the soil and is caused by flow of pore water with
respect to the granular solid.

The first damping mechanism is independent of the velocity whereas the
second is a velocity dependent damping mechanism.

The magnitude of the effect of these two damping mechanisms are deter-
mined automatically in the process of analyses by the behavior of the system.
This eliminates the need for determining the damping ratic which is one, the
most critical, at the same time difficult, steps in a dynamic analysis. The
hysteretic damping at each point in the system is dependent on the effective
pressure and the Tevel of cyclic shear stresses. This can be seen from shear
stress-strain diagrams shown in Fig. 17.

In order to study the influence of these damping mechanisms the

following three cases were analyzed.

Case 1. The soil is modeled as one phase solid with Tinearly
elastic material property. No damping is present in
this case.

Case 2. The soil is modeled as one phase solid. But in this
case nonlinear material properties are used. This case

has only the hysteretic damping.
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Case 3. The soil is modeled as two phase medium and nonlinear
material properties are used. In this case both damping
mechanisms are present.
For all the cases 100 ft layer was assumed and all the properties,
except those which were mentioned above, were the same. The E1 Centro earth-
quake record was used as the base motion. The response spectra at ground
surface for these three cases are shown in Fig. 6. The effect of the two damping
mechanisms is quite clear from this figure. In Case 1, in absence of any
damping, very high peak spectral velocities are present at the natural frequencies
of the system. Hysteretic type damping has considerably reduced the surface
response spectrum of case 2. The differences between surface response spectra
of cases.2 and 3 is solely due to dissipative types damping which appears to
be considerable. Furthermore, the hysteretic damping appears to be almost
uniformty effective over the whole frequency range Whereas the dissipative
damping has little effect in fhe low frequency range but is very effective‘in
the higﬁ frequency range.
The observations made in this section appear to confirm the authors
belief that close modeling of the behavior and physical make up of soil to
a great degree eliminates the need for specifying the damping as an additional

material property.
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6. CASE STUDIES

In this section the results of the application of the method of
analysis described in previous sections to two cases are presented and dis-
cussed. The first case studied is a 100 ft layer of sand with water table
at 2 ft below ground surface. This layer is subjected to N-S component of
E1 Centro earthquake of May 1940 as horizontal base acceleration. The
material properties used in this analysis are shown in Fig. 7. It is
assumed that the initial shear modulus increases with depth. Other
parameters are constant through the depth.

Shown in Fig. 8 are the time histories of excess pore pressures and
effective stresses normalized with respect to in situ effective stresses.
It can be seen that major pore pressure increases occur within the first
2.5 seconds of the earthquake. Initial liquefaction occurs when the
excess pore pressures have reached a value of about 60 % of the in situ
effective pressure. After the initial 11quéfaction the material properfies
change to a post failure condition causing the excess pore pressures to
oscillate according to shear stresses. The oscillations in the excess pore
pressure continue until final liquefaction has occurred, whereupon the
pore pressures remain constant with time. The first element liquefies at
2.7 seconds. The liquefaction of other elements follow and the liquefied
zone increases with time. The pattern of development of 1iquefaction with
time is shown in Fig. 9. It can be seen that the last eiement has liquefied
at 6.0 seconds. The zone of liquefaction extends from the water table
to a depth of 20 feet below ground surface and the zone of Tiquefaction
does not expand after 6 seconds. The variation of excess pore pressure

with depth is shown in Fig. 10 at various times. It can be seen that
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before liquefaction the excess pore pressure, as a percentage of in situ
effective pressure, has the highest value near the ground surface. The time
rate of increase of this pore pressure ratio is also much higher near the '
ground surface and it rapidly decreases with depth. Below a depth of 60 feet
the excess pore pressures vary between 20 to 35 per cent of the in situ
effective pressures.

Shown in Fig., 11 are typical shear stress-strain plots at sévera1
depths., It is evident from this figure that the increase in effective
pressure with depth has a great deal of influence on the maximum Shear
stresses, equivalent shear moduli and the hysteretic damping.

The dynamic analysis due to earthquake base motion was carried out
for 30 seconds. The excess pore pressure ratios at the end of 30 seconds of
earthquake are shown in Fig. 12. Also shown in this figure are the pore
pressure ratios at different elapsed times after the earthquake. The dissi-
pation of excess pore pressure after the earthquake are obtained by post-
earthquake analysis.

The second case studied here is a soil profile similar to Niigata
sites where extensive liquefaction occurred during the June 16, 1964 earth-
quake. No attempt is made here to directly model the Niigata site. The
properties used in this analysis, as shown in Fig. 13, are chosen to coincide
with those used by Seed and Idriss in Ref. (14). The initial shear modulus
is assumed to increase linearly with depth. The relative densities and the
corresponding values for A are also shown in Fig. 13. The depth of the Tayer
used in the analysis is 250 feet. Below 100 feet the rate of increase of
shear moduli with depth was gradualiy reduced and a constant relative

density of 0.9 was used.
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Two base motions were used in the analysis; the E1 Centro earthquake
record with half the amplitude; and, a sine wave with an amplitude of 0.15 ¢
and a period of 0.5 seconds. The pattern of the development of liquefaction
for these two cases are shown in Figures 14 and 16 and the variation of
excess pore pressures with depth are shown in Figures 15 and 17. It can be
seen that the pattern of the deveTopment of liquefaction for both the base
motions is very similar and the main differences are in the fact that for
Sine wave base motion liquefaction occurs earlier and also a larger zone
liquefies. However, in both cases liquefaction starts in the second layer
which is assigned the lowest relative density of 40 percent.

The sine wave base motion is probably the most severe condition
from 1iquefaction point of view, sSince the soil is subjected to sustained
levels of cyclic shear stress, whereas, when earthquake record is used as
the base motion, only a few cycles of high shear stresses occur. It is
reasonable to conciude that the peak acceleration and earthquake duration
play a more important ro]é in the liquefaction potential than other properties
of any earthquake.

In summary, it is observed that for base accelerations used, with peak
values typical of Niigata earthquake and regardless of earthquake type, the
method shows that liquefaction does occur in the upper 30 feet of the soil

profile used in this analysis.
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7. CONCLUDING REMARKS

Presented in this report is a general method for analysis of seismic
response and lTiquefaction of horizontally layered saturated soils. The
saturated soil below water table is modeled as a coupled two phase medium with
solid granular skeleton and pore water as the constituent materials. Above
the water table soil is modeled as & one phase solid. A nonlinear material
model was used in the analysis which includes yielding, failure, volume change
characteristics, cyclic effects and criteria for initial and final ligquefaction.

Under cyclic shear stress the effective pressure decreases and as a
result the resistance and the shear strength of sand decreases, allowing
larger shear strains to develop. If this process continues under sustained
shear stress, the sand will approach a condition of "near failure". This
condition here is considered as initial liquefaction. Following initial
liquefaction sand is in a state of post-failure and the behavior is quite dif-
ferent than the behavior of sand prior to initial liquefaction. A post-initial
liquefaction model is developed for this range up to the final liquefaction.

This method of seismic analysis is appliéd in some case studies.

The results appear to be reasonable and in agreement with field observations.
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APPENDIX I

INPUT DATA FOR
COMPUTER PROGRAM LASS-I1

The computer program LASS-1I is for Liquefaction Analysis of Saturated
Soil deposits. This first version is capable of dynamic analysis of hori-

zontally layered saturated cohesionless soil deposits.

I. CONTROL CARDS

Card 1 (18A4)

Columns 1-72 Problem title (To be printed in output)

Card 2 (315, F10.0)

Columns 1-5 Number of layers
6-10 Number of different material properties
11-15 Number of dynamic time steps

16-20 Dynamic time step (At)

Card 3 (415)

Columns 1-5 Interval of steps for printing of response
(displacements, velocities, accelerations, strains
and stresses).

6-10 Interval of steps for saving of résponse at
selected points to be specified later for the

purpose of plotting.



Columns 11-15

Card 4

Columns

16-20

(315,
1-5

11-15

16;25
26-35
36-45
46-55
56-65

66-75

I-3

Step number for starting printing of response at
intervals indicated in columns 1-5 of this card.

Interval of steps for updating of stiffness matrix.

6F10.0)}

Number of nodes for which the time histories of
acceleration, velocity and displacement are to

be p]btted.

Number of elements for which the timé histories of
shear stress and shear strain, and the shear stress

vs. the shear strain are to be plotted.
Number of elements at which the time histories of
effectiﬁe stress and pore water preséure are to be
plotied. N

'Height of the plotter papef in inches,
{Default value is 10). |

Height of the stress and strain time history
diagrams in inches, (Default value is 2}.
Length of the time axis in inches, .
(Default value is 10).

Size (héight = length) of the stress vs strain
diagrams in inches, (Default value is 8).

Height of the pore pressure and effective stress
history diagrams in inches, (Defau]t value is 4).
Maximum time value to be plotted in seconds,

(Default value is 10).
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Card 5 (41I5)

Columns 1-5 A non-zero value indicates a request for the
computafion of response spectras (Acceleration,
velocity and displacement).

6-10 A non-zero value indicates a request for the plot
of response spectras. |

11-15 Number of damping values to be used in the computa-
tion of response spectra, (Default value is 3).
Maximum value that can be spécifiealfs‘10.

16-20 Number of nodes for which the response spectras
to be computed. Maximum value that can be specified

is 10.

Card Group 6 (8F10.0)

This card is required if a non-zero value is speci-
fied in columns 11-15 of Card 5. 1In the above format give the
damping values as percent of critical damping. If a zero is speci-
fied in columns 11-15 of Card 5, program computes spectras for .02,

.05, .1 damping.

Card 7 (101I5)

This card is required if the computation of response

spectra is requested. In the above format give the node numbers.

Card 8 (2I5)
Columns  1-5 A non-zero value indicates a request for the post-

earthquake analysis.
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Columns 6-10 If a non-zero value is specified in the column 1-5

~ of this card, give the number of different time steps

which w111 be used in post-earthquake analysis.

‘Maximum value that can be specified is 10.

Card Group 9 (F10.0, 2I5)
| One card must be provided for each time step
indicated in columns 6-10 of card 8.
Columns 1-10 Time step.
11-15  Number of times that this time step is to be
" repeated.

16-20 Print interval of the time step.

Card 10 (2F10.0)
Columns 1-10 Depth of water table.
11-20  Gravity, g, (Default value is 386.2 in/secz).

SOIL DEPOSIT DATA

Card Group 11 (F10.0, 2I5)
One card required for each layer of soil.

Columns 1-10 Depth of the base of the layer.

11-15 Number of elements the layer is to be subdivided.

16-20  Material number of layer. This number is to

identify the type of materia]Aproperties in the

sequence given in the next card group to be

assigned to this layer.

This data is provided for the layers in the sequence of increasing

depth starting at the layer at the ground surface.



Card Group 12

material type

Card 12.1
Columns 1-10
11-20
21-30
31-40
41-50
51-60
- 61-70
71-80

Card 12.2

Columns 1-10
11-20
21-30
31-40

41-50
51-60

II1. PLOT DATA

I-6

(8F10.0)

The following cards must be provided fbr each

as indicated in columns 6-10 of Card 2.

Bulk modulué for effective stresses.
Shear modulus at the top of the layer.
Change in shear modulus per unit of depth.

Bulk modulus of fluid.

Permeability.

Mass density of solid.

Mass density of fluid.

S .\
max

1/a

¢

O

Constant for the direction of stress vector in
p'-q stress plane for post-initial liquefaction
calculation.

Effective stress at final liquefaction.

Void ratio

Card Group 13 (1615)

This card group is required if a non-zero value is specified in
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columns 1-5 of Card 4. In the above format give the node numbers

of the nodes where the motion plots are required.

Card Group 14 (1615)

This card group is required if a non-zero value is specified in
columns 6-10 of Card 4. In the above format give the. element
numbers of the elements for which the time histories of shear
stresses and shear strains, and the stress-strain diagrams are

to be plotted.

Card Group 15 (16I5)

This card group is required if a non-zero value is specified in
columns 11-14 of Card 4. In the above format give the element
numbers of the elements for which the time histories of effective

stresses and pore water pressures are to be plotted.

EARTHQUAKE DATA

Card 16 (12A6)

' Columns 1-72  Earthquake identification title (to be printed in

output).

Card 17 (2F10.0, 2I5)

Columns 1-10 Time scale factor. Earthquake time points are
multiplied by this time scale factor. (If zero or
blank, a value of one is used). This is not
required if a non-zero value is specifﬁed in

columns 26-30 of this card.
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Columns 11-20 Amplitude scale factor. Earthquake amplitudes are
multiplied by this scale factor (If zero or blank,
a value of one is used).

21-25 Number of time points to define the time history
of base acceleration.

26-30 Base acceleration data type: zero or blank when
the base acceleration data are given at irregular
time intervals; any non-zero value when the base
acceleration is given at equal intervals with the

. same time step as specified in columns 21-30 of
Card 2.
If the value in columns 26-30 of Card 14 is zero provide Card group

15, otherwise provide Card group 16.

Card Group 18 (8F10.0)

In the above format for each base accejeration time point give:
sequentially the values of time and corresponding base acce]eration.
The prbgram interpolates to determine the value of base acceleration

at intervals of time step At.

Card Group 19 (8F9.0)
In the above format for each base acceleration time point give
sequentially the values of base acceleration at intervals of time

step At.
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COUNCA /PRSI0 /NTRLE (1U) LT3 (1 ) ILILIT, RT3, 300027 (1 )
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7D (5,177 0) HED
RFAD (8,47f VY ULAYER,Nuhi, CYOL,NDI, DT, N87AT, 475013
WRI?E (h,2%¢() KED,YLAYERZ,MMAT,H8CY(L, 01,07
ATAD (5,1773) NPENT,ESAVE,NSTPRT,HUPDAT,NAT.:
WRTTF (6,2701) HPRED,NSAVI,NSTPRI,NURPDAT ,NuII2
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* GL’:'tquD “DLV—QLL'-t.) WRITJ(O,;J}
IF(FRPAD,LT.1.) HPAP=1(,
IF(NPLCT,LTe 1.) HPLOI=2,
IT(BPL2T,LTs1s) BPLCT=Tl,
IF(DPLOT LT 1.} DPLOT=n.
TF(FPLIT.LTe1a) FPLOIT=4,
T?(TFVD LI+%s) TIKD=T4.
WRITF{6,2.03) HDPLOTMK,NPLTSS,NSETS,iP4P,HPLCT,BRLIT,02L27,2PL0T,

*
20N PPAD(5,1775) IR3,IRSF, DV, NNODE
IF(IES,EQ.L) GO TO 215
WRITY (6,27075)
IF{NDV.LT. ) GO TC 227
READ(5,1306) (DV{L),1=1,%DV)
GC TO 24
3" NDV=2
ARITE (6, 2046)
DY (1) =0, N2
DV{2)=D.75
DV ()=",1

3
i3
=
' -

bJ

2472 WRITE(6,2307) (DV(L),L=1,NDV)
READ(S,17:7) (RODE(L),L=1, 8NODE)
Wﬂfmﬁ(ﬁ 20g8) (WOoDs(L) ,L=1,NK0DI)

21% IEAD(R,1UDTY IPGSEQ,NIS

(LLVSFL. FQQ‘U) GC T( Lq?‘
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URITE (A, 2009)
READ(5,7078) (?S(I),NTREP(I),NPEQPR(I),I=1,N75)
WRTTE(6,2015) {(TS(I),5TREP(I),NPEQPR(I),I=1,¥TS)
217 TF(ANTLEQ, ) NDT=1
NC=NDI+Y
Ir (NDIQ ji{e 1) NC=NC+1
RTAD (S5,107%2) WTABLRZ,GRAV .
TF {GRAV,.LE.T.™) GEREAV=386.2
WRITF (6,204G2) WTARLE,SRAV
N1=1
N2=N1+NLAYFR
N3=N2+NLAYEK
NG=NI+NLAYRR
NE=Y4+ I5%NMAT
IP(NDILEQ, ") EDI=1
NESNB+NDI*NCYCL
KK1=N§
KK2=KK1+7PLOTY
KK3I=KK 2+ NPLTSS
KKU=KKI+NSETS
Ki=KKU ‘
TALL RTED (A (N1) ,3 (N2),A (N3) A (NU) A{NS),A(KKY) ,A(KK2),R(KK3),
* NLAYER,NMAT,NUMNP,NCYCL,NDIL,A(K1})
K2=K1+NIMNP
K3=K2+NTTMNP
S KB=K 3+ NUMND :
CALL MFESH (A (N1 (B (NZ2) ,A(N3),A{K1),A{K2)} ,A(K3) ,WTABLE,RUMNP,
*  NLAYER)
HEO=NC*NIMYP
MBAND=2*NC
KS=K4+NEQxMBAND
K5 =K5+NTQ*MBAND
K7=¥f+NEQ
KB=KT7+NFQ
RKI=KB+NEQD
K17=K3+NEQ
K11=K 1N+ N0
K12=K11+¥EQ
K13=K12+%7Q
K1a=g13+11kN0UMNP
K15=K1U4+11%NUMYP
KK18=K15+N¥7Q
KK16=KK15+ 2% NITUN P
R1A=KX16+NHODE*NCYCL
NTLL=K1A-KU+1
NCCY=NCYZTL
CALL SZT®RO (A (K4) ,HTLL)
NTSAVE= (NCYCL+1) /NSAVE
KN1=K156
=KN1+NISAVT+2
K16=K N2+ NTSAVF+2
NBLK=NTSAVE
NPTOT= 3% NPLOTHM+2%NPLTSS+2%NSETS+3
IP(¥DI.GT. 1) NDTDT‘¥9T0T+3*NPLGLH
I? (NPTOT,LE.7) GO TO 1N0
NLEPT=MTOT=K16-1
NEED=NPTOT®NTSAVE
IF (YEFD.LE.NLEFT) GO TO 100
NiY= (NEED=1) /NLEFPT+
MBLE=NLEFI/NPTOT
RPEWIND LOUT



Ak

IT-4

TONTINGT
NTIL=MDTIT*YRLK
KY17=R1A+5T L,
K13=K17+NDV%13O
K12=K192+NDpyx13n
K2 =K13+ 4Dy %117
K21=K20+13N
K2?=K2 14 NIMND* D
K2 ISK224 UM P*D
K2U=K2 2+ NIMLD*D
KO2R=(24+NUNND=x2
K2A=K254NITMED
E27=kRa+nOHYD
K7Q=g 2T+ NIMND
K29=R 2R+ HUMED
KIT=K20+RUNMLD
Wﬂvm“(( 9117)
'“(K7“.I
ARTTT (4, 2"1‘)
5TNP
CONTTYR

cALL
cRLy
catyL
~ALL

SZ RO (A (K16),%7LL)
MASSMT (A (KDY, A (K1) ,3 (K2) % (K3) ,A (M%) ,NUKND, NC) -
SPLELD (A (K1) (R (KZ) oA (K3), A (N4),A(KI3),a(K15), NULEP,NC)

S0LVE (A(K?),A(HB),A{KB),&(NU),A(NS),Q(K&),A(KB),A(Ké),A(K?)

15"

147

170

1570
1711
1nn2
1773
1994
1715
104
1917
1ﬁﬂé
2397

bR at
2171

N0 EORMAT

*
&

*

*«
*

LR N R S

4
#*
E 3
&

a(xa),n(K@),A(K?f),A(K11),A(K12),A(K13).A(K1a),h(K15),A(KK1),
A(KK2) LB (KK, A {KTE) A (KK15),A(KK1c) ,NRIK,5PT0T, NUMNE,
NMAT ,YFQ, mB“"D,NCCY)
TE (NSAVE.L®, ") G2 TO 150
TALL OUTP (R (KK1),A (KK2),B2 (KK3) ,A (KUY
NUMND, LN, NULK, §PTOT,NTSAVE, N DI)
CONTINTR
*F(Nwen".Lz.”) GO TO 180
MALL RES °“ﬂ(4(xx1c),LCYCL a(K17),A(K*a>,A(K19),A{K:‘),vnv D7)
T”(*DGSwO.-O. } Go TC 17¢C
TP(I?PI3W0,GE, 1) CALL SQLPEQ (A (NL) ,A(KY) ,A(KZ),2({K3),2 (K13},
A(%X27Y) A (K22) ,A (K23) ,B {K24) ,5 (¥25) , A (K28) , 2 (KZ7) , A (X28), N (K2¢
KUMN D)
TONTINGT
sSTSP
BARMAT (1314)
PORMAT (41I5,P17,
FORPMAT (AF17.7)
ROAMAT (15 1I5)
TORMAT(ITS, FR1A, M)
PORMAT (U T5)
TORMAT (BF1 0, ")
PORMAT (16T5)
POPMAT (P14,7,215)

TOCMRT {(EVYBAL////

CJE(EN2) ,A(K18), B (KK15),

)y

£,215)

AI5H WUABTE OF LEAYERS ensnssansens = ,I3//

3$H MITMBEE TF MATERIALS EE TR = f_//

?gq NOMERE 1P TYZLES Sesa AN PPN = ,:3//

3SF NUMPRR OF INPUT DIRECTIONS .. = ,Ib//

I3H TTM®R STED (DT) I EFE TR NN TN NN R = ,&1 el )
PADMRT (// R PRINT INTERVAL LI 3 N R I NN S ) = ,ES//
I5H THTFRVAL FOR SAVING RESPONSE = L,Is//

I5H STEP FOR STAETING PRIVNT ey ey = ,IZ//

IRH STIFFNFSS UTDAT CYTLE wsaevs = ,I5//

35H NDUTPUT TAPE TLAG sseaerses s = 13/

(V44



" 11-5 |
* 3597 DEPTH OF HATER TABLYE sssssess
* 35!1 GRAVTTY L2 BN BE I N BE BE BN B SN I R BN I BN N B I BN

2073 FORMAT (//25H wswss ELOT DATA s es s>
S8R NUMBER OF MOTION PLOTS eveeessnsrtavrassssnssesnse
55H NUMBER OF STRE3S, STRAIK, TIME
55H NWUMRBRR OF PORE PRESS.,, EFF. STRRSS VS, TIHNE PLCI
55H HRIGHT OF THF PIOT PAPSR (INCHES)
56H HRISGEI NF IHEY STRESS AND STRAIN HISTORY PLCIS
A%H L¥NGTH DF THF TIMNF AXIS (INCHFS)
550 SIZE OF THE STRESS V3, STRAIN PLOTS (INCHRS) sas
RSH HPRIGHT OF THE PCRE PRFSSURE AND EFFECTIVE STRISS
SSH HISTQEY PL3TS (:NCHES) A BHE AT I NSS T EPAISIEESE
S5H MAY, TIMY VALUT TO BE PLOTTED (SFCCONDS) easxsasas

% 3 # R H X % ¥ X 5

/77)

il

P13/
'F1f§‘ 3//)
/7

PLOI‘S RAresrsebednn

*B tBH LIS BEIRS

&S 8BS SIS REN N

{T¥)

wonownonoann

ol

'IS,/
120,/
+ 15,7
'.FSD“’
3.1,
F5: 1,
'F5.1 r
g

$F5a 1,
’FSI 1’

2974 FORMAT(//,57F DEFAULT VALUE (S) ASSUMED FOR PLOT PARAMETER (S)
2376 PORMAT(ITH  44as RESPONSE SPECTRA DAT2ees /)
2MM%6 PNRMAT (S4H DEFAULT VALUSS WILL BE ASSUMED FOP DAMPINI VALUES
2707 FORMAT (*AH DAMPING VALUES=  ,10F10,5)
2708 WORMAT (U5H RESPONST SPICTRA WILL CALCULATED FOR NODES
2779 POOMAT (//87H ... DATA FOR PNST FARTHOQUAKE AHALYSIS.s»
*# 110 TIMR STFPS ,3%,1(H ¥O. REP., ,3Z,11H PRINT INT,

2747 FORMAT (P10,5,9Y,15,9%,I5)

27711 FPomMAT (45H PROBLEM DEFINED IS TO2 LARGE T0 BT COMPUTED
/s

2712 POOMAT (//22H STORASE TNFORMADION
* 734 TORF SPACE AVAILABLE= 16,
% 231 CORE SPACE- RFQUESTED= , I6)

YD

W 10IE /)

44

)

)
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2

MO

10

137

187

142

162

170

11-6

SUBRCYTTIN® R=¥D (DEPTH ,NEL, MA”YP ““A L,BACT,JPLTH,JPLTSS,
¥ JSETS,NLAYER NMAT NUMEDP,NCYCL,WDI,2C0)

DTMTESTON DEPTH(NLAYER) ,NFL (NLRYER) ,MATYP(NLAYER) , ZHATL (35,0MA7),
¥ BACC(NCYCL,WEDTY ,a2C0(2,1), TITLE('3) ,JPLYM(Y) ,JPLTSS (1) (JSETS (V)

COMMON/CSETL/ HAD (13) ,DUMHMM, DT

COMMAY /PITING/ ¥PLGTH,NPLT3S,NSRTS, HPAR,HPLOT,BPLC2,DPLGTY, EPLOT,
* TE¥ND

TOMMON/WLVL/ WTABLFE,GRRV

PRAD {(5,17°%7) (DEPTH(I) ,NEL(I),MATYP(I),I=1,LAYEER)
WRTME (€200

WRITF (F,2701) T,0FPTH(T) ,BEL{T) ,MaTYP (T} ,I=1,0LAaY"Y)
ARITFE (6,20702)

neo1nnt L=, NM27

2WAD {5,10%1)  (RMATL(T,LY,I=1,3), (TMATL(I,L) ,I=12,24)
CONTTHR

YRTTR({A,2718)

DNt L=t NMAT

HRITT(6,2773) L, (THATL(I,L) ,I=1,3), (FMATL(Z,1),I=12,1¢€)
CONTINOE

HRITE(§,2017)

no 172 L=, HMAT

WRITE{5,2°78) L, {EMATL(I,L),1=17,22

CONTTNUR

NINP="

DN 118 T=1 HLAYER

NUMNP=NUIMYP+NTL 1)

TP {(NPLOTM. LUQ~) Go TO 135

?TAD (5 ,12785) (JPLTK¥(I}),I=1,NPLDTEH)

YRTTYE (6,2ﬂ¢8) :

YRITR (F,27%13) (JPLTE(I),I=1,NPLDTH)

TP {¥PLTSS.LE.T) GC TO 147

READ {%,1975) (JPLTS5(I),T=1,4PLTSS)

HPITE (6 ,20710)

WRITE (6£,2513)Y (JELTSS(1),I=",NPLTSS)

TP (NSOTS.LE,TY 30 TC 152

READ  (5,100%) (JSETS(I),I=1,NSETS)

¥RTTT (6,2011)

WPITE {f,2713) {JSTES{I),I=1,887T%)

CANTINU®

READ XML TNTYFPOLATY BRASE ACCEL.

DY 4t LL=1,NDT

»rPADp (5,177°2) TTTL®,TSCAL,ASCAL,NPOINT,NTYPRE
¥RITT (6,2774) TITLR,TSCAL,ASTAL

TP (MTYPELNE.D) GO TC 162

WRITE (5, 2714)

READ (5,173} (ACC{1,T),ACC(2,1),I=1,4P0LNT)
WRITWE (F 2“”‘) {(PCCH{t,I),ACC{2,I) ,1=1,NPDINT)
T® (T8¢ LE.?L.0) 62 70 17"

nno1eY *—1 ¥POINT

rCT (Y, )—'c;( ¢ T)*TSCAL

GO TN Y70

READ {5,7304) (ACC(2,1),I=1,YPOINT)
unva(g e Xid B )

HRTTR (6,20 ﬁ%) (RCC{2,T),TI=1,NPOINT)
IR (ASTALLLE,".MN) 30 To 192



11-7
DY 18N T=1,NPQINT
187 20T (2,1 ACC(Z,L)*ASC&L
197 CONTINUFR
TR O(NTYPTRLHTL DY GO TO 309
Gal1=0
I=1
T=DT
X N
TP(ATC (1,1} 6F,T) 30 TO 25D
T=T+"1
IF (T. LE.NPOINT) GO TO 201
RITE {(£,2707)
STAD
2RO SLOPE= (ACC(2,I)=-ACC(2,I~1Y /(A2 (1, D) =ACC(1,1=1))
28" RK=K+1
TF (Rs BTLNCYCL) Fn TC 47D
BATO(RK,L,LLY=ACT(2,I=-1) +SLOPE*(T=AZC (1, I-1))
T=T+DT
TP O(ACZ{1,I).G7.T) 3C TO 280
Gn TN 229
311" GRAVTY=GRAY
20 327 I=1,8CYCL
32% BACT(I,LL)=ACC(2,I)*GRAVTY
BOT CONTINUGTY
5N RRTUAN
1300 PORMAT (FID.T,21R)
1371 PNRMRT (8F10, D)
100D PORMAT (1824/2F10,7,215)
1NN RARMAT (JF1A, 7)Y
1174 FORMAT (BF9,7")
1305 TORMAT (16 15)
2377 PORMPT (THY/USH ==ew—=wee= PRIOPEATTIES DF LAYERS =mw=eewee-=e L //
- *  5Y,SHLAYER,15Y,5HDEPTH, 11X, YHKUMBFR OF, 127, 84MATFRTAL /4%,
* vHrUMP%.?’W RAFLENENTS, 14Y6HNUMBER //) '
2071 FooMaT (T19, Fan, 3,2123) '
2702 PORMAT (TH1/US5H ~evrcmwcase MATERIAL PROPER{ILS =v=ecemmwena  //
23703 FOUMAT (15,8815, 6) '
2070 FORMAT (1EV//18A4//
* 290 TIMT SCALR ====- —e—————— =,F100 /7
- = 29F AMPLITUDE SCALR ==w=====- =,F1.4 //)
2RO FORMAT  (BE15,4)
204 PORMAT (I5,6715.6)
2ANT PORMAT (/777
* ANH wem—e= INPUT BASE ACCPEL. IS LPSS THAN RSQUESTED EESPOKSE /
* 279 BYRCUTION TRRMINATED /)
2708 FRRMAT (/374 MOTION PLOT RPQUEST FOR NODuS /)
2517 FoEMET (/40 STRAESS-STRAIN PLOT RFEQUES? FOR ELEMENTS /)
2011 FORMAT (/,50H PCRE PRESSURE AND IBTFECTIVRE STRESS PLDTS FOR WLBMTET
* * )
27173 FPoRMAT (101I%)
2798 PORMAT (8 (IVY,UHTIME,10Y,50ACCEL)Y //)
2718 FORMAT (T5H ACCFPLERATION 1,/
2018 PORMAT(1TH MAT. X0. '
10H BULK HOD, 2y,
118 SHERR mvn¢ ,2Y,
14 SH., MOD. CHGE, .
158 3ULK ﬂOD.(FL.) .
13 PFRMEABILITY 2%,
173 #ag8s DEY, (TOTAL)
158 MASS DFN, (FL.) ’
81 S (MAY) )

[ RS

[E R |

|
Ul ] b

II I |

9]

14

% % o 4 # % %



277 RGYMAT (AN MaT, MO0,

2 L

« 177 1, /TLAMBDA ’

* 4" PHT 1Y,

* AW ALPHR L QV,

* A4 THRPTL LAY,

* 169 R"W§., FFF, ITRS,
¥ 17H Y2ID RAT,
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SUBROUTINE MFESH (DEPTH,NEL,MATYP, XLENT,MATNUM,IWTBL,WTABLE,NUMKF
% NLAYTR)

DT4ZNSTON DEPTH(1) ,HFL (1) ,HATYP (1), YLENT (1) ,MATNUHX (1) ,INTBL (1)

NNM="

Do 20N I=1,5LAYER

NTL=NEL{T)

TP O(TJE20.1) YL=DFPTH({I)/NTL

IP (T, 37,1} YL=(DEPTE(I)=DEPTH(TI-1)}/NTL

no o 1R" g=1,87L

VM= N M+ 4

ZCOOED=ZCO0RD4 YL

YLENT(NUM) =YL

MATNOMW (NOM) =MATYP(T)

TF (7CO0RD, LPLWTARLE) TWTRL (NUM) =D

TF (ZCONRD, 3T, WIABLE} IWTBL (NUM) =1
150 CANTINUR
200 ANNTINUR

RETIRN

FND
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SUBBCUTING SELFLD (YLEWUT , MATNUE,IWIBL,EMATL,3TRS,SLVCT, NUMNNP, NC)

DIMENZTON YLEYT(1),XATNUM (1), IWTRL (1), EMATL {35,1) ,53T5S (11, 1) »

[

4nm

157

50n

*  SLYCT ()

TOMMON/WLVL/WTRBLE,GTAV

DEPT=",

SYN==1,"

DO B LL=1,NUMEP
ZLENT=YLENT (LL)

NIiM=MATNUM (LY)

IW=IWTRL (LL)
GMA=GRAV*EMATL (14, NUN)
GMAW=GRAVAXIMATL (15,NUM)
DEPT=DEPT+N.3*7LBNT

STRGO=N  BASYNXGMA¥ZLFENT

TP {IWFOLEY) GO T 1°¢
STRS{A,LL) =(DEPT-¥TABLE) *GHAW*S YN
STRS2=5TRS 241, RkZMAWKTLENT
CONTING®

TL2=LL*NC+1

TL1=TL2=¥2

SLYCT(IL1+1) =SLVCT{TL1+1)+STRS2
TP (LL.EQ., NUMNP) 3C TO 159
SLYCT™({IL2+1)=SLVCT(IL2+1) +5TR32
TONTINTE

DRPT=DEP T+, SkZL INT

TONTINGS

RETIRN

PUD
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SUBROUTINE MASSMT (EM,XLENT, MATNOM,IWIBL, T¥ATL,NUNNP,NC)

L=
NG 20 LI=1,N0MND
NUM=MATNUM (LL)
RHO=FYATL( 14, NUM)
RHAP=EMATL (15, NIIM)
ZLENT=YLFNT (L1}
EMAS=", SXREI* T ENT
DO 1EA T=1 80
DM (K+T) =RMAS+EM (K+T)
TP (LL.G¥, XUMNP) 30 TC 120
TM(L+T) = FKAS

1%7 CONTINUE ,
TP (TWTBL(LLY.%0.7) GO TD 270
BMAS=" , S*RAHOF*ZLENT :
EM (K4NT) =RHAS+FM (K+NC)
IP (LL.GF. ¥UKENDP) GO TOo 208
M (L+NC) =FMAS

207 CONTINIR
K=1
L=L+¥%C

NN SONTINGR
RETI PN
FuD
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SURRCUTINE GSTIF (A,C,NC,NEQ,LFLAG)
NTHENSTON A (1) ,C(6,F)

NCT=NC4+N0
DOo4nY N=T, N
L=Y
nno1rt K=Y, 50
(L) =A(L)Y+C (¥, K)
13" T.=L+ERQ
TP (LFL3GLEQ.QY GO TO 4#d
o 2% K=1,NC
A {L)==C (¥,K)
20" L=L+ R0
T=NC+N
nn 1N g=x,NC
A (L) =0 (NL,K)
NN L=L4+%NEQ
LN SONTTNUOR
RATAN
TUD
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SURRDUDTHY ZOLVE

(XLENT  MATHUM, IW

TBL ,EYATL,BACC,ST,DD,DI,VE,RAC,

NI,EX, VLD,“R«, "TR3, ST V,JLVCI,JPL“&,JPLTSS,J:-;S,
PL, LT0O,AHIST, NBLK,NPTOT, HUMN P, NMAT ,NEQ,IBAND,NCCY)
COMMON /CONTL/UED (18) ,d8CYTL, D“, T UPRNT,,N3AVE, LUK, NC,NUPDAT ,,4RITE

(HSTAT,HINCR,NSTPET
0WMAN/PLTTNG / NELOTE, NPLTSS, i5
mEND

TOMMON /SPRC/DV (17) L NCDRE(1T) ,ANGDE,

DYMENSTOY YLEXT (1) ,MATHUM{1),I

ETRL (1) ,7

IPA-,dPhd_,RPL?T,DDLOz,LDLO
IBS5,IRSP

MATL (35,1) , BACC (KC2Y, 1Y,

5T 0TF0,1) DD (NFO, N , DI (1), VE{D) ,AC(1) ,DU(Y) ,EX (1), 21D (1) , MBW (1)

37N (11

AMTSTINCCY, 1)
INTEGRATION CONSTANT

TEARED T
TRY=", YKk DT
1=K,/ (TRUETAT
21=6.7 /TR0
AZ2=2.70
ir=anrE T
N==f, */{f?*&*"pﬁ)
AS=1," - Q/TET.
A5=D*/?
ﬁ7=UT*DT/ﬁ.“
PN=3, /70
R1=7_ "

NI=TAU/?

TIMRE=",
NDYNST=NSTAT+"
RTORWT=NTCY*NDT
MOB=NEQ*¥MREAND
RPoanNT="

K3AyE="

KYopAT="
NTYST=NOYOL+NSTAT+1
vv\v.ﬂ_ 'rv“f ‘5

YPIRST="

CALL S7ERD ({SK (1,1) ,35)
AST=‘—'¢ n

uy="

no oumt I=71,KUMRP

J=NC* (T~ +2

AST=2STHSLYCT (D)

SLUCT (J+1)=SLVCT (J+1) +STRS (5, 1)
SLYCT{J) =SLYCT {J) +SLVCT(J+1)

IF (T, ¥%,NUMNP)
STRS {2 ,1)=AST
TP O{MATNUM (1) . PQ. N¥)
HM=MAT NITM{T)

npP=", "
GZRO=EMATL (2, M)
DG=EMATL (3, NM)
CANTTE OV

DET=[RR T+, 5*YLANT (T)
G=37R04+ DGk poT

GO 75 20

, 1)y ,5T2s (11,1) ,C{%,4),DIPSL (6),SK(6,5),5LVC
JPLT M (4}, JPLTSS (1) ,JSETS (1) , PL(NBLK ,

SLVCT(J+NC+1)=-ST

TN,
1), ILIO (NOuN2, 1),

RS (6,1}



54

117

117

127

145

157

11-14

§TPS (10, T)==5/ST35(2, 1)

DPT=NPT+", S¥YLENT (I)

CONTTYIT

DO 45 TI=1,NUMND

mLIO(T, ) ==1. 10

TLIQ (L,2)==1.7"

Do 8rA WCHT=1, NCYST

LFLAG=

KUDDAT=KJPDAT+1

TP (NCNT.FQ.HEDYNST) KUPDAT=NUPDAT
TR(KNPDAT. FQ, NUPDAT) CARLLSZERD (ST (1,1),MuB)
TF (NMCNTLLESNINCE) YINCRT=XINCRT+1.,7
nyMYLD="

DN 200 LL=1,NIUMNP

ZLENT=YLENT (LL)

TL2=LL*NZ+1

TL1=IL2-%C

T? (LL.TQ. NUMNDP) LFLAG=D
IF(LTLAG.EQ. D) GO TD 5%

DEPSL (1) =0, "

DEPSL (2) =(DU(IL1+ 1) =DU (IL2+1) ) /ZLENT
DEPSL {3) =C, " :

NFPSL(4)={DU({IL1) =DIT(IL2)) /ZLENT
DTPSL (5) = (D (TL1+2) -DU (TL2+2)) /7L EAT
GO TO &

CONTINUE

DEPSY (1) =0,

NDEPSL{2Y=DU{TL147) /ZLENT

DEPSL(3) =1,0

”“Pq’(Ji"DU(’L‘)/Zva

NROSY {5)=DU (IL1+2) /ZLENT

S CONTINTE

HM=MATNUY (LL)
ne 174 1=1,4
STRN({T,L1) =STRE(I,LL) +DEPSL (I)
STRN (11,LL)=STRE (11,LL)+DEPSL (5)
'W TWTR’(LL) .
TALL MATBAC (STRE(1,LL),3TRS(1,LL) .DEPSL,T,SK,SMATL(1,NH),
*  EMATL {7 ,NM),TLIQ,TIME,LL,UC,NFIRST,IK,NUNNP)
TF (NCNT.LE.NDYNST) GG TO 110
TP (IW.T0,T) GO TO 116
BULKP=FMATL {12,NM¥) ~
STRS (A ,LL) =3TRS(&,LL) +BULKF* {DEPSL (5) +DEPS5L {2))
CONTINUR
RLD{ILIY=ELD(TLY)=STRS (4,L1)
BLD(TL1+1) =FRLD(IL1+1) -STRS(2,LL)
FLD(TL1+1) =ELD{IT1+?)=~3TRS (6, LL)
BLD(TLA+2)=ELD (I L1+2}~«STRS (f, LL)
TF(LFLAG.BD. ") GO TD 12¢{ ‘
RLO(IL2)=RLD (TL2)+STRS3 (4,LL)
ELD(TL2+1N)=TLD(TL247) +3TRS (2, LL)
ELD(TL2+*) =ELD (IL2+1)+STR3({6,LL)
RLD(IL2+2)=ELD(TLZ+2) +5TRS (6,LL)
CONTINOER
TP{HCNT. "0 1Y GC TO 145
TP(KUPDAT. NE. HNUPDAT) GO TO 18D

CONTTNUZE

DN 18N 1=1,6

ne 181 J=1,6
SK(T,Jd)=S K(I,J)/GLEVL
PISENTH (TL-1) +
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TALL GSTIF (ST {NPO3,T) ,SK,NT,HEQ, LFLRAG)
IP (IW.F0,T) ST(HP2S+7,1)1 =10
TR ONONT,L,TLT,USTAT) 30 T 18N
PRR M= RMATL (13, NM)
PAT=TLENT/ (6, P RPTRN)
HPNS=NPOS+NC~-1
STNPNS, 1) =3T(NRP3S,1)+2, 3XFALXRN
TEFLLPLASLEQLTY GO TO €D
ST{UPD S, N0+ 1) =ST (NPNS,NC+1) +FAC*RD
STERPOS+NT 1) =D (NPOS+ N, 1) +2, 0%xPACKED
1A onNTTYUT
TRANONT, ¥F. NDYNST) GC TO 180
TR OA{IWN,EO0D) 6N T OR(
DY(LTL, 1y =DD(LL, 1) +2. 2% PAC
DD{LL,2)} =FAC
DID{LL+1, N =2."%PLC
YR” CONTINE
2N COANTINGE
TP O(NTYTLLY,EDYNSTY GO TO 20
TR O(NRTRST,. EQ.D) GO ¢ 2M1
TR O(¥SRVE,LE.™) GO TC 201
KSAVE=KSAVE+?
TR O(KSAVE,LT,WSAVEY an T0 2™
CALL SAavi# (JPLTH,JdPLTSS,JSFETS,PL,AZ,VE,DI,STRN,STLRS,
*  NUMNP,NRLK,TIEE,NPTOT,LUN,RACZFLY,BACFLY,NDI)
KSiym="
21 CONTINTR
TR (KDPRWT, NE,M) GO TIn 205
IF{NFIRST, 48,3) GO TC 292
HRITF (6 ,2004)
WRTT® (A ,2008) (T,STRS({
Do 273 IT=1,%INND
PT{T,NPTNAT=1)=8TRS (5,I)
2731 PLY(T, NDPTOT)=STRS(2,I)
30 TOANE
2072 TONTINTT
TP (NCUTLLTLNSTPRT)Y GO To 208
¥OTTR (F,20°6) TINE -
WRTTE (F,2777)y (I,3TEN(2,7),STRY(4,I),3TR4(11,7),STRS3(2,T),STRS (4
*7TY} L,8TRS(5,T), =1, HUMNE)
275 TONTINGR
YFIRST=1
mL="
TR (NONT. RO, NCYSTY GC 7O RN

[4¥]

/7Y ,STES(5,T) ,I=1,NUKND)

TR{KUPDAT, NE, HUPDAT) GG T0 233
D 22% I=1,8%0
STII,T)=ST{I, 1) +A0*7K (1)
TONTINTE
NN 2% I=1,UEQD
AA=RT1* YR (Ty +A24AC (I)
TLD(T)=PLD(IT) +=M (I) *BA+SLVCT(I)
No 280 I=NC,NFQ,NC
="
RA=BIRVT (I) +E2%4C {1}
TP(L)A",267,255
258 BLD(I=-NC)=FLD(I-NC) +DD (L, 2) *A2
A% L=+
RIN(I) =FILD(T) 40D (L, 1) *AL
TR (I, Z0.NFQ) G T2 28D
FLD(THNCY=FELD (T+NC)Y+DD (L,2) ®AR

o D N
tid N b
R

(3%
Jt
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23°
217

497

I
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280

I1I-16

TONMTNAR

NN D=

DY 317 T=1,%NEQ,NC
HNED=NND+1

TF {¥VD,IE.NDLY GC TC 31%
J=T4NT= 7

IF (¥DT.FQ. 1) J=T

T ="
ki

BACFLY=RBACC {(NCHNT=-NSTRT,1)

IF(NDT.57,1) BAZELY=BACC{NCNT=NSTAT,.)
Py 200 N=IL,Jd

L=L+1

ZLD(NY =ELD(N) ="M (N)*RACC{NCHT=-NSTAT,L)
CONTINDOY

CONTTNIE

SALVF

IF (NCNT,70,1) GO TO 351

TT (KUPDAT,NE,NIPDAT) GO TO 352
CALL TPTY (ST,NBW,N¥EQ, MBAND)
CONTINUR _

CALL BACKS (ST,ELD,NBW,NEQ, MBAND)

DTSPL, ,VRELOCITY, ACChL,

DO 477 T=1,NFQ

ACCEL=A3*ELD (T)+A4RVF (T)+AS*AC(T)
VELNC=VE (L) +2A* (AC (I) +ACCEL)
DISPI=DT (T)+DT*VF (T) +27* (2, *AC (1) +ACCKL)
RC(T)=ACCEL

VP{T)=VRLOC

DU{TYI=DISPL~-DI (I}

DI (I)=DTSPL

RLDA{T) =", "

SONTINDR

IP{NNODE.LE.DY GG TO 409

PR 478 T=1,8N0DF
J={NNDF (T) =1) ¥¥C+1

AHIST (NCNT, I)=AC {J} +BACELY
CONTINUE

CONTTNUFR

TTME=TTIMF+DT

KPRNT=KTLRNT+1

TF (XKPRNT.LT.NPRHT) GG TO 429
KDPRNT="

TP (HCMTLLT.HSTPFT) GO TO 422
WRITFE ({5,2000) TIME

DO 41% T=1,NFQ,3

J=J+1

YTI=T+2

FRITE (F,27071) 4, (DI(K),K=I,II),{V2(K),K=I,

CONTINTE
TONTINIR
IF (KUPDAT. PQ. NIPDAT) KUPDAT=%

I1) . (AC (K) ,K=I,1I) .

CONTINTR
PETURN
FOOMAT (1H1/ 8"H ==emm————- EZSPONSE AT TIAL -===- = LF1%,%5//

* 7Y ,1HN,3¥,2HDY,11%,26DY,11Y%, 24DV, 11%, 28V,

* 2HAY,11Y,2HAY, 11X, 2BAW /)

11%,28VY,11%,28VW, 11X,



J1-17
2771 BARMAT (T3,9E13,4)
2073 wnmwam (110,R20, 5
I0%L WAIMAT (//8°H  ===-== INSTTU STRESS CCONDITION ===-- /
* EV,7H?LTWHL“,,X,QJELF'TTIV“,WX thCR*/,A,SHhUHBIn,6¥,8HPRESSHRE

* 7%, RUPALSSUTE/ /)
PNAE FNRMAT (RY,T5,57, 2915, 4)

2704 PARMAT (//USH  ~e==== STRAINS AND STPVSSES AT TIME =ewes = ,P13,5/
* 3V, TURLEMENT,S5Y ,69VCLUME, 9K, 5SHIH2 AR, 17X, IHFLUID VOL,% ¥,
5 AQERFTOTTVT, 64, BHIHTAD, 107, G9IRE/IY, 6ANUERTER, 67, 6HSTPATY, Y,
% FRHSTRATYN,OV FHC%ANGL,QT AHPHESSURE, 77, 6/3TRESS, 9%, 8APTE3SURE//)

23T FAMMAT (SY,I5,57,6715,4)
7D
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177

187
191

200
217
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SURTOOITNE MATPAC (STRW,STRES,DEPSL,C,SK,SMATLA,EXKATLB,TLIO,TTUE,

* LL,N0,NTIRST,Td, NT%NP)

DIMENSION STRE{1%),5TES(11),DTPSL (%
* TMATLE(1) ,TLIQ(NUMUE,T)

ALKF="MATLA (12)
BLX=FMATLA (1)
37.30=STRS (17)

TP O(NFYRSTLHNWL. D) 32 TO 1940
5G=G7R0O

PE==STRS (2)

TAU=", N

Igo="

TgP=",0

PHTPP=N, "

PMTPN=N,

PM3P=0,0

PYGN=DL T

GSHPTP=0,

BEHPTN=D, N

RYDP=DE

EYN=PR

50 TN 875

CONTINTT

SMAY=UMATLB (1)
FLAKDA=RHYATLB (2)
PHI=EMATLE (3)
FATL=FMATLB (4) *TAN (PKI)
DGAMA=DEPSL (4)
PE==STRES (2)
IF(TLIO(LL,71)}+GT.%.") PE==-STRS(Y)
ISP=3TRS (5) ~
PMTPDP=STRS (7)
PYTPY=STRS (B)
TRUP=STRS (9)
GAMR=STRN (&)
GSHPTDP=STRN (%)
FSHFTN=STRE (5)
PHGE=STRN(T)
PHIN=STERN (B)
RYP=STRN {9)

RYN=STRN {17)
TAUP=TAUP+DGANA*GZ RO

TP (ISP} 240,180,220

IF (TAUP,LT.PMTPP) GG TC 200
CONTTNOT

3RL=GAMA~ (TANP=-PMTPP) /GZRO
GSHFTP=PMGD-GTL+GSHP TP

~ALL FINDX (PR,PMTPP,ELAMDA,PHI,EXP)
Go TO 40N

IF (TAUDP.GT.PMTPY) GC TO 37N
CONTINUR

GEL=GAMA- (TAUP-PKTPN) /GZRO
GSHFTH=PMGN-3EL+3SHFTN

TALL FINDY (PE,PMTPN,ELAMDA,PHT,EXN)
GO To AMN

TP (GANL,GT,PHGP) GO TO 4710
TAUP=PMTPP+DGEMAXGZ R

e T(H,8) ,S5K(D,0) ,ZMATLA(Y),



3k

o

74"

gns

agn

GO TO 3ATD

TF {(GAMALLT. PMGY)

e

TR {TAUP,GT, PMTRT
-1(» ne 2’*.“
~oNmTHOT

TRp="

53G=G7P0O

(0 T NN
SONTINGTG
GA=GIYMA+GSHTTP
TRUD=IR*RERO

I1-19
TF (TAUP.LT.PMTPE) GC TH 2712

G TO §ho
TANP=DPMTEN+DGEMA*GZRC

)

5C

70

197

TANP = {TAUPESMAY) /(TAUP+SEAL)

PYTHP=TA D
PMGP=G2M2

SEESMNT+GARGTED

<5

SAMI+GSHFTY
D-uq*rv?u

¥=TAUP
GAMA

s I

4y g d 3o )@

'eﬁ&)ﬂiniiz =
§
P

1

B Q3 «-«”

oM .’—GH*U‘,"EO

]

| "7 Lf) H

[ R BEF IR0 |
Q

5

4

e

H

>

STA=RLAMDARTAN (PY
PLLAR=RLAMDA*TIOP
FLLA2Z=ELLAA*RLLAR
ARA=1,.0+%LLAA
BR=ETA*F T
BR=NR* AL -FTLIAA
BR=SNAT (BR)
AR=1,7411
AR=T, N R

)

TP(THL R0LTY G0 To TA
PT=WYK AARGR/ (1,04 ETR)

TANI=DPWATATID

TF (ARS(TAUP).LT.FATL)
T”(TLIO(LL 1) 457 Ta )

TLTQ(LL, Y) =TI4R
§T25 (1) ==PP
v=TA1/ABS (TA)
STRS (3) =TRFATL*DT
STO5 (11) =TAY

""(\ ‘?”!”T s nt’

GR=GR*DF

TW(”**O{IL,?)-LE
MITO(LL,2) s LE,
?F¥MW'*STRS(2)
Go mn 977
FR=EMATLE (5)
DT=STRS ()
oR=8TRS (11)
TF(QR. LT 7. ") GO

+ ")

» ™)

GIROXSMAVRSMAY / {564 GE)

SZROXSMAT *SURY / {GG*GG)

T{TRUPXSMAY) / (SMAY-TAUD)

GO TH RMYD

30

Gn
GO

T 8un

™y 1400
TO 890
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98"
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1907

111

11-20

TE(TAY,GTL.0R) GO TD onn
PRz=FK*QT*OT/ (FAIL*)R)

PEYEW=TAIN/FLIL4PR* (1,=TAU/0OR)
B=TAN/PFNEW

TF{ARS {AB).LE.FAIL) S0 TO 950

RETR=Q7/QR

NETA=FAIL/ (1, “—FK*R“TA*BF“A)

OF=FATL*RETA*PR/ (BT TR+ FAIL)

DRYRY=ARS (TAU) /TAIL

NT==Q"

OR=TaAN

.30 7o 957

IP(TAU,LT.QR) GN TO 917

DR E=EK*QT*OT/ (FATL*0F)
PENTW==TAN/FATL+DR* (1, = TAU /QR)
LB=TRU/PRNEW
TE(ABS {"B) LT, TAIL) G2 TO 352
BRTA=QT/0R '
BRTA=FATL/ (1. "=TEK*BETA*BETA)
QF=FPATL*RFTA*PR/(BETA+FAIL)
’FVWH~493(PAU/QKIL)

0T=QF

DR=T2aN

37 TH 98

rONTINUR

DENFW=1BS (TAU/FAIL)

OR=TAT

CONTINUF

" CL=FMATLE (6)

TP{PENFW.GT.CL}Y GO TG 967
TF{(OT/PAIL),. 53T.CLY GO TO 967
TRTLIO(LL,2).GT-C40) GO 70 968
TLIQ(LL, ﬁ)-Tzﬁ :
PENEW=CL

CONTINGE

STRS {3) =0T

STrS(11) =0F

CONTINUR

5TFS (2) =~PFNEW

TS (1) =~PE

GO TO 110

CONTINUE

STRZ(2) ==PF

CONTINTE

STRS (4) =TAU

STRS {5)=1SP

ITRG {7)=PMTDPP

STRS (8)=PHNTPN

STRS {3y =TAUPD

STRN (5) =GSHFTP

STRY (A)=3SHFTY

STRN(7) =PMGP

STIY (B) =PMGN

STRE {9) =FYP

STEN (17) ="IN

1 ‘j

i~

TF (TW.7Qef) BLKF=2,(
SK (1,1) =35
SKE{1,3)=","
SK{2,1)=""
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S¥ (2,2) =BLK+BLKF
SK (2,3} =BLKF

K (2,1)=", "
TK(3,2) =RLKF

5K (3,2} =RLKF

PETYRY

D)
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11-22

SURRCHITNR SAVE (JPLTM,JPLTSS5,JS5ETS,

PL,AC,V32, DI, STRY,

* GTRS5, NUMNP,KBLK, TIMF,RPTOT ,LUV BACELX,BACTLY,NDI)

DIMRN3TINY JPLTM (%) ,JPLTSS(1),JISFIS(1),PL (NBLK,
* NDPTOT) ,AC(Y) ,VE(1) ,DI(Y),STRN(11,1),STR5(?1,1)

“O¥MON /PLTING / NPLOTM, NPLTSS, NS
DATR IR/N/

I (IP.LE,NBLK} GC TC 40N
TR=h

WRITE (LUN) PL
Y=NDTOTRYBLK

TALL S7R®RO (PL,N)
TANTIN IR

To=1

TR=TR+1

DL (TR, ICY=TIME

TR {MDPLNTHL,LFL,T) G0 TO 127
nn 174 n=1 WPIGTN
JL=JPLTH (X)

JI1z % JTe?

T‘(‘ ‘!"f‘+1

PL(IR,IC)=AC{JL) +BACELY

TC=I0+1

PL{IR,IC)=VE(JL)

TC=Tre 1

PLIIR,TCY=DI(JL)
TE(NRTLLT.Y) GO I 100
IZ=Te
PL(T?,I7Y=AC(JL+1) +B2CELY
IC=IC+1
PL{TE,ITY=VE(JL+1)
TC=TT4
PL(IR,IT)=DI(JL+1)
TONTINUE

IONTINIR

IT® (NDLTSS.LE.TY GO TO 320
pn 3" ¥=1,NPLTSS
JL=JPLTSS (N}

IN=T04+1
PL{IP,ICY=STRS{4,JL)
To=TC+1
PL(TR,IC)=STRN(4,JL)
CONTINIE

SOVMTTINIR

TP {NS®ETS,LE.T7) GC ™C 820
DO 4"MA N=1 NSETS
JL=JSPTS (H)

PIN=PL (JL,¥PTOT-1)
SIG=PL({JL,NPTOT)

Tr=TC+*

PL (IR, IC)Y=+S5STPS5 (2, JL)/qu
TT=IC+1

PL(IF, Iy =+ (STRS(6,JL)~PI0)/51IG
CONTINITR

CONTTINOR

RETURN

™ND

5,HPAP,HPLOT,BPLOT,DPLOT, TE

EAD
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SURRCUTTINE PLTILAS(PL,JPLTHM,JPLTSS ,ISTTS, 3, Y, ¥BLK,HCYDL,LUN,NDD)

TOMMON/PLTING/ ¥ PLOTM, WPLTSS,NSTIS5, HPAD,HPLOYT,BPLOT,DPLOT, EPLOT,

TEND

DTY¥IESTON PL(NBLK,1) ,JPLTM (1) ,JPLT3S (1) ,JSuT
6,2

DIMENSION ¥ (1) ,Y () ,DMAX (3) ,5CR ( )

STALT DETHEMINATICON FOR THE MOTIOK DIASGRANS

CALL LoaAnYY(Y,Y,1,0,PL,NBLK,NCYCL,LUY)
Ny 10N T=1  HCYCL
TRP(Y(T).GT. TFND) GO T3 24

M=
M=

CoUTINTE
G5 TD 2R
HCYCI=2

S OOORTINGR

E0T=TRND/BPLOT

z}ﬂ:ﬁ

TE{HPLOTHM, NE. ") 30 TG 23
SALL PLOT (™. T ,HPAD,=3)
nnoTY 270

CONTINTY

Do t=1,73

NMMAY (T)y==2390,
N="

no 2 I=1,8PLRTH
ne 2 J=1,7%

CALL LOADEY (Y ,Y,N, " ,PL,NBLK,NCYCSL,LUN)
YMAY=-0399,

TMIN=4#9839,

DO 3 K=1,NCYCL

TP{Y(K),GT. THAY) IMA¥=Y (K)

TP (Y (K}« LT, ZHTH) ¥HIN=Z (K)

DY=XMAY

TF(RBS (YMIN).LGT, DY) DX=ABS (XMIN)
ITP{DY, LE.DMAY {J}) &N TO 2

DMAY {T)=DY

CANTINTR

NG 4 I=1,3

CALL SCAL(DMATY(T) ,HPLOT,SCA (T,1),8Ca(7,2))

PLOTTING OF THR MCTION DIAGRAMS

HG3P= (HPAP-HPLOT*3) /4,
CALL PLOT(%.",HPAP,=3)
HTTm=1GAP/3.

v=1

no = T=1,NPLNTH

nn &F IITI=1,NDI

TALL PLOT(1.0,0.7,-3)

YY==(2./23.) *HGAP

CALL SYMBOL(",",YY,HTIT,THODE N, *,0,7,8)

5(*)

TALL NUMBER("", 2", ="TIT,FLOAT (JPLTNA{I)) , D ,=1)

TP{ITT.?0,2) 50 TO 117
CRLL SYMBAL(T.N, ., =HTIT,' Y-DIR.',".",7)
3C T 124
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I1-24

147 CALL SYMBOL{Y.L2,7",=HTIT,' ¥Y=DIR.!,0,7,7)
12 CONTINUR
TLE=TLY+1

Do 1™ J=1,3
YY== {(HGAP+HPLZT)
TALL PLOT(0,.7,¥Y,=-3)
M=+
CALL LOADYY(Y¥,Y,1,4,PL,NBLK,NCYCL,LUN)
TINCYCL+ 1) =0,
Y{MCYZL4?) =5CC
Y (MCYCL+1)=5CA (I, 1)
Y (NCYTL+2)=SCA(J,2)
CALL RYTS(D.2,0,0,'?INE (SEC)',=12,BPLOT, 0,0, 0,500)
G0 T (6,7,%) ,Jd
6 CALL AYIS(L.2,%,0,%ACC,,4,HPLET,33.,5CA(J,1),58CA(J,2))
50 70 9 ' '
7 CALL AYIS{T.T AT, 'VFL.',4,HPLOT,90.,5CA(d,1),3CA(J,2))
6N T 9
CALL AYIS({.7,".7,"DISPL,',5,HPLOT, 90, ,SCA(J,1),SCa(J,2))
g SALL PLOT(f,” ,HPLOT, 3)
TALL PLOT(RPLOT,HPLOT,2)
TALL PLOT (BPLOT, .1 ,2)
YY=HPLAT /2.
ZRLL PLOT(BPLOT,YY,3)
CALL PLOT(H,7,YY,2)
1% CALL LIKR(Y,Y,¥CYCL,1,7,0)

(o]

YY=HPAP~HGAP
CALL PLO™(BPLOT,YY,-3)
Th SONTINUF
BRIT®(6,2030) JPLTH(I)
5 ~ONTTNUE
200 CONTINUR

SCALY DRTERMINATION FOR THE STRESS AND STRAIN DIAGRAMS

TP{YPLT5S5.EQ.7) GO TO 4nd
NP=NPTTS?
N=14YPLOTH*YDI*3
13 DMAY (1)Y=-9999,
DAY (2)==-9999,
NN 12 T=1 AT
N=N+2
CALL LOADYY(X,Y,H-%,%,PL,NBLK,NCYCL,LUN)
IMLYX==-99494,
YMTN=9999,
YM1Y¥==93929,
YMIN=99319,
nr 11 g=1,4CYCL
TPA{Y (J) s GTe TMRY) YHMAV=Z (J)
TFIY{J)+GT, YHAY) YMAX=Y (J)
TR(YA(J), LT. YMIN) YMIN=Y(J)
11 TF(Y{(3). L7, THIN) YMIK=Y({(J)
DY=7HAY
TP (ABS (YMIK).GT. DX) DY=ABS(XMIN)
TFR{DY,GT,DNAY(Y)) DMAX{1)=DX
DY=YMAY
TFR{ABS (YHIN).GT
IF (DY, 53T.DMAT (2
12 CONTINUF

+ DY) DY¥=ABS (YMIN)
)) DMAX (2) =D¥
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TALL SCAL{DM2Y (1) ,HPLOT,SCA(5,1),S57A (6,2

TALL SCRL(DMAY(Z) ,HPLOT,SCA(S5,1),S2A(35,2))
CALY, SCTAL(DMAY (1) ,DPLIOT,SCA(4,%),SCA(4,2))
TALL SCAL(PMAZ{2) ,DPLOT,3CA(3,1),5CA(3,2))

TONTTYOER

PLOTTING CF THE STRESS 2HD STRATW NIASRAMS

M2 Q=

MAY D=0

TF{NPLTSS, FO, ™) GO TC 50N

no 16 T=1,NPLTSS
TE(IPLTSS(I) 6T ¥AYD) MAXP=JPLTSS (I)
TP NSTTSLROLT) 30 TA BNC

DM 17 I=1,u3RTC

TP(ISTTS (7). 3T ML ¥S) MAYSSISPTS (I)
TR(MAYS, 0.7, AND.MAYD, TO, ) GD T 172
T="

I:f»{-"

TR (I.3T, MATS5, 4D, T, 3T, MAYP) 57 T0 112
Kp=n

Jg="

IF{N3ETS.E0.7) GO TH ARLG

no 19 J=1,ESTT3
TR LJISTTS {(J) »NF. T)
J5=JSTTS (J)

G0 TC 3N
CONTINUT
TRINPLTSS. EQ. M} GC TO 997
Ny 2" K=1,NPLTSS
IF(JPLTSS{K)LEE. T} a0 To 27
KP=JPLTS< (K)

an mA arn

TO 19

[y
O

TF(KP ?QaF,AND.JS.EQ.f) GG TO 18

TLY=TLU4Y

IF (KP4 PO, ) 50 T 17

CALL PLOT(1.7,7. 0, =3)

HGRO= (HPAP~HPLOT*2,) /3.

RTIT=HGAP/2.

YY=~2, ¥HTIT

CALL SYMBOL(".",YY,HTIT,"RLEM. N, ', +7,9)
DY=FLOAT (KP)

TALL WUMBER (7.7 ,0,7,~HIIT,D¥, . {,-1)

N=NPLOTMAND IR I+ K*2
Do 21 1=1,2
YY“-(HPAﬁ+HPLCT)
LALL PT”)'”(?, 'YY, J)
N=N+1-1
CALL LOADYY (Y ,Y,1,¥,PL,NBLK, NCYCL, LUN)
T {NCYCL+1)=8CA(E-L+1,1)
Y{ICVCL+2)= %C!(B-L*T,Z)
T(NCYCL+T) =0,
v(wcvcv+2)=srﬂ
CALL AYIS (40,7, 0, TINE (SEC)',=17,BPLOT, te v, "a 3, S2C)

TF(L, 20, %) CALL A¥TS(1.0,%.7,'SH, ST2FPSSY',1%,HPLOT,9Y, ,SCA(6,1),



11-26

¥ 300 (5,2))

TP{L.FQ.2) CALL JXIS(C.N,".D,'SH, STRAINY',13,HPLOT,9%, ,SC4(5,1),
*  SCR{5,7))

TALL PLOT(D.T,HPLRT,?

CALL PLOT(RPLOT,HPLOT,2)

TALL PLOT(BPLOT,D.7,2)

YyY=4DPLOT /2, :

TALL PLNT({BPLLT,YY,?)

TALL PLOT(RL7,YY,2)

27 ML LINP(X,Y,NCYCL,Y,0.,D)

YY=HGAP
‘H3AP= (HPAP=-DPLOT) /2,
vy= H5AP-YY ‘
TALL PLOT({BPLOT+1, YY,-?)
\3—‘\751’0‘?“\1*\‘])7:&3 +K*2
TALL LOADYY (Y, Y,N+1,%,PL, WBLK NCYCL,LUY)
“(uﬂYCL+1)-qFA(3 1
I(W‘VPL+')) =5CHh (3, 2)
Y {(NCYCL+ 1) S"A(M,1)
Y(NCYCSTL+7?)=SC2 (4,
TALL AYIS(@.¢,5.?,'SH, STRAIN',-1%,DPLOT, . ,SCA(3,1),5CR(3,2))
CALL AYIS(D.7," " ,YSH, STRESS?!,1:,DPLOT,37, ,SCA(4,1),5CA(4,2))
TATL DL“T(f ‘,DPLOT,B)
CALL PLOT(DPLOT,DERLAT, 2)
CALL DL““(DPLOJ,i.‘,2)
=DBPLNT /2.
CALL PLOT(DPLOT,YY,3)
TALL PLOT(",N,YY,?2)
CALL PLOT(YY,DPL2T, 3)
CALL PLOT(YY,.2,2)
ZALL LINE(Y,Y,NCYCL,1,%,D)
YY=HPAP=-HGAP
CALL PLOT(DPPLOT,YY,=-2)
TP(JS, FO, ) WRITE(5,3.03) KP
161 IT{JS.E0.7) 350 TO 18
TALL PLOT(1.7,N.T,=7)
HGAP= (HPAP=-RPLNT) /2.
TF(XP. ¥%, ") GO TC 307
AHTIT=HGAP/3,
YY==24 *F™TT
TALL SYMBOL (D.T,YY,HTIT,"ELEM, N. ',",2,9)
DY=FLOMT (JS)
CALL NUMBER({"s ", ¢, =HTIT?, DX, 2,-1)
377 YY¥== (HGAP+FPLDT)
SALL PLOT{N.7,YY,=3)
nY=1, /FPLOT
TALL AYIS(Q.0,0.7,'TIMF (SEC)',-12,BPLOT, 5,0, 0, SCC)
TALL AYIS(D,N,N,r , 'PFF, STRESS AND PORF PRESS.!',27,23PLOT,30.,%.0,
x DY)
CALL PLOT((.7,FPLOT,3)
TALL PLGT(BPLOT,EPLQ +2)
TALL PLOT({BPLCT,".",2}
N=NPLOTM®NDI*I4NPLTISK2+I%2
Dc 22 1=1,2
N=Y+1L-1
TALL LOADYY(%,Y,1,N8,PL,NBLK,NCYCL,LUN)
Y{NCYCL+T) =0, "
Y(NCYCL+2)=DY
Y (NCYCL+1) =N, "
Y(NCYCTL+2)=8CC
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22 TMLL LINT(Y,Y,NCYCL,1,7,7)
YY=HPY P=HEAD
~ALL PLO™(8PLO™,YY,-3)
WRTTE(R, 2ANT) IS
an T Mg

TA WRITR(A,17°37Y ILK
YV==HPAD
TALL PLOT("L.T,YY,-2)
RETIRY :

15A% enMAT (//,15,% SFTS NR PLOTS COUPLETED)
2R FORMAD (/' PLATS FOR HODT NOL',I4,' COMPLETED!Y)
VAL BQUMAT (/Y PLOTS FOT OFLPM, NOL', T4, CONPLETEDY)
AN



[

[

1nn

141
142
1us

1473
1us
147

145
144
144
15"
200

*
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SNBRAYTTINT OUTP (JPLTH,JPLTSS,JSETS,¥,Y

HRTK,BPTOT,NCYCL,8DI1)

DTMENSICY JPLTM(Y),JFLTSS (1) ,JSETS(1),X(1),Y (1) ,PL(N3LK, NPT

TLTO (NTMN D, 1)

CTOMMOM/PLTING / NPLOTH, Y
TEND

WRITE (6,2012)

noo o108 T=1,NUMND

T =TLTO o(r, 1)
’“(Tm.GT.C 1) GO IO uh
WRIT®(6,2703) I

GO T 1"
TTT=TLIOI,2)

IF(TTTa qu;‘?) GG TO 56

WRTT®(5,2718) I,TT

an mn 1IN

CONTTHUE

WRTTE (£,2004) I,TT,TIT
TONTTNDF

H™=NBLK

y=1

NN=NPLOTM+NPLTSS+NSETS -

IF(NN, LE.DY) 30 ™D ETM
IFP (WPLOTML,EQ,"} GD TO
DN 152 T=1,NPLOTH

DN o14% X=1,¥DIT

N=N+1 ‘
TP(KeT0,2) 30 TH 1u1
WRITE(#,20058) JPLTHM{I)
30 T0 142

WRITE (6,271%) JPLTH({(T)
WRITFE (£,2771) (PL(J,.¥)
TANTINUE

DO 147 K=1,NDZ

M= +1

TP{K. EQ-2) GO TO 143
WRITFE (6,2076) JPLTM(I)
30 To 144

WETTR(R, 2716) JPLTM()
WOITE (6,2001) (PL(J,X)
CONTINUGFE

nn 448 K=1,NDT

N=N+1

TFP{K.E0.?) GO TO 145
YRITE (6,2087) JPLTM(I)
GO TH 146

HPITE (£,2317} JPLTH (I)
WRIT® (A ,299%1) (PL(J,N)
CHYTINDE

CONTINGT

CONTTHUR

IF (NPLTSS5.EQ.") GO TO
DO 2/ T=1,NPLTSS
N=N+1

iFLTSS,NSETS, HPAD

200

#J=1,HT)

,J=1,0T)

1 J=1,87)

ung

WRITFE (6,2010) JPLT3S(T)

WRITF (A,2001) (PL(J,N)
M=+

,J=1 'NT)

,PL,TLIO,NUMNP,LUN,

¢ HPLOT,BPLOT,DPLCT,

9T}

EpPLOT,
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ARTTR (6,2000) JPLTSS(I)
WRITE (4 ,2001) (PL{J,N),J=1,¥T)
IRT TANTTIROE
4NN CHONTINGR
TP O{(¥SPTS, EQ.D) GO TC OBMD
Do 4s0 T=1,N5RTS
N=N+"1
WRTTR (6,20011) JSETS(I)
WRTT® {f,207°1) (PL(J,N),3=1,8T)
N=N+1
RRITE (5,2712) JSETS(I)
HRITE (A,27%771) (2L (J,.N) ,J=1,N7)
45" JONTTINIR
BT COMTINIY
CRLL PLPLAS{PL,JPLIX,JPLTS3,JSETS,Y,Y,EKBLK,NCYZL,LUN,NDT)
ENN 2wRTygRN
2NMT POTMAT (Y T12.4)
2700 FARMAT (//37H ELHMENT LIQUEFACTION DATA /710 PLe XJ3s /)
27073 FoPMAT (3X,IE,8Y,20H MO LIQUTFACTINK .
278 PORMAT (3V,I5,57,26H INITIZL LIQUEF, AT TIH
X AT TTML = L, P15, 1)
2705 PORMAT (/7 URH ===== ACCELERATION TIME H.IS
* 12% Y=DIRTITION /) ' .
2UNE FONRMAT (// URH weeeweeae VELOCITY TIMEZ HIZETORY POR NODE X0 ,I14,
* 12H VY=DTRETTION /)

)

= fF10,4,78H LIQUEF

+a

SRY FOR NODE NO ,I4,

2277 FORMAT (// 4DH ===-- DISPLRCEMUNT TIME HL3TOFRY FJR NODE N3 .18,
¥ 128 Y=DIPECTION /)
2009 FOIMAT (// UBH —---- SHEAR STRAIN TIMF HISTORY FOR ELEM NO ,IH /)
2717 FORMAT (// UDF «-=-=-- SHERE STRESS TIME HIZTORY FOR KLENM NO ,I4 /)
2711 FORMAT (// 5TH ====- ZPFECTIVE STEZSS TIME HISTO®Y FOR ILEM KNJ. ,
. % Iu /) o
2712 FOOMRAT (// 4" H ==-=-- PORE PRISSURE TIVY UISTIORY FGR ELTH HG,IL /)
25315 woRMAT (// 45H e---- ACCELFRATION TINE HISTORY FOPR NODE ND ,I4,.

* 124 Y-DTRECTION /) o
2116 TPORMAT (// UBH ===—=—e-=- VELOCITY TIME HTSTORY FNR NODE %0 ,I4,
¥ 12H Y-DIRRCTICN /) o
2017 POAMRAT (// USH e=--=- DISPLACE#TINT TIN® HISTCRY FOR NODE §O ,I4,
* 124 Y-DIRECTION /) '
2M1R FOAMAT (3Y,T5,5%,26H TKITIAL LIQUEF. AT TIME
* 431 NN FINAL LIQUYF, )
D

1t

JF17, 4,
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SYRRONTTNE RESPEC (ACC,NP,R1,R2,R3,RL,NDV,DT)

DTMENSTION R1(137,NDV),R2(13%,NDV),23(134,5DV) , R4 (1), 5CC (N2, D),
*  NE{5),NM(5) ,SDISP(1),SVP(10),SACC(17) ,SI(1C) ,SAKAY (11)

TOUMON /SDRC/DV (17) ,NCDE(15) , INODE, IKS, IRSD
COMMON/WLVL,/ WTABLE,GRAV

DATA DW(1) /o5 /,D6(2) /617,08 (3) /e 05/, DW{4) /o 1/, DU (5) /s 2/
DATA NM (1) 2/, 8N{2) /BU/, NN (3) 72V /, 50 (4) /203 / N0 (5) /5/

THTS SUBROUTINE COMPUTES RESPONSET 5PPCTRA 3Y

STMPSON'S RULTE FOR PERIODS .1 TC 5.7 SECONDS

SORT THF GIVEN DAMPING VALUBS IN INCEEASIHNG CRDER

TNDV=NDV=-1
DO 1IN0 TR=1,TNDY
TP=TEK+1

DD 182 TJ=TIP,NDV.
TR(DV{IK).LE,DV(IJ}) GO TO 130
TDY=DV (TK)

DV (IXK) =DV (IJ).

DV (IJ) =TnV

CONTINUT

TOMPUTR SPECTRAL VALUERS

DO 1RY K=1, NNODE
NNDID=¥AODE (K)

HRTTE (6, 20%2) NODE(K)
WRITR{6, 2007

INN=C

PRETO=N, S

Do 182 L=1,5

M="¥ (L)

D3 185 LOOP=1,M

IND=TND+1
PERIM=PERTO+DW (L)

Y=h, 28 1RSI /PRERIO

DO 4un J=1,NDV

SVP(J) =, 0

TIMRE=0,
AMJLT=EYP (=2, "*DV (J) *¥*DT)
BMILT=4, "¥EYP (=DV (J) *W*DT)
W=SQRT (1=-DV (J)*DV {J) ) *¥W
WT=TIMFExY
A11=CNS (WT) *ACC (1,K)
B11=SIN{¥WT) *ACC{?,K)

LA=T .0

Ny 131 W=2,8pP,?

A21=2342 11

A3 V=AMULT*A 21

R21=BB+B11

RIT=AMULT*321

SY=({AA*STN (WT}=BB*COS {WT) ) * (DT/3. 0)
IF (ABS (SV) . 3T, SVP (J)) SVP(J)=ABS(3V)
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TIME=TTINR4DT
NT=i T ™vw
A12=C035 (WT) ¥ A7C (Y, K)
A32=212ERMULT
B12=ST(WT) *ACC (¥,K)
337281 2%BNILT
TYMRE=TTME4DT
WT=W®PIM™

T=1+Y
A11=COS (WT) *¥2CC (I, K)
BA1V=S TN (HT) *ACC (T ,K)
AR=531+R32+211
BR=B314RB2+ 7311
CONTINT ™

SACC (J) =5VP (J) ¥W/GRAV
SDISP(I) =5VP (J) /¥
R1(T¥D,J)=SDISP(J)

P2 (IND,J) =SVP (J)
B2(TND,J) =SACC (J)

R4 (IND)=PERIO
~ONTINGT

HRTTR (6,2771) PREIO, (DV (J),3DISP (J),3VP{J),SACT (J),J=1, NDV)

TONTINGE
CovonTe SRNCTRUM TANTENSITIES

DO 185 Jg=1,KNDV

ST (J)y=" D

pn 185 Tur=q 177

TR=TNT

ST{I)=(R2(TIN, Iy +R2 (IX+1,0)) /2% (RE (ZN+ 1) =T4(IN) Y +5T ()

CONTINTE

AMAY =0, 7

DO 187 M=1,%p

“F (ABS (ACT (M,K)) »GTLEBS (AMAY)) AMAX=ACC(M,K)
BRTTF (6, 2774) ANMAY

PIND MAVIMOMS OF SPICTRAL VALUES

Do 1RA NM=1,¥DY

SAMAY (M) =3, 0

DA 3R5 %=1,I0D

TP(RI(M, M) .GTLSAMAY (N)) SAMAY(N)=|3 (4,N)
WRITE (R,2003) (OV{J),SAMAX (3} ,J=1,HDV)
WRTTE(6,2003) (DV{J),SI(J),J=1,NDV)
TP(TRS2, L%, ) &0 70 167

PLI™ TRIDPONSF SPECTPM TF RBSQUESTED

~RLL PLORES (KYCD,TI¥D,B1,R2,R3, 24, RDV)

CONTTNUR

TRTHRNY

SAREAT (? 7% ,11F DAMP. RAT.,7%,119 SPE, DIS,,%%,11d 3PEC. VFL.,10%
% SPEC, ALC. {(/GRRV.) )

PORMAT (8H PRRTOD=,P3,5/(277,F15.5,3Y,3(E15 6,5%)))

FOARMAT (378,314 ***QESPONSHE SPECTRA OF Y205 N, ,I5,UH *%=//)

PORMAT (//,35H * RFSPONSE SPRCTRUM INTENSITI®S * ,/6%,11H DAdP. 2

T LD, 1IN SPRC. INT. /{(4X,7P10,.5,37,85,48))

SOPMAT (/20 H MAY, ACCELARATION= ,E15.4)
FOEMAT (/1 D&MP. RAT, ,3Y,25H MAY, SPRC, ATTTLARMTICN /S(37,F10.%9,
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SUBROUTINE PLORES (NNCD,IND,RT,R2,R3,R4,8DV)
DTMENSTON 81 (130,1),22(130,1),R3 (135,1), B4 (1)

CALL SYM3COL {(1.7,8.3,0,5,'RESPONST SPECTRAY',D.0,16)
CALL SYMROL (12" ,7.3,0.5,YR0D7 N.',".4,T)

CALL NUMRER{L.S,7¢ 3,7, 5, FLOAT (NNOD) W0 ,-1)
PIYAY=", &

R2MAX=D, 0

RIMAY=D, "

Do iAn K=1,TED

IF(RT(K, 1) +GT-R15AY) RIMAY=RT{K,1)

TF{R2(K,") »GTs»R2MAY) RZIMAX=R2(K,1)
TP(E(X, N .GTe FIMAY) RIMAX=R3I(K,1)

COMTINUR

IST=RTMAT*T, 7R

IS2=R2MAN*1, 05

TS3=RIMA TR 40

YIuci=1si/4,"°

YINC2=TS2/4, "

YINC3I=IS3/8, 0

Do 38N I=1,NDV

R1{TND+1,J) =","

RA(IND+2,3) =VINCH

R2 (IND+1,J) =70

RI(THD+2,J)=YINCE

RI(IND+1,3) ="

RA(IND+2,J)=YT¥C3

CONTINDR

RY (IND+1)=","

2L (TND+2) =1,

DY 4nY Lnoe=1,3

CALL PLOT(1.7,2.3,-3) ' _

CALL AYIS(D.T,0,7,'PERIOD {SEC)!',=12,%. 0,3, 0,0,1.0)
TP{LOOP,E0.1) CALL AYTS(722,043,"SPEC, DISP.',11,8:0,9)e 0d.0,YINC
S

TF(LOOP. 0. 2) CALL AYIS((a0,De0,'SPEC, VELs, ', 11,04.0,90,0,0,7,
*  YINC?Y

TF(LOOP. B0s 3) CALL AXIS(Da%,1e2,'SPEC, ACC, ',11,4,0,90.0,0,0,
*  YTNC3)

CALL PLOT{0,3,4,0,3)

CALL PLOT{E,7,4,7,2)

TALL PLOT(5,7,%.N,2)

DD RN J=1,8DV

TFILOOP.ENL1Y CALL LINE(RU,RBR1(1,J),128,1,4,M
TP{LOOD, 0. 2} CALL LINE{R4,R2(1,J),128,1,0,H)

TR (LOOP. ¥Q.3) TALL LINE(RY,RI(1,J),%28,1,7,0)

CALL PIOT{5.0,-2.2,-3)

CONTINGA

RRETURN

YD
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SURRGUTINE SOLPFQ ("MATL,YLENT,MATYUY,IWTBL,STAs5,4,B,C,D,%, PPO,

Pr,™M8,PRE,NUIM)

TOMHON /WTLVL/ WTABLE,GRAV .
SONMMON /TASEQ/ETRED(10) L, DT {1%) L,ILTMIT, NIS, HPEQPR (1)

DIMTNSTON BYMATL (35,1 SMATHON (1) , INTBL (1) ,XLENT (Y1) ,2
2NN L, (MU, L, D(RUA,Y) LB LPRO(Y)L,PI () LMNE(Y)
JEP(Yy, 572 (11, 1)

YRITE(5,2078)

DY 85" I=1,NUM
PP™(T) ==8STrS (A,1)
TONTTHOR
TLIMIT=%,0
neoann T
M=NTRED (1)
DN 87° g=1,H

TLINIT=TIIAIT+NT (1)

CONTINTE

GMAW=FMATL (15,1) *GRAV

mEMF=l "

FMITH=3, 0

SETTL=", 2

KONTR=1

KON T="

DD oA™Y g=1,2

Ny &A% T=1, N4

A(T,d) ="

BT, J)=".7%

CONTINDG

npooORASN T=1, NUM

T, =10

C{T,2y ="

D(r,1) =1.0

n(T,2)=2."

wn(Ty=,"

CONTINTR

CALL MATAR (2,B,NDRY,NSFL,EMATL,YLINT,MATHUM,IWTBL,H0N)
MDAY=NDRY

NTS

r

CALCULATY® HYDRQSTATIC WATER PRESSURES

DERT=1.10

DO 10N T=1, NUM

PPN (T) =70

MI=MATNIM{I)

DIPTEDEPTHLLSETLANT(T)

TR(IWTRL (1) E0.7) GO ¢ 95

DDA (T) = [DEPT=-WTABLTD) #TMATL (15, %T) #GDAV
DERT=DIPT+", S*YLENT (1)

CONTTNUT

CRLCTLATE FYCES3 POPRF PRESSIRE AFPTHR ®O

DO 9" T=1,NSFL
PI(I)=PP¥ (ND2Y+T) ~PPC (NDRY+T)
SOATTNOR

HEITT (6, 2017}

TR(NDRY.FQ, ) G2 TN 127
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DY 11N T=1,NDPRY
YRITE {6, ?“’1) I,PPO({I),PPE(I)
CQVTINUF
=NDRY+
D” 130 T=11,H04
RTTF (&, 2”17) T.PPO(I) ,PPE{I) ,PI(I-NDRY)
CONTINUF :

CALCULATE FRYCESS PORE PRESSURE DISSIPATION -

WETITT (6, 2078) TLINMIT

DO 47) T=1,NTS

M=NTREP(I)

o 4nn J=1,H

NEFRL=NIN=-NDRY

Do 20N g=1,2

no 270 L=1,8SFL :

(L, %) =A(L,K) /2. +B(L,K) /DT (I).

D(L.,K) =P {L,K} /DT (I} =24 (L,K) /2.7

TONTINUR :

¥SR=NSTL=1 ,
?(1)=D(1:?)*DTl‘)*D(1'2)*PI(2)

DO 216 K=2,NS%T :

E{X) =D (K, 1)*PT(K)+D(K 2) *PT (K+1) +D (K~ 1,2) *PT (K- 1)
TONTTNUR

E(NSEZL) =D(NSEL,1) *PT (NSIL) +D (NSEL=-1,2) *PI (NSFL~1)
CALL TRIA(C,MB,NUM,2)

CALL BACKS (C,E,MB,NUM,2)

TTMEZTIMF+DT (1)

CRALCULATE SETTLEMENT

po 23 K=1,NSEL

M= ﬂkmﬂﬂﬁ(WDRY*K)

SETTL=SFTTL+YL WT(NDPY+K)/EMATL(1 M) = (PT{RKY=E(K))
TONTINUFE

CLLCULATE WATER TABLE RISE

M1=MAT NUM (NDRY+1)

DWTCH=DT (1) *TMATL {13, ﬁ1)*wt1)/YLEv*(NDRY+1)/FMA*L(22 E1)
HTCH=HATCH+DRTCH
ATABLE=WTARLE~DWTCH

ng 22" K=1,NSEL

PT{K)=TE(K)

CONTINOE

KOUNT=KCUNT+*

IF{RKCUNT.LT. NPFQPR(I)) GO TO 261
KQINT=7

YRITW(6,2991}) TIME,SETTL,WIABLE
WRITT (5, 2002)

TP {NDRY. 20.7) 50 TO 257

z:»‘!q i

nn 287 K=1,NDRY

WRITE (6,2003) K,
IF(NDRY. BQ, MDRY) GO TO 256

ne 255 K=NDRY,MDRY

THD=K+1

WRITF (5,2003) IND,E(IND=-NDRY)
CONTINGOE

K1=NDRY+1
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TDSPR=", "

TYLEYT=" N

nO 2FN K=K1,NUH™

NERR=*, "=E{K-MDRY} /(EPFE(K)~PPO(K) )
TDSPTR=YLENT (K) *DSPLE+TDSPR

TYLENMT=TYLENT+ILENT (K)
WRRTTT(&£,27{4) K, W(K-NOFYj,D3PR
257 ZONTINHUE
ADSOR=TDSPR/TYLENT
WRITE (F,2779) SDSPR
ZR1 CONTINIR
TR(NDRYL. EBQLOY GO OTD 400
TRIKONTR, NEL 1) GG ) 940
TR(WTCH, LT. YDUM) GO T0 357
WTCH=W T H=XNOY
YLENT (NDRY) =¥ DUY
KONTR="
TRLL MATAB(A,R,HNDRY,NSFEL, AMATL, XLENT,MATNUY, IWTBL,KUN)
G0 TR S8R0 :
307 WTCR=WTCH/YLENT (¥DRY)
CTP(WTCRLLTLT.BY (GO TG 3BT
YDUM=VLENT (KDRY)
YLAET{NNAY) ={TCH
TWTBL (DY) =1
TATY MATAB(}, B,qDWY,Ngvu,FMA*L ZL®NT,AAT4UM, IWTRL, NUY)
Kn\'mp—d
NS F=NS FI ~1
NN 295 K=1,NSF
PT (K+1)=7 (K)
29% CONTINGE
PT (1) =WT IHAGMDW/2,
30 TO 407
3ET TR(NDPY, TOQ.T) GO T2 951
MY=MATNUM(NDRY)
ALt MI=MATNIY(NDRY+1)
M2=MATHUM (NDPY4+2)
AEMAT= (EMATL (F,M0) *WTCH+RMATL (1, M 1) *YLERT (NDRY+1) ) / (RTCH+
*”L“V“(NDPY+1))
¢ BY S=EMATL(1,M2) /YTENT {NDRY+2) +ATMAT/ (WICH+XLENT (HDEY+T) )
“(’ *) =B (1,1) +DWTCH/EMATL(13,40) /3,
gn" CONTINTE

RRTTIOY
2900 TABMAT (T1HY, 377, 35H **% POST-TARTHQUAKE ABALYSIS *%x 7))
2771 PoRMAT (// 15H —---- PTHE---= ,F17.5/

* 12H SETTLEMENT= ,F170,.5/
* 2% YATWR TABLE DEPTH= ,%®17,5//)

27072 PODMAT (3V,12H NODE Y, ,5Y11H ©iTIss P2, ,57,14H DISSIP. RAT,
3AM3 FOPMAT (5Y, 15, 5K, F15.6,5%, 100 UNDEFINFD )
2704 FOPMAT (5X,I5,5Y,715,6,5Y,F1%,5)
2308 POSMAT(SY,27H TOTAL TIME FOR DTSSIPATION ANALYSIS= ,F17.5)
2006 FOPMAT (37,280 OVFFALL DISSTPATION EATIO= ,F17,5)
2317 PARMAT (3°Y,1SH POFS PHFESSURES /
* 3@ NNDE M. ,
* 77,80 IN STTH
* 9y 17" AFTPE EQ.
*  7Y,7Y BYCESS )

271 PORMAT (27, 15,37 ,815.€,3Y,%15, ¢, 170 Cad )
2712 FPORMAT(27,I5,3Y,F15,6,3%,715.6,37,R15.5)
N0
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SUBE2UTINE MATAB (AM,BM,NDRY, NSEL,EMATL,XLENT,MATNUM, IWTBL,¥UH)

DYMENSION AM(NUM,1) ,RM(NUN,) ,BMATL (35,1) (,ZLPNT (1) ,MATRUM (1},
* THTBL (1)

NS RL=N

Do 1AM I=1,KUM .

TF(IWTBL (I).LE.D) GO T35 170
NSEL=NSSL+1

MN=MATNUM (I)

AM (NSFL,1) =EMATL ( 1,MN) /XLENT (I)
R (NSEL, 1) =YLENT (I) /FMATL (13, H5) /3,
CNYTINTE

N=NEEL~1

no 200 K=1,H

AM (K, 1)=2M (K, 1) +AM (K+1,1)

AM (K, 2)==AM(K+1,1)

BM (K, 1) =BY {K, 1) +BM (K+1,1)

BM (K, 2) =BM(K+1,1) /2.

TONTINUE

1M {NSFL,2) =0,

BM (NSEL,2)=0,0

ND2Y=NOM=NSEL

RFTURN

?ND
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SUBROUTINE SZI®RD {A,NTLLL)
DINENSTOY A (NTLLL)

DD 179 T=1,NTLLL
170 a(T) =7, 0

RETUERN

YD
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SUBROUTINE TRIA (A,MB,NEQ,M)
DIMENSTON A(1),MB (1)

NE=NFQ=-1

MN=M-1

MM=MNENTQ
MK=NTO=-#MN

DO 3¢ w=1,NT
NT=¥N-¥K

IP(NTa GTa0) MM=MM-NEQ
MB(N) ="
TFAMN).EQ.2.T) GO TC 384D
L=N

TL=N4NEQ

IF=N+¢MM

JB="

TR=0

pg MM I=1L,TY,NFQ
L=1+1

JI=1L

IB=IB+1

C=A(T) 72 (W) _
TF{CaEQa 2. 0) GO Tn 200
Do 1M K=T,IH,NRQ
A (J)=A (JY=C*2 {K)
J=J+YEQ

2Ty =C

JB=InR

TONTINOR

MR (N) =JB

cnyTIND®

M3 (NEQ} ="

pETHORN

END
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SUBREQMITTINE BRCKS
DTMFYSTIONY A (%) ,B

M=

-l

=4

c=3 (M)

TF (A{M).NF, %, 7)
TR (N, FO. NN} 3N TO
TL=H+"
TH=N4+MR (V)

=y

N o285 I=IL,TH
M=y 4Ny

R(TY =R (T) =4 (M) *2

TL=N

RN

11-39

(A,F, %B, N}, MH)

(1) 4B (1)

B(K) =7 () /& (N)
157,

TF (K. EQ.T) DETUERMN.

TH=EN+MB (N)
M=y

~=n (1)

DO 47 T=IL,TH
M=M 4Ny
C=0e (M) *B (1)
3 (M) =C

GO TN N7

END
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SUBPOJTTINY PINDY (PE,A,ELAMDA,PHI,EX)

ETA=ELAMDA¥*TAN {(PHI)
FY¥=ELAMDA*A

EY=EY*EX ‘
EY=RTA*ETAX {1, C+EX) -EX
FY=1,2=50RT(7Y)
RY=PW"XPY /(1,(-FTh)
BETURN

BND



(]

11-41

SUBRCUTINE SCAL(CX,DTST,SCAT,SCA2)

IF(DY, LT, 2, AND,D¥,G3,B) GO TN 2
CONTINTE

SCAT=-DY /2,

STrZ2=DY/DIST

nEMIRN :

IND=INT ((DX/B)+7.59)

SC31=- (FLORT{ID) /2.) *B
SCR2==2,%5CAT/DIST

RATUIN

7ND
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SUBRODUTINE LOADYY({Y,Y,I¥,IY,PL,NBLK,NCYCL,LUN)
DIWMENSION ¥ (1) ,Y({1),PL {NBLK,?Y)

NB=NCYCL/NBLK
IP (NCYT L. LE«NBLK) G5O TO U4
REYIND LUN

¥=-NBLK
nN 1 T=1,NB
W=N+NRBLK

IP(NCYCL.GT. NBLK)Y PREAD(LUN) PL
TP{IY, EQ.) GC TO 3
ne 2 J=1,N¥BLK

Y{J+¥) =PL{J,IY)
IP(IY.TQ.0)Y GO TO 1
DO & J=1,NBLK

Y(J+W) =PL(J,TY)
CONTINOR
TP{NCYZL,LE, ¥BLK) RETURK
READ (LU¥) PL
N=NB*NBLK

NB=NCYZL=-N

N=XN+1

IF{IY. B0.7) 6O TO 8
pn 7 J=1,u8

Y (¥+3) =PL(J,1I7)
IP{IY, EQ.{) RETUEN
De 9 J=1,8E

Y (N+J)=PL{J,IV)
BETUERN .

F¥D
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APPENDIX - III

EXAMPLE INPUT AND OUTPUT
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EXAMPLE INPUT

100 FT LAYERs EXAMPLE PROBLEM

1 1 1000 1 De 1
400 5 100 1

1 5

Ol.1 5 5

D5 5 5

5.0 12 12

0.0 S0 50
0.0 50 50

60,

$200, 20 1
B000. 2000 5,0 - 10000000, 0,108 0.0001873 ,L0000974 10
009 0185“ 0-95 0005 0.1 005
AORIZUNTAL wASE ACCELERATIONs EL CENTRN

1.0 1.0 - 1008 1

(EARTHQUAKE DATA CODEQ RBY BFY«0 FURMATs 126 CARDS)
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1.0000
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