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1. INTRODUCTION

Significant progress has been made over the past two decades in the

development of analytical procedures for evaluating the response and

stability of earth dams subjected to seismic loads. Current methods of

stability analysis involve procedures such as that proposed by Seed et al.,

(1973) which consists of the following steps:

1. Determination of the initial stresses existing throughout the

dam and the foundation before the earthquake.

2. Determination of the characteristics of the earthquake motions

that are likely to affect the dam.

3. Computation of the response of the embankment and foundation

to the selected earthquake motions.

4. Determination in the laboratory or by means of empirical cor­

relations of the response to the induced dynamic stresses of

representative samples of the embankment and foundation

materials.

5. Evaluation of the overall deformations and stability of the

embankment dam.

Due to the fact that the finite element method can easily handle

geometrical irregularities, complex material behavior and arbitrary boun­

dary conditions it is perhaps the most flexible tool currently available

to perform the dynamic response analysis of an earth dam.

Limitations of computer speed and storage capacity have restricted

until recently the use of the finite element method to two-dimensional

problems. Although many earth dams fall within this category, there are

also many cases in which the assumption of plane strain behavior gives
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only approximate results and therefore a full three-dimensional analysis

is warranted. Thus, the availability of a numerical procedure for the

dynamic analysis of earth dams in three-dimensions seems desirable.

Two-dimensional finite element techniques which USe the complex

response method and therefore permit variations in modulus and damping in

different elements of a soil structure, were developed by Lysmer et al.,

(1974,1975). The'se procedures were extended to three dimensions, with a

constraint on the possible deformations of the finite element model, by

Kagawa (1977). The present version of the computer program TLUSH con­

stitutes a further development of these procedures (Mejia, 1981) and

incorporates additional features among which are the following:

1) Complete freedom for the selection of the direction of the earthquake

motions, 2) Complete freedom in the deformational modes of the model,

3) A new interpolation scheme, 4) A nodal point and element data genera­

tion routine, 5) More efficient element stiffness generation routines and

6) A more efficient program structure that has lower memory requirements.

The program TLUSH can take into account the strong nonlinear effects

characteristic of soil masses subjected to strong earthquake motions.

This is achieved by a combination of the equivalent linear method (Seed

and Idriss, 1969) and the complex response method. Typical relationships

between stiffness, damping and effective shear strains for sand and clay

are provided wi thin the program. Special options that permit creation

of a permanent record of both input and basic information on the complete

solution, and recovery of this information for iteration and output

purposes are available within the program.
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2. ANALYTICAL PROCEDURE

Within the framework of the finite element techniques employed by

the computer program TLUSH a typical earth dam will be modeled by an

assemblage of elements as shown in Fig. 1. Eight node isoparametric

brick elements with three degrees of freedom per node and linear inter­

polation on the displacement field are used in the model. Nodal points

are defined only at the intersection of three of the planes defining an

element. It is assumed that the walls of the valley in which the dam is

located are rigid and therefore all points on these boundaries move in

phase and with the same displacement amplitudes. Interaction between

the darn and its abutments and between the dam and the reservoir is

neglected. Material behavior is assumed to be characterized by an equiva­

lent linear elastic shear modulus and an equivalent fraction of

damping.

2.1 Equation of Motion

Considerations of dynamic equilibrium of the model shown in Fig. 1

lead to the following equations of motion:

where: {u}

[M]{~} + [K]{u} = -[M]{r}~(t)

the nodal point displacements relative to the rigid

( 1)

boundary.

{u} the corresponding accelerations

[K] = the complex stiffness matrix

(M] the mass matrix

yet) the input rigid boundary acceleration

{r} the load vector that gives the direction of the input

motion.
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The load vector {r} is given by:

1 a a
0 1 a
a 0 1
1 a a
a 1 a
0 a 1

{r} = C + C + C (2 )
x Y z

1
o
o

a
1
o

a
a
1

where C 1 C and C are scalar constants that determine the magnitude of
x y z

the components of the input motion in the x, y and z directions respec-

tively.

The global mass and stiffness matrices are assembled from the cor-

responding element matrices following standard finite element procedures

and the direct stiffness method (Zienkiewicz, 1977). viscous damping is

introduced by the use of complex shear moduli in forming the element

stiffness matrices:

where: G the element shear modulus

(3)

S = the element fraction of damping

~~d therefore, the stiffness matrix for the system will have complex

coefficients.

2.2 The Method of Complex Response

Use of the complex response method is made in order to solve the

equations of motion for the system (equation (1)). In this method it is

assumed that the system is linear and that the input motion is periodic.
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AS a consequence the principle of superposition is applicable and the

input accelerations can be expressed as a sum of harmonics:

Y(t)

N/2

==R L:
e s=O

y
s

exp (iw t)
s

( 4)

where: N == the number of digitized points in the input ~0tion.

w
s

(5)

~t the time step of digitization

Y the complex Fourier amplitudes which are given by:
s

Ys

Y
s

N-1_1 L: ..v exp (-iw k~t)
N K=O -k s

N-l
~ L: ., AY exp (-iw kut)
N K=O k s

for s = 0, s == N/2

for 1':::" s ':::"N/2

(6)

The complex Fourier amplitudes, Y , can be computed efficiently
s

using the Fast Fourier Transform algorithm developed by Cooley and Tukey

(1965) which requires that N be a power of 2. This requirement is

generally not a drawback since trailing zeroes usually need to be added

at the end of the earthquake excitation to provide for an adequate quiet

zone that allows the decay of free vibrations of the model.

Substitution of equation (4) into equation (1) leads to:

[M] {u} + [K] {u} ( 7)

The steady-state solution of this equation can also be expressed as a

SUD. of harmonics. That is:





R
e

N/2

2:
s=O

{U } e xp (i0J t )
s s

7

( 8)

The complex displacement amplitudes {U } can be obtained by sub­
s

stituting equation (8) into equation (7). Since the principle of super-

position is applicable this leads to the following matrix equation for

each frequency 0J :
S

([K] • W 2 [M)) {U } = - [M) {dy
s s s

(9)

This is a system of linear algebraic equations with complex coef-

ficients that can be solved by gauss elimination. Solution of equation

(9) for each frequency w constitutes a formidable task since it is not
s

unco~~on for an input record to have 2048 digitized points and therefore

1025 frequency points in its Fourier spectrum. In order to simplify the

computational effort a cut-off frequency is usually selected. This

frequency is chosen at a value such that the response of the dam to

higher frequencies is small and does not need to be computed. Additional-

ly, the following equation:

( [K] - 0J 2 [M) ) {A }
s s

(10)

is solved instead of equation (9). A limited number of frequencies is

selected for solution of equation (10) and a special interpolation tech-

nique is used to compute intermediate values of {A}. The complex dis­
s

placement amplitudes can then be obtained from the following expression:

{U }
s

(11)
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2.3 Interpolation in the Frequency Domain

Linear interpolation on the inverse of the amplification functions

has been used in the past as the technique to obtain intermediate values

of {A } (Lysmer et al., 1974,1975). However, this interpolation scheme
s

does not perform well when there is a close spacing between natural fre-

quencies which seems to be the case of three-dimensional systems.

A sophisticated technique that makes use of the transfer function

for a two-degree-of-freedom system to interpolate between the amplifica-

tion function values {A } has been developed by Tajirian (1981) and has
s

been incorporated to the computer program TLUSH. The transfer function

for a two-degree-of-freedom system has typically two frequency peaks and

is given by an expression of the form:

where: W

A(W)
C w4 + C w2 + C
123

w4 + C
4
w2 + C

5

= angular frequency

(12)

The values of the aIDDlification function {A } at five particular
~ s

frequencies spanning the range where interpolation is to be performed

are necessary to determine the five constants that define the transfer

function (e,quation 12), which is then used to compute the intermediate

values of {A }.
s

The nodal displacements {u}, which completely define the response

of the dam, can be computed from equations (11) and (8). Velocities,

accelerations and strains can be directly computed in the frequency

domain from the displacement amplitudes {U } and can then be transformed
s

into the tiIT£ domain.
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2.4 The Equivalent Linear Method

Due to the extensive use of superposition, the procedures previously

outlined are only applicable to linear systems. However, the response of

soils to dynamic loading is highly non-linear in nature and must be

accounted for in order to obtain meaningful results from the dynamic

analysis of soil structures.

The approximate method proposed by Seed and Idriss (1969) to take

into account the non-linear behavior of soils is used in TLUSH. According

to this method the non-linear response of a soil structure can be approxi­

mated by a linear analysis for which the stiffness and damping are

compatible with the induced strains at every point of the system.

An extensive summary of data on strain compatible moduli and damp­

ing for clays and sands was presented by Seed and Idriss (1970) from

which the curves shown in Fig. 2 were developed. Starting from selected

initial moduli and damp~ng values for each element in the model, these

curves can be used iteratively to reach compatibility between the proper­

ties used in the analysis and the computed strains.

The relationships between stiffness, damping and effective shear

strains for sands and clays proposed by Seed and Idriss (1970) have been

provided within the program but other modulus attenuation curves can

readily be read into the program. The following procedure is employed

to obtain an approximate non-linear solution:

1. Read in initial assumed values of shear modulus and damping

for all elements.

2. Solve equation (1) and use equation (11) to obtain the complex

displacement amplitudes.

3. Compute strain arr~litudes for all elements.
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4. Compute the effective shear strains for all elements.

5. Determine new strain compatible values of shear modulus and

damping by using the built in relationships of Fig. 2 or

others supplied externally.

6. Repeat steps 2 through 5 until compatibility between the

material properties used in the analysis and the computed

shear strains is reached.

2.5 Effective Shear Strain

The three-dimensional strain state at a point can be described by

a second order strain tensor with 6 independent terms which in a Cartesian

coordinate system can be written as:

[

:xx

yx

s
zx

s
xy

s
yy

s
zy

s ]
xz

:YZ
zz

(13)

During the seismic response of a dam the strain state varies with time at

each point and therefore the selection of a single value to represent both

the directional and time variation of strain level is difficult.

soils are materials with a complex constitutive behavior which,

strictly speaking, depends on all terms in expression (13). However, the

state of present knowledge on constitutive laws for soils does not permit

a complete characterization of material behavior. The method proposed by

Seed and Idriss (1970) which consists of using the maximum shear strain

as the parameter indicative of strain level is used in the computer program

TLUSH. As a consequence the strain level will be given by an effective

shear strain defined as:

= 0.65 . maxlY I
t max

(14)
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Time variation in the strain level is taken into account by the factor

0.65 which is purely empirical but is assumed to be representative of

an average time value of the maximum shear strain. The value of this

factor is not critical in view of the fact that the computed motions are

not very sensitive to moderate variations in the magnitude of the effec-

tive shear strain.

The peak maximum shear strain used in equation (14) can be computed

by either of two methods available as two options of the computer program

TLUSH. The first method consists of obtaining the maximum and minimum

principal strains from a solution to the following equation for each

time step.

E: -E: E: E:xx xy xz

E: E: -E: E: 0 (15)
yx yy yz

£ £ £ -E;
zx zy zz

Once the principal strains have been determined at each time step the

peak maximum shear strain can easily be found. The second method makes

use of the fact that the peak maximum shear strain can be estimated from

the root-mean-square value of the maximum shear strain as follows:

max! '1 I ~ C . Rt1S ('1 )
t max max

where C is a constant approximately given by:

C ~ maxly!;I RMS(y)
t

(16)

(17)

..
The root-mean-square values of '1 and y can be conveniently evaluated by

max

making use of Parseval's identity which for an arbitrary function f(t) is

given by:





1 N/2

="2 2:
s=O

13

(18)

where F , s=0,1,2, N/2 are the complex Fourier amplitudes of the function
s

f (t), that is

f(t)
N/2

= R 2: F
e s=O s

exp (iw t)
s

(19)

This method is substantially faster than the first one since equation

(15) can be solved in terms of the strain amplitudes for each frequency

and all computations can be performed in the frequency domain without the

need for numerous Fourier transforms.

3. PROGRAM DESCRIPTION

3.1 Program Structure

The computer program TLUSH is written in standard FORTRAN IV

language and the CDC 7600 version consists of a main program TLUSH and

42 subroutines which will be described under the next subheading. The

program is easily convertible to most modern computer systems that have

more than lOOK words of high speed storage. It has been designed so that

it can operate in any of three modes all of which produce a listing of

the relevant input data. The type of mode to be used in a particular

run can be specified by the value of the variable NOPT on the first input

data card.

MODEl - The Initiation Mode

MODEl is the mode to be specified when running the program for the

first time on a particular problem. In this mode all input comes from

cards; the program will set up the equations of motion and solve them for
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a specified number of iterations using in each iteration after the first,

material properties compatible with the strains computed in the previous

iteration. After the last iteration any output desired will be generated.

A special option permits the creation of a permanent record on a magnetic

tape, TAPEl, of all input data and of the complete solution. This infor­

mation can subsequently be easily recovered in MODE2 or MODE3 runs. An

additional option permits the storage of the element mass matrices, the

normalized element stiffness matrices and the load vector on a magnetic

tape, TAPES, in this way making it possible to avoid their generation in

subsequent MODEl or MODE2 runs.

MODE2 - The Iteration Mode

In order to monitor the convergence of strain compatible properties

in real size jobs it is convenient to perform the iterations on soil

properties one at a time. In this way it is possible to speed up the

rate of convergence of the solution and to make more efficient use of the

program. MODE2 provides the re-start capability required to perform

further iterations if necessary. In this mode the contents of TAPEl are

read and copied onto TAPE2, the equations of motion are set up and solved

using the improved soil properties computed in the previous iteration,

additional iterations can be performed, and any desired output can be

generated. Just as in MODEl a permanent record of the complete solution

can be stored on TAPEI for further reference. TAPE2 serves as a back-up

in case the contents of the original TAPEI need to be preserved.

MODE3 - The Extraction Mode

This mode is useful for the extraction of additional information on

the solution to a certain pro~lem which has been stored on TAPEI. In this
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mode, the program will read the TAPEI generated in previous MODEl or

MODE2 runs and produce the additional output specified, without perform­

ing any finite element computations. Hence, the contents of TAPEI are

unaltered in this mode.

Data Check Run

An additional mode is provided to permit the revision of the input

data for MODEl. All input data is read from cards, just as in MODEl,

and this information is printed out.

From the previous discussion it follows that the main difference

between MODEl and MODE2 is the form in which the input data is read in.

Both modes follow approximately the same numerical procedure which can

be summarized in the following steps:

1. Read in control data and set up dynamic storage allocation.

2. Read in finite element model data and generate missing infor-

mation.

a. Element data.

b. Nodal point data.

3. Read in earthquake motion, transform to frequency domain and

apply base line correction.

4. Print out all input data.

5. Form element mass matrices, normalized element stiffness

matrices and load vector.

6. Compute element stiffness matrices.

7. Set up blocks ~~d profile for equation solution.

8. Form total mass and stiffness matrices by blocks.

9. Solve equation of motion (Eq. 10) for selected frequencies and

store amplification functions.
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10. Compute strain amplification functions for all elements.

11. Determine effective shear strains and strain compatible soil

properties for all elements.

12,. Repeat from step 6, using the improved soil properties, for

the nu~ber of iterations specified.

13. Generate all nodal point and stress output.

14. Stop.

The above numerical procedure is schematically illustrated in

Fig. 3 which shows a simplified flowchart of the program.

3.2 Description of Routines

The CDC 7600 version of TLUSH consists of a main program and 42

subroutines which carry out the numerical procedure previously described.

Additionally there are three CDC system routines, LOCF, SECOND and SETFLS,

which are called by the program subroutines, LOC, TIME and MCORE

respectively. The calling sequence for the program subroutines along

with the tapes referenced by each routine is given in Table 1. A brief

description of each routine follows:

TLUSH

ADJUST

ARRNG

This is the main program. It consists mostly of comment cards

that describe the input data and it calls the initiation sub­

routine INPT.

This subroutine applies base line correction in the frequency

domain to the input acceleration time history.

It establishes the order in which the element mass and stiff-

ness matrices will be generated.





Prin tOut
In put Data

Form
Element Mass

and
Stiff. Matrices

Form

Total Mass
and

Stiff. Matric2S

Solve

Equation of Mati on

Compute
Strain Compatible

Properties

Generate
All Output

FIG. 3' SH~PLIFIED FLOWCHART FOR TLUSH
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Table 1. Calling Sequence for Subroutines and Tapes

18

Program Calls Called by
Tapes

Referenced

I This is the
TLUSH INPT,SECOND

main

I
program

I ADJUST VEDDAJ
i

I ARRNG VEDDA
I

BLOCK RDSTF GSTIF 6,7,8

CALBN RDSTF FRMSTF 5

CMPMAX DRCTSP

CNSTNTS CSOLVE INSET

I CSOLVE CNSTNTS

I CURV52 STRAINI
I

I DRCTSP CMPMAX,PLOT MOTION

j ELSTRN
I

STRNAP
I

I
'INSETEXPND

FCONTL INPT

FFT RFFT,RFSN

FORM LUMP FRMSTF

FRMSTF I CALBN,FORM,RDSTF SOLVEB 5,6,10

FSET I MOTION

GSTIF BLOCK, TOTSTF SOLVEB

INPT FCONTL,MCORE,VEDDA TLUSH 1,2

INSET CNSTNTS,EXPND INTPL

INTPL INSET MOTION, STRAIN

LOC LOCF MCORE

LUMP VOLUME FORM





Table 1. (continued)

19

Program Calls Called by
Tapes

Referenced
-

MCORE LOC,SETFLS INPT,SOLVEB,VEDDA

DRCTSP,FSET,INTPL

, MOTION PLOT,PROUT,RFSN VEDDA 3
i

~
TIME

!(

! PLOT DRCTSP,MOTION,STRESS

~ PRINT VEDDAIi

I:
PROUT MOTIONiL

tl
~ BLOCK,CALBN,FRMSTF
Ii

RDSTF

~
TOTSTF

I RFFT FFT VEDDA
I

RFSN FFT MOTION,STRAIN,VEDDA

ROOTME STRNAP

RW
SLOWR,SOLVEB,STRNAP

TOTSTF,VEDDA

SHMAX STRAIN
i
\ 7,9,11,13,14

SLOWR RW SOLVEB l
115 ,19,20,21,22

SOLVEB
FRMSTF,GSTIF,MCORE

VEDDA 1,12,9 I
RW,SLOWR,TIME

STRAIN CURV52,INTPL,RFSN VEDDA 4,17,18
SHMAX,TIME

STRESS PLOT, TIME VEDDA 17

STRNAP ELSTRN, ROOTME, RW VEDDA I1,3,4,18,19

TIME SECOND
MOTION, SOLVEB, STRAIN

STRESS,VEDDA





Table 1. (continued)
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Program Calls I Called by I Tapes
Referenced

TOTSTF RDSTF,RW GSTIF
6,7,8,9

10,11

ADJUST,ARRNG,MCORE

I MOTION, PRINT, RFFT
1,2,3

VEDDA RFSN, RW , SOLVEB INPT 12,16

STRAIN,STRESS,STRNAP,
TIME

VOLUME LUMP





BLOCK

CALBN

CMPMAX

CNSTNTS

CSOL'ilE

CURV52

DRCTSP

ELSTRN

EXPND

FCONTL

FFT

FORM

21

Sets up the equation profile and the blocking of the global

mass and stiffness matrices for the out-of-core solver.

Reorders the rows and columns in the element mass and stiff-

ness matrices.

Determines the maximum values in the computation of response

spectra.

Sets up the five equations necessary for the determination of

the constants in the interpolation function.

Determines the five constants in the interpolation function by

solving a system of simultaneous equations.

Computes updated strain-compatible soil properties from material

curves.

Computes and plots acceleration and velocity response spectra.

Computes strain application functions at the centroid of an

element.

Determines intermediate values in the amplification functions by

interpolation.

Determines the frequencies for which the equations of motion

are to be solved.

This is a standard routine for complex Fast Fourier Transform.

Forms the mass and normalized stiffness matrices for an element.





FRHSTF

FSET

GSTIF

INPT

INSET

INTPL

LOC

LUMP

MCORE

HOT ION

22

Generates the element mass and stiffness matrices and the load

vector.

Determines the frequencies at which response spectral values

are to be computed and sets the time array for plotting.

Drives the routines that set up the equation profile, calculate

blocking information and assemble the global mass and stiff-

ness matrices.

Reads control data from cards or TAPEl, writes this information

on TAPEI or TAPE2 and sets up field lengths and dynamic storage

allocation.

Drivesthe interpolation routines which compute the interpola­

tion function and expand the amplification function.

Prepares amplification functions for interpolation and controls

interpolation procedure.

Calls the system routine LQCF to find out the address of a certain

variable.

Computes the lumped mass matrix for an element.

Calls the system routine SETFLS which sets the core memory

field length.

Controls the output at specified nOdal points. Computes and

plots amplification functions, response spectra and acceleration

time histories.





PLOT

PRINT

PROUT

RDSTF

RFFT

RFSN

ROOTME

RW

SHMAX

SLOWR

SOLVEB

23

Performs printer plotting of amplification functions, response

spectra, acceleration time histories and stress time histories.

Prints out all input data.

Prints out the peak accelerations at specified nodal points.

Controls reading and writing of element mass and stiffness

matrices.

This is a standard routine for Fast Fourier Transform from the

time domain into the frequency domain.

This is a standard routine for Fast Fourier Transform from the

frequency domain into the time domain.

computes the square of the root-mean-square of the maximum

shear strain for &~ element in the frequency domain.

Controls the reading, writing, rewinding and back-spacing of

tapes.

Computes the maximum shear strain at the centroid on an element

in the time domain.

This is an out-of-core equation solver for symmetric linear

algebraic equations in complex variables. It uses the active

column method of gaussian elimination.

Drives the routines that set up the equations of motion and

solve them.





STRAIN

STRESS

STRNAP

TIME

TOTSTF

VOLUME
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Determines effective shear strains and updated strain-compatible

soil properties for all elements and computes stress time

histories at specified points.

Controls the output of element stress time histories.

Computes and writes strain amplification functions on tape and

sets up amplification functions for subroutine MOTION.

Calls the system routine SECOND which gives the time since the

start of execution.

Assembles in blocks the global mass and stiffness matrices.

This is the main subroutine which controls the flow of the

program. It reads the finite element input data, reads and

modifies the control motion, generates most of TAPEI and TAPE2,

controls the solution of the equations of motion and the itera­

tion on soil properties, and controls output from the program.

Computes the volume of a tetrahedron.

3.3 Tape Usage

The computer program TLUSH uses a total of 22 tapes of which, three

may need to be specified as physical tapes depending on the options used

in the program. TAPEI should be specified as a physical tape in MODEl and

MODE3. TAPEI and TAPE2 should be specified as physical tapes in MODE2.

TAPES needs to be specified as a physical tape if permanent storage of the

element matrices is required. All other tapes are usually simulated on
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magnetic discs or drums. The following is a description of the contents

of the tapes as used by the program.

TAPEI

TAPE2

TAPE 3

TAPE 4

TAPES

TAPE6

TAPE 7

TAPE 8

TAPE9

TAPEIO

TAPE11

This is the principal input tape for MODE2 and MODE3. It

contains all input data, estimated and current soil properties,

and the computed amplification functions.

This is a copy of TAPEI produced in the initial stages of

MODE2.

Stores the computed amplification functions for nodal points

where output is required.

Stores the computed strain amplification functions for all

elements.

Is used to store element mass and normalized stiffness matrices

and the load vector.

Stores element mass and stiffness matrices and boundary condi­

tions.

Is used to store information necessary for block generation.

Is used to store information on equation blocking.

Is used to store information on equation blocking.

Stores the load vector.

Is used to store global mass and stiffness matrices in blocks.





TAPE 12

TAPE13

TAPE14

TAPEIS

TAPE 16

TAPE17

TAPE 18

TAPE19

TAPE20

TAPE21

TAPE22
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Is used as temporary storage of the permanent data of the blank

common.

Is used as a scratch file by the out-of-core equation solver.

Is used as a scratch file by the out-of-core equation solver.

Is used as a scratch file by the out-of-core equation solver.

Stores the updated material properties and the root-mean-square

values of the maximum shear strain for all elements.

Is used to store element stress time histories to be output.

Stores strain amplification functions for elements where stress

time histories are required.

Is used to store the displacement amplification functions for

the frequencies used in the solution of the equations of motion.

Is used as a scratch file by the out-of-core equation solver.

Is used as a scratch file by the out-of-core equation solver.

Is used as a scratch file by the out-of-core equation solver.

3.4 Error Messages

TLUSH has the capability of detecting some errors in the input data.

Once an error is detected the program will stop execution and issue an

error message. A description of the errors which can be detected by TLUSH

follows:





ERROR NO. 1

ERROR NO. 2

ERROR NO. 3

ERROR NO. 4

ERROR NO.5

ERROR NO. 6

ERROR NO. 7

ERROR NO. 8

ERROR NO.9

ERROR NO. 10
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The number of points in the input acceleration time history,

N3, exceeds the number of points specified for the Fast

Fourier Transform, KGMAX.

The specified small core length, NSCM, is too short for the

blank common required in the initial stages of the program.

The specified small core length, NSCM, is too short for

the blank common required by subroutine STRAIN.

The specified small core length, NSCM, is too short for

the buffer used in subroutine STRAIN.

The specified small core length, NSCM, is too short for

the blank comm:m required by subroutine MOTION.

The specified small core length, NSCM, is too short for

the buffer used in subroutine MOTION.

The number of additional displacement boundary conditions,

NBP, does not agree with t.1Le total number of boundary

conditions specified on the nodal point cards.

The computed volume of a finite element is less than or

equal to zero.

There is an equation number for which all the corresponding

matrix coefficients are zeroes.

There is an equation number for which the diagonal element

of the global stiffness matrix is zero.
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3.5 Core Memory

TLUSH requires about 110000 (octal) words of memory to load and

about 76000 (octal) words plus the length of blank common in words to

execute on a CDC 7600 computer using the FTN4 compiler. The program

uses dynamic storage allocation and therefore it automatically assigns

the required dimension or length for each variable used. Three lengths

of blank common which are used by the three main subroutines, VEDDA,

STRAIN and MOTION, are computed internally and printed out by the program.

The largest of these three, determines the minimum field length required

to run the program. As mentioned above, the minimum field length for

execution is obtained by adding the blank common length to the core

memory occupied by the program (76000 octal words on a CDC 7600 system).

This length should be shorter than the maximum field length available on

the system, which in the case of the BKY CDC 7600 computer is 170000

(octal) words.

The user must specify in the first control card, the maximum length

of blank common to be used by the program, NSCM. This number should be

greater than the minimum blank common requirements printed at the begin­

ning of execution of the program. However, it is usually convenient to

specify the largest blank common length compatible with the maximum field

length available on the system. In this way, the out-of-core solver has

the largest possible high-speed storage space to work with. The largest

small core length that can be specified on a CDC 7600 computer using the

FTN4 compiler, is 30500 (decimal) words. The program adjusts the field

length to fit its need at each stage of execution and therefore no idle

space is wasted.





29

Problems may be encountered in satisfying the blank common require­

ments of large jobs in medium sized computers (CDC 6400). In these cases

the following suggestions might prove helpful in reducing the core memory

requirements:

1. Select the largest mesh size compatible with accuracy require­

ments.

2. Keep the maximum frequency of the analysis as low as possible.

3. Do not specify extensive output in MODEl or MODE2 runs.

4. Use the lowest possible number of points in the Fast Fourier

Transform.

4. COMMENTS ON INPUT

4.1 Mesh Size Requirements

Use of the finite element method for the dynamic response analysis

of an earth dam requires discretization of the dam by a finite element

model. The definition of the model boundaries and the selection of a

general mesh layout are the two main ingredients in the design of a model.

Difficulties are encountered in the definition of the model

boundaries and in the characterization of the earthquake motions at the

boundaries of open systems such as earth dams. The simplifying assumptions

that the boundary of the finite element model of an earth dam is rigid,

and that the earthquake excitation acts on this rigid boundary, are

implicit in the analytical approach used by TLUSH (see Fig. 1). Therefore,

it is appropriate to select the boundary for the model of a dam at the

physical boundary that best resembles this condition. In many cases this

boundary is provided by a rock interface in the valley where the dam is

located.
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Another aspect of importance in the design of a model for the

dynamic analysis of &~ earth dam is the selection of an adequate mesh

layout. Two criteria, which in essence are equivalent, are available to

determine an appropriate mesh layout for the dynamic analysis of earth

dams. The first criterion requires that the mesh layout be such, that a

good approximation of the predominant mode shapes of vibration of the dam

can be obtained. The second criterion requires that the element size

should not be larger than a certain fraction of the shortest wavelengths

to be transmitted through the finite elerr~nt mesh (Lysmer et al., 1974).

The following expression is generally accepted:

h
max

V
1 s

== ---5 \)
max

(20)

where h is the vertical element dimension, V is the shear wave
~x s

ve10ci ty in the element, and \) is the highest frequency of the analysis,
max

TOTFR. Recent studies by Mejia (1981) have shown that, in general, 10 to

15 elements in the cross valley direction of a dam give a good representa-

tion, in this direction, of the predominant mode shapes of vibration of

dams in triangular canyons subjected to strong shaking.

4.2 Identification of Nodes and Elements

Once the mesh layout for the finite element model of a dam is

selected, identification of the nodal points and elements is required.

The nodal points of the model should be numbered in such a way that the

average bandwidth of the global stiffness matrix is minimized. Additionally

nodal points on the rigid boundary have to be numbered last (see Figs. 5

and 6). The user specifies the first nodal point on the rigid boundary,





31

NBl, and all points with higher numbers are considered by the program to

be on this boundary.

The program is designed to work with eight node brick isoparametric

elements. Therefore elements may have any shape with a maximum of

8 nodal points and straight edges between these points. Elements are also

numbered and identification of the nodal points defining an element must

follow the rules shown in Fig. 4. This figure additionally shows two

examples which illustrate element identification. The order of nodal

point nuwbers which define an element should be such that NPl,NP2 •... NP8

on an element card correspond to the nlli~ers 1,2 .... 8 in Fig. 4(a).

The program has the capability of generating data for nodal points

and elements not included in the inpu~data. Nodal point coordinates are

generated by interpolation along a straight line connecting the nodes on

two successive input data cards. Element data is generated by using the

same material properties and incrementing the nodes on the previous

element card a specified number, LX.

4.3 Element Matrices

The computer program TLUSH generates the element stiffness and mass

matrices in two steps. The first step consists of computing normalized

matrices. In the second step these matrices are multiplied by the element

complex shear moduli and density in order to obtain the element stiffness

and mass matrices respectively.

The normalized stiffness matrix for an element is computed following

standard finite element procedures and corresponds to the element stiff­

ness matrix for a shear modulus with a value of 1. It depends only on

the geometry of the element and the value of Poisson's ratio. The
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normalized mass matrix also depends only on the geometry of the element

since it corresponds to the element mass matrix for a density with a

value of 1. This matrix is computed as a combination of the consistent

mass matrix and the lumped mass matrices for the element, according to

the following expression:

[M] = RATIA*[M]C + (l-RATIA) [M]l (21)

where the parameter RATIA may range between 0 and 1. 0 and is specified

by the user. Values of RATIA between 0.5 and 0.75 optimize the ability

of the element to transmit high frequencies.

It follows that elements which have the same geometry and value of

Poisson's ratio will have identical normalized element matrices. To take

advantage of this fact, an option in TLUSH permits normalized matrices to

be duplicated for. elements that have the same identification number,

IDEL (N), different than zero.

The normalized element matrices are multiplied by the complex shear

modulus:

(22)

and the density, p, in order to obtain the element stiffness and mass

matrices respectively. The parameter S corresponds to the element fraction

of damping.

There are options in TLUSH which permit the storage of element

mass and normalized stiffness matrices on TAPES and the recovery of these

matrices in future runs. Use of these options are likely to be helpful

in saving computer time and costs in some systems.
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4.4 Material Curves

As mentioned before TLUSH uses the equivalent linear method to

arrive at an approximate non-linear solution. In order to perform the

successive iterations on soil properties the program uses material curves

that describe the relationships between normalized shear modulus and

damping, and cyclic maximum shear strain for the types of soil composing

the dam. Two options are available in the program for defining the

material property curves for a certain problem and any of these options

can be selected by appropriately specifying the parameter KMATYP.

One option permits the use of built-in material curves. These

curves correspond to those proposed by Seed and Idriss (1970) for clays

and sands (see Fig. 2). In the other option any number, MATYP, of such

relationships may be read from input data cards. Each set of relation­

ships for modulus and damping must have a sequence number. This material

identification number is referenced as element data in the parameter

MTYPE(N) for those elements composed of a particular material. Strain

independent properties can be assigned to any element by specifying a

value of 0 for MTYPE(N) .

4.5 Shear Strain Computation

As mentioned before two methods are available within TLUSH for the

computation of the peak maximum shear strain. The first method uses a

time domain approach. The time histories of the 6 components of strain at

the centroid of each element are obtained from the inverse Fast Fourier

Transform of the Fourier amplitudes of L~e strain components. A cubic

equation in terms of the 6 components of strain at each time step is

solved for the principal strains. From these, the maximum shear





35

strain is obtained for each time step and the peak value can be deter­

mined by direct comparison. The second method uses a frequency domain

approach. Using the Fourier complex amplitudes of the 6 strain components

at the centroid of each element, a cubic equation is set up for each

frequency in the spectrum. From these equations the complex amplitudes

of principal strains are obtained from which the amplitudes of the

maximum shear strain can be determined. These amplitudes are used to

compute the root-mean square value of the maximum shear strain function

from which an approximation to the peak value of the function can be

obtained.

Although the first method yields the theoretically exact value for

the peak maximum shear strain it is much more lengthy than the second

method since it involves numerous Fast Fourier Transorms. In addition

to using a statistical procedure for determining the peak value, the

second method uses a technique which assumes linearity to determine a

nonlinear parameter such as the maximum shear strain. For these reasons

the peak maximum shear strains computed by this method are different than

the exact values. However, the final differences in the strain compatible

soil properties computed by the two methods are not likely to be greater

than 20%.

By specifying the input parameter KSTRN the user can select any of

the following three options: a) No strain computation, b) Strain

computation in the time domain and, c) Strain computation in the

frequency domain. Additionally, the user must supply the value of the

ratio between effective shear strain and peak maximum shear strain, FCT.

It must be noted that in order to obtain output for stress time histories,

any of the two strain computation options must be specified.
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4.6 Frequency Controls

The computer program TLUSH has several frequency controls which

permit the user to select the highest frequencies for which the equations

of motion are solved. One of these parameters is the cut-off frequency

or maximum frequency of the analysis, TOTFR. No computations are per­

formed by the program for frequencies above this value. That is, the

displacement amplification functions are assigned a zero value and the

complex Fourier amplitudes of displacement, acceleration and strain are

assumed to be zero for frequencies above the cut-off frequency.

It follows that the maximum frequency of the analysis, TOTFR,

should be higher than the natural frequencies corresponding to the pre­

dominant modes of vibration of the structure. That is, the response of

the dam to motions at frequencies higher than the cut-off frequency

should be negligible. An estimate of an appropriate value for the maximum

frequency to be used in the dynamic analysis of an earth dam is given by

a number 4 or 5 times higher than the fundamental frequency of vibration

of the dam. Typical values for medium sized dams range between 8 and

10 Hz.

In view of the fact that a high degree of accuracy is not required

during the first iterations on material properties the use of lower cut­

off frequencies in these iterations is justified. TLUSH allows the user

to specify a cut-off frequency for each iteration, STEP (I) , and this

permits the use of low cut-off frequencies in the initial stages of

the solution.

4.7 Interpolation

It was mentioned earlier that in order to reduce computational effort
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and cost the equations of motion are solved only for a small number of

selected frequencies, and a special interpolation scheme is used by the

program to obtain intermediate values of the complex amplitudes of the

displacement and strain amplification functions. The interpolation

technique used by TLUSH has been previously described.

The frequencies for which the equations of motion are solved must

be specified by the user. It is desirable to select the minimum number

of frequencies that will yield an adequate picture of the displacement

and strain amplification functions at all points in the dam. This number

of frequencies will depend on the shape of the amplification functions and

the distribution or spacing of the frequencies selected. A close spacing

betwen solution frequencies should be selected in the frequency ranges

where a high degree of accuracy is required and where the amplification

functions have a complex shape; that is, a great number of frequency

peaks. It is useful to remember that the transfer function for a two­

degree-of-freedom system is used to interpolate on the amplification

functions and that 5 frequency points are needed to define such function.

Thus, normally 5 frequency points are needed in the vicinity of two

single frequency peaks to get accurate interpolation of the amplification

function values. A greater number of frequency points is needed if there

are nearby frequency peaks (Tajirian, 1981). In general, a closer spaclng

between solution frequencies is needed in the vicinity of the predomi­

nant frequencies of vibration of a dam while a lower density may be used

in the high frequency range. Also, 30 to 40 points usually suffice to

adequately define the amplification functions at most points in a dam.

However, the best way to determine an appropriate distribution of solution





38

frequencies is to carry out the iterations on soil properties one at a

time and to have the amplification functions for several points printed

out after each iteration.

TLUSH allows the user to specify a maximum number of 5 interpola­

tion ranges. For each range the maximum frequency in that range,

FPKINT(I), and the interpolation gap, KINT(I), must be specified. Typical

values for KINT(I) vary between 4 and 16.

4.8 Printer Plots

The following printer plots may be obtained from TLUSH:

1. Time histories of nodal point accelerations.

2. Acceleration and velocity response spectra for specified nodal

point acceleration time histories.

3. Fourier spectra of acceleration time histories at specified

nodal points.

4. Acceleration amplification functions for specified nodal points.

5. Time histories of the 6 components of the stress tensor at the

centroid of specified elements.

The user may control the length and degree of refinement of these plots

by specifying a value for the parameter NSKIP. The plotting routine will

skip the specified number of points in between displayed points. It is

important to mention that all accelerations output by the program are

absolute accelerations a'1d that the program has the capability of perform­

ing baseline correction on the input motions. The effect of baseline

correction is small on the computed accelerations; however, it is rather

significant on the corresponding velocities and displacements. The use of

this option is recommended since it frees the computed motions of
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integrated errors in the input motions and does not involve costly cal­

culations.

4.9 Punched Output

The following punched output can be generated by TLUSH:

1. Element data cards with improved strain-compatible soil proper­

ties.

2. Acceleration time histories at specified nodal points.

3. Time histories of the stress components at the centroid of

specified elements.

It is useful to have the program punch element cards when it is desired

to perform a new analysis with a slightly different finite element model.

All data on the element cards is punched in the same format as that

required for input to the program. The material properties punched are

those computed in the last iteration.

Acceleration time histories are punched for the entire duration of

the analysis, and at the time interval and with the same format used for

the input motions (8F9.6). Stress time histories are punched in psf and

with a format (BE9.3).

4.10 Execution Time

It is difficult to estimate a priori the execution time of TLUSH for

a given job since this time is a function of many parameters including

the speed of the computer used, the available high speed storage capacity,

the geometry of the finite element mesh, and the number of output options

requested. It is convenient, therefore, to perform a trial run for one or

two gaussian eliminations in order to estimate the execution time for a
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real size job. This can easily be done since execution time for each

gauss elimination is printed out by the program and the total number of

eliminations can be estimated a priori. In general, three fifths to

four fifths of the total execution time are spent in the solution of

the equations of motion.

The following suggestions will prove to be helpful in reducing the

execution time of the program:

1. Keep the maximum frequency of the analysis as low as possible.

2. Use interpolation control parameters, KINT(I), as large as

possible.

3. Select the largest possible mesh size compatible with accuracy

requirements.

4. Use the minimum possible number of points, KGMAX, for the Fast

Fourier Transform.

S. Compute maximum shear strains by the RMS procedure.

6. Use option to duplicate element matrices.

7. Compute as few response spectra as possible in MODEl or MODE2

runs.
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PRCXJRAIo4 lLUSH (INPUT,ClUTPtJT,PUNCh,TAPfl,TAPE2,TAPE3,TAPE4,TAPE5, TLUS 1
1 TAPE6,TAPE7,lAPE8,lAPE9,lAPE10,lAPEl1,TAPEI2,TAPE13,TAPE14, TlUS 2
2 TAPE15,TAPE16,TAPE17,TAPE18,TAPEl<;,lAPE20,TAPE21,TAPE22I TLUS 3

C------.:...:....:..:...:..:..-.:...:.--:..:.-.:..:-~_.:....:...::.:..:..:.:...:.:=:..;..::.:..:.:...:=:.::.=:..:=====--===~ - - TeU 5--4--
C A COMPUTER PROGRAM FOR THE COMPlE) RESPONSE ANALYSIS OF TLUS 5
C THREE DIMENSIONAL EARTH DAMS BY THE FINITE ELE"'IENT METHOD. TlUS 6
C STRAIN-COMPATIBLE SOl L PROPERTrES BY THE EQUIVALENT LINEAR METI-OD. TLUS 7
C ANY COMBINATION OF LUMPED AND CONSIslEtn HASS MATRIX. . TLU$ 8
C INPUT ACCELEKATICN AT RIGID BCUNCARY OF f!NlTE ELEMENT MODa. TLUS 9
C-_':'~';"';'_':"_----';'--':'':'':''':''-'':'-'':-':''-'':'':'':'':':''':'':::='':'='::':'':''='::':':::'::====':'==:'---------fLl:i-s-i:5-
C OPERATION MODES - THE PROGRAM CAN OPERATE IN THREE ~OOES TLUS 11
C MODEl - IN THIS MODE, ALL INPUT CAT.A IS FROM CARDS. THE PROGRAM TLUS 12
C WILL COMPUTE THE COHPlETE RESfONSE. IT WILL ITERATE ~ TlUS 13
C SPECIFIED NUMBER OF TIMES TO OBTAIN STRAIN-COMPATIBLE nus 14
C SOIL PROPERTIES. Af-jY OUTPUT CAN BE SPECIFIED IN THIS TLUS 15

- t---- MODE.- - OUR ING EXEC UTI ok;- ALC-HiflUTDAT,CANOTiirFTNAL TLuS--g--
C RESPONSE It>. THE FIlEI:UENCY DOMAIN OF ALL NODAL POINTS IS TLUS 17
C WRITTEN ON TAPE 1 wHICH IS 1HEREFORE A COMPLETE PERMANENT TLUS 18
C RECORD OF PROBL8'I AND SOLUTION. nus 19
C ,.,ODEl - IN THIS MODE, THE CCNTE/liT CF TAPE 1 \WILL BE COPIED O\lTO TLUS 20
C TAPE 2 AND THE ADDITIONAL ITERATiONS ON SOIL PROPERTIES TLUS 21
C CAN BE PERFORMED~ THE CGNTENT-Of'TAPE--l-w ILl. -BCuP DATED - Ti:. US 22
C FOR THE FOLLO~ING IlERA1ICNS. nus 23
C MODE3 - IN THIS MODE THE INFORMATION ON THE 1 CAN BE RECOVERED TLUS 24
C TO GENERATE ADDITIONAL OUTPUT wITHOUT REPEATING THE COSTLYTLUS 25
C FINITE ELEMENT PROCEDURE USED IN MODEl OR MODEl. TLUS 26
C--------------------------------~------------------------------------TlUS27
C INPUl DATA -.--- ----.. ~---~-- ....-,----.-~._-----.---------------ti.us 28
C TLUS 29
C O. OPERATION MODE CARD (15,110) TlUS 30
C' 1- 5 NOPT IF 0 STOP ( LASl DATA CARD TlUS 31
C If 1 MC:DEl TLUS 32
C 1 F 2 MOD E2 TL US 33
C IF :3 MODE 3 " _." -----------------~.- tLus 34·
elF 4 CAT A CHECK RUN TlUS 35:·
C 6-15 NSOI A'VAI LABLE SMALL CCRE LENGTH IN DECIMAL TLUS 36
c----------------------------~------------------------------------------TLUS37
C INPUT DATA FOR MODEl TlUS 38
C-----------------------------------------------------------------------TLUS 39
C - 1. JOB IDENTIFICATION CARD ( 12Ab, 181---- --- --------------.------ '-TLDs 40
C 1-72 1lTLE 11Z1 JOB IDENTIFICATION TLUS 41
C 73-80 HER RUN NUMBER - IDENTIFICATION ONLY TlUS 42
C TLUS 43
C 2. CONTROL CARD FOR JOB SI lE OF SYSTEM (8151 nus 44
C 1- 5 NEll'I TOTAL NUMBER OF ELEMENTS TLUS 45

-c 6-10 ~DPT TOTAL I\UMBER-OF-NODACPClINTSTLDs---46
C 11-15 NB 1 FIRST NODAL PCI NT "UMBER ON RIG 10 BOUNDARY TlUS 47
C I.E. ALL NODAL POINTS wITH HIGHER NUMBERS ARE TlUS 48
C ASSUMED Te BE ON RIGID BOUNDARY TlUS 49
C 16-20 N8P NUMBER OF ADDl1IONAL DISPLACEMENT BOUNDARY nus 50
C CONon IONS. nus 51

- C-- --- NOTEU*EVERY --OEGREE-CF- FREEDOM-SLJPRESSEDT([JS-~52--
C COUNTS ONE TLUS 53
C 21-25 tlUI'48ER NUMBER Of ITERATIONS ON SOIL PROPERTIES TlUS 54
C ( INITIAL SOlUTICN CGUNTS ONE I flUS 55
C 26-30 MATY P TOTAL NUMBER OF S1RAIN-DEPENDENT MATERIALS TLUS 56
C 31-35 KMATYP =0 READ MATERIAL CURVES FROM CARDS TLUS 57

·C-_· "'1 USE·S1ANDARD-SUILT IN-MATERiACCURVESTLljs--ss-
C 36-40 ~FORM C FORM MATR ICES AND LOAD VECTOR TLUS 59
C 1 -- FCRM MATRICES AND LOAD VECTOR TLUS 00
C WRI IE ON TAPE 5 T LUS 61
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2 -- R~AC MATRICES ~ND LOAD VECTOR FROM TAPE 5
wHEN NFORM"l OR 2, TAPES SHOULD BE A PHYSl,CAl
TAPE

6-10 KSTRN

16-20 NOUT

21-25 NO
26- 30 N51( t p
31-35 NELS

11-15 KPNCH

6-10 N3
11-20 OT
21-30 EQMUL

1-10 HOll X
11- 20 VER T
21-30 HeRZ

41-45 KBUNE

31-40 UG/olAX

ll-L5 KIHS
58. (KINTSI CARDS

1-10 FRK INTI I I
11-15 KINT(l)

4- ~- CCf', TRee CARD

TL US 62
TLUS 63
TlUS 64
TLUS 65

3. CONTROL C.ARD FOR INPUT MOTIO~ (2I5;3FI0~'4,I5)----------'----'-TIus 66
1- 5 KGIoIAX TOTAL /I.lJM8ER D~ POINTS USED IN FAST FOURIER TlUS 67

TRANSFORMS, MLS1BE A PO~ER OF TWO. TlUS 68
lAST POINT DF EARTHQUAKE RECORD USED IN ANALYSISTlUS 69
TIME STEP OF DIGITIZED EARTHQUAKE RECORD. -SEC. TLUS 70
EARTHQUAKE HULlIPLICATION FACTOR. IF RECORD IS TLUS 71
CONTROL EO 6Y' UGMAX;"[EAvE BLANK. ---"LUS--tZ'-
MAX. It\PUT ACCELERATION USED IN ANALYSIS. -G TlUS 73
IF EQMUl IS NOT ZERO, lEAVE BLANK. TlUS 74
:1 APPLY BASELINE CORRECTION TO INPUT HOTION TLUS 75
sO Du NOT APPLY BAS ELINE CORRECT ION nus 76

TLUS 71
FOR DIRECT ICN Of'lNPuT-MoTImrr3Flo-:"4·.--------.TnrS-78

THE ABCVE INPUT ACCELERATION ON THE RIGID BASE TlUS 79
CAN BE SPECifIED TO ACT IN ANY DIRECTION TLUS 80
ACCORDING TO TliE RULE TlUS 81
X COMPONENT = HORX • ABOVE MOTION TLUS 82
"f COMPCNENT .. VERT :$ ABOVE MDT ION TLUS 83
Z CCMPCNENT--;;'- HCRZ"".--ABOVCMOT10N T[US-84-
HORX.V€RT AND HORZ ARE ENTERED AS fOLLOWS TlUS 85
FACTOR FCI< X MGT ION Tl US 86
FACTOR FOR 'l' MC1ICtl nus 87
FACTOR FOR Z MOTION TLUS 88

il US 89
-'5 a-CONTROL CARDS- FOR- FREQUENCY'OF-ANAC·{SCSo-.-------------tDJS-:;o--

SA. MASTER CONHOl IFlO .4, 15) flUS 91
1-10 TOTFR HIGHEST FREQUEhCY TQ BE CONSIDERED IN ANALYSIS. TlUS 92

-HZ ( USED FOR D1MENSI0NING ONLY, THE ACTUAL TLUS 93
FREQUENCIES USED ARE SET BY THE VARIABLE TLUS 94
STEP( 1), SEE PT. C; BELOW I TLUS 95
NUM BER' OF "AR lABLE- lNTE RPOL AT ION-RANGE S( MAX;'5'I-TLus --96 -,
(fl0.4,I5. TlUS 97
MAX. FREQ. IN INT. RANGE I TlUS 98
I NT. CeNT Rel IN INT. RANGE I TlUS 99

nus 100
b. CONTROL CARD FOR OUTPUT (715) TLUS 101

1- 5 KDISP IF 1; SAve' INPUT CATA AND THE CDfoIPUTED--AHPLlFIC-':TLUS -i02
ATION FUNCT. G~ TAPE 1. TLUS 1::>3
=0, NO STRAIN COMPUTATION TLUS 104
:1, CCMPUTE MAX. SHEAR STRAIN IN TIME DOMAIN TO TLUS 105

ITERATE eN SOIL PROPERTIES TLUS 13b
=2, eCMPUTI: MAX. SHEAR STRAIN IN fREQ. DOMAIN TOTLUS 107

-----~-._~-- l1ERA1E ON-SCIl-PROPERTIES------· ---TLOS-~fo8

IF 1, PUNCH ELEMENl CARDS WITH NEW SaIL PROPERT.TLUS 109
FOR THE FClLOWtNG ITERATlON. TtUS 110
TOTAL NUMBER OF NODAL POINTS WHERE OUTPUT IS TlUS 111
REQUIREO TLUS 112
~UMBER OF DAMPING VALUES FOR RESPONSE SPECTRA TLUS 113
EVER Y NSKI P-1H' PCI ~i -OF -TI1-ICAI STORY -15-' pLOTT Eo-n:uS- Il.t;-
NO. OF ELE"1ENTS AT WHI(H STRESS TIME HISTORIES TLUS 115
ARE ASKED TlUS 116

TLUS 117
7. CCNTROl (ARO FOR MASS /lATRIX AND EFFECTIVE SHEAR STRAIN l2FIO.4' TLUS 118

1-10 RA TI A RATIO OF CONSI STENT MASS MATRIX TO FORM MASS TLUS 119
THE MASS MATRIX uSEO'IS'( l:";;RATUl--*--[UMPEO-MA$STl'US 120
poIATRIX + RATIA * CCr-,S ISTENT MASS MATRIX + A TLUS 121
LUMPED- MASS JoIA1RI X FORMED FROM THE CONCENTRATED TLUS 122
MASSES SPECIFIED ON THE NODAL pm NT CARDS (SEE TLUS 123

C
C
C
C
(

C
C
C
C
C
C
C
C
C
C
C
C
C
(

C
C
C- C-· -- ''-'---' -,.

C
C
(

C
C

-C
C
C
C
C
(

C
C
C.
C
C
C.

·C
C
C
C
C
C
C
C
C
C
C
C

-' C .
(

C
(

C
C
C
C
C
C
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SUf'f THE Sf- VALUES - FCRS EV ERAt:- OPT 10NS----

PT.lS BELCW). TYPICAL VALUES ARE 0.5-0.75
RATIO OF EFFECTIVE SHEAR STRAIN TO MAX. SHEAR
STRAIN. !TYPICAL VALUES ARE 0.6 TO 0.71
USED FeR OE1ER~INING STRAIN COMPATIBLE SOIL
PROPERTIES. -.-- ----.--_.--------.--------

CARDS FOR STRESSES -NEl S CARDS (215)
ELEMENT NUMBER AT WHICH STRESS TIME
ASKED
OUTPUT CCt-TRCl OF STRESS TIME HISTORY
CODES FOR KEVSTR- ------- - -.----.--------------.

I--PLOT TIME HISTORIES OF STRESSES
10--PRINT TIME hISTORIES OF STRESSES

lOo--PUNCH lIME HI STORI ES OF STRE SSES

6-10 X.EYSTRCNI

1- 5 M

1-10 FSTRT

6-10
11-15
16-20

11-20 HAST

21-25 "I NT

11-20 FeT
nus 124
nus 125
TL us 126
TlUS 127
TLl.Is 128
Tl us 129

8. CONTROL CARD-FOR DAMPING CHARACTERISTICS tFI0.41 TLUS 130
1-10 SOAMP IF UNIFORM DAMPING IS USED IN ALL ELEMENTS, TLUS 131

PUNCH THE UNIFORM DAMPING VALUE, OTHERWiSE TLUS 132
LEAVE BLANK. I SI .. ULATION OF MODAL ANAlYS IS ) flUS 133

"'-" - -_." DAMP ING- VALue- HLsT-·BE--puNcHEo-·oN---eLEMENt-t-ARO-s--"LUS134"·--
TLUS 135
TLUS 136
TLUS 137
nus 138

.. TLUS 139
STEP I NUMB ER I~ 11 IGHEST- FREQUENCY-CF--AI'iALYsTSFOR THE L AST=-----:::TL uS-140-

ITERATION. - HZlSHOULD BE EQUAL TO TOTfRI nus 141
nus 142

CCNTRCL c.aRDS FOR RESPONSE SPECTRA. TLUS 143
N01E ••• SKIP THESE CARDS IF ND 2 0 TLUS 144

L:lA. FREQUENCY CONTROL IlF10.4, lSI TLUS 145
IF THIS CARO--is-BLANK-THE-ST-ANDARD-VALUES----tLus 146-
FSTRT a O.4,FLAS1=40. ,NINT=40 ARE ASSUMED TLUS 147
THIS WILL LEAD TO APLOr WHICH FILLS ONE PAGE. TLUS 148
FIRST FRECUENO LSED IN RESPONSE SPECTRUM TlUS 149
AN Al YSIS. - HZ TL US 15 0
LAST FHQUENCY USED IN RESPONSE SPECTRUM TlUS 151
ANALYSIS'--IiZ- ---- -- .--. --- ..----------------------- nus 152

TOTAL NUMBER OF FREQUENCY STEP FOR RESPONSE TLUS 153
SPECTRA. TLUS 154

lOB. DAHPINGS tBf10.4) TLUS 155
1-10 DAMPtll TLUS 156

* DAMPlhG ~R.TIOS FeR RESPONSE SPECTRA TLUS 157
CAMP (NO 1 . ... ._,.- ,._. -- --.,--_. __._- ---··-·--------'------·---·-----TLUS i 58

TL US 159
OUTPUT CONTROL CARDS (415) - NOUT CARDS nus 163

NOTE***SK IP THESE CARDS If NOUT=O. TLUS -161
NODAL PCINT t-Ui'leER WHERE OUTPUTS ARE REQUIRED. TlUS 162

1'l MUST BE lE SS THAt-. NBl TLUS 163
KEYS PC13M-2) -OUTPUT- CONTROL -IN·X- 0 IRECTI ON----------TLUS 164
KEYSPC13M-11 OUTPUT CONTRCl IN Y DIRECT ION TLUS 165
KEYS?C! 3M) OUTPUT CONTROL IN Z DIRECTION TLUS 166

TL US 167
CODES FOR KEYSFC - 'tIALUES TLUS 168

Q-MAXIMU<4 ACCELERATION ONLY TLUS 169
--------------r~F(CT-ACc:-T-IME-H1ST-dRY-·~--------TCOS-170--

lQ--PlOT ACC. At-.O VELOCITY RESPONSE SPECTRUM TlUS 171
100--PUNCH ACC. TIME HISTORY TLUS 172

1000-PLCT FOURIER AMP. OF ACCELERATIGN nus 173
lOOOo--PLOT A~PLIfICATION FUNCT. nus 174

TLUS 175
--- T[US H6

TLUS 177
TLuS 178

HISTORY IS nus 179
nus 18:)
TLUS 181

-TLUS 182
TLUS 183
TL US 184
TLUS 185

9. CONTROL CARD FOR FREQUENCY OF ANALYSIS IN EACH ITERATION(8FIO.4)
1-10 STEPUI HIGHEST FRECUENCY Of ANALYSIS DUIUNG FIRST

IlE RATI GN. -HZ

c
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

-C"· --
c
c
C 10.
C
C
C
C
C
C
C
C
C
C
C
C
C
C

·C
C
C 11. NODAL POI NT
C
C
C
C
C
C
C
C
C

-C·--··---·

C
C
C
C
C

-- C
C
C 12. GUT PUT CONTROL
C 1- S NS1R(Nl
C
C
C
C
C
C
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C TlUS 186
C SUM THESE VALUES FCR COIBINED OPTIONS nus 181
C nus 188
C 13. ElEi'lEhT CARDS 19I4,312,F4.3,3FI0.4,F4.3) TLUS 189
C 1- 4N - ---ELEMENT NUMBER------- --------tLus 190

c 5- 8 ~P1 (N) SEQUENCE NO. OF NODAL POINT 1 TLUS 191
C 9-12 NPZINI SEQUEf\CE NO. CF NOCAl POlNT 2 TlUS 192
C 13-16 NP3(N. SEQUENCE NO. OF NCDAL POI NT 3 flUS 193
C 17-20l\P4(N) SEQUENCE NJ. CF NaDAL POINT 4 TLUS 194
C 21-24 NP51 NI SEQUENCE NO. CF NCOAl PClNT 5 flUS 195
C 25-28 NP6(N) SEQUENCE NO~ CF ~CDA[ POlNT-E;----- ----------TLi.Js i96
C 29-32 "P7IN) SEQUEt\CE NO. OF NODAL POINT 7 nus 197
C 33- 36 NP81 N) SEQUE NCE NO. OF NCDAl POINT 8 TLuS 198
C 37-38 MTYPE(N) MATERIAL TYPE "UMBER. 0 MEANS MATERIAL WITH TlUS 199
C STRAIN-INDEPENDENT PROPERTIES. TlUS 200
elF KHATYP'"'l, 1 MEA"S CLAY AND 2 MEANS SANO. TlUS 201
C 39 -40 lX GENER ATlON - INCREI4ENT----------------------rLDs loi .
c 41-42 IDELIM IDENT IFlCATlCN NO. OF THE ELEMENT TLUS 203
C 43-46 POIN) POISSON S RATICe MUST BE LESS THAN.5 nus 2:>4
c 47-56 CENS(Nl UNIT WEIGHT -PCF TLuS 205
C 57-66 S31 NI MAX. SHEAR MCDULUS -KSF nus 206
C 67-16 GINI INITIAL ESTIMATE OF SHEAR MODULUS -KSF TlUS 207
C 77-80 XL( NI INIT I AL EST IHAT E-OF FRACT ION-OF-C-R IT ICACOAklPI~ttLlJS 208
C TLuS 209
C ELEMENT CARDS MUST BE IN NUMER ICAl SEQUENCE. IF nus 210
C CARDS ARE OMITlEO THE ELE1'4ENT DATA WILL BE nus 211
C GENERATED WI TH THE SAME MATERIAL PROPERTIES AND TLUS 212
C WITH NeOES INCHMENTED BY LX ON THE PREVIOUS nus 213
C ----- -E lE ME 1\1 .--LAST ElEMHT-tARD-MUSTBE-PROi,qbED-.-- i[us--z14--
C ELEMENTS WITH ThE SAME 10 NO. (DIFFERENT THAN O)TLuS 215
C SHCULO HAVE THE SAME GEOMETRY. NORMALIZED STIF. TLUS 216
C AND MASS MATRICES "ILL THEN BE DUPLICATED. nus 211
c nus 218
C 14. I'IATERIAL CURVES -MATYP _GROUPS OF THREE CARDS TlUS 219
C NOTE ••• SKIP IF- MATYP=O-OR KMATYP=C------------ tUJS 22:>
C 14A.IDENTIFICATION'(I5,l2A6) TLUS 221
C 1- 5 N MATERIAL TYPE "U~mEl< TLUS 222
C 6-77 TTL MATERIAL IDENTIFICATION TLUS 223
C 148. SHEAR MODULUS REDUCT ION FACTORS (llF 5. 3) TLUS 224
C 1- 5 REOOCTICN FACTOR AT 10**(-4.01 PER CENT STRAIN flUS 225
C 6-10 REDUCT leN FACTOR AT 10**(-3.51 PER CENT STRAiN--------- flUS 226
C 11-15 REDUCTICN FACTOR AT 10**1-3.01 PER CENT STRAIN TlUS 227
C 16-20 REDUCTleN FACTOR AT 1~*(-2.5) PER CENT STRAIN nus 228
c 21-25 REDUCTICN FACTOR AT 10**1-2.0) PER CENT STRAIN TlUS 229
C 26-30 REDUCTICN FACTOR AT 10**(-1.5) PER CENT STRAIN TLUS 230
C 31-35 REDUCTION FACTOR AT 10**(-1.0) PER CENT STRAIN nus 231
C 36-40 REDUCT ION FACTOR AT 10**(-0.5) PER CENT STRAIN--------- TL.US 232
C 41-45 REDUCTICN FACTOR AT 10**(-0.0' PER CENT STRAIN TlUS 233
C 46-50 REDUCTION FACTOR AT 10u( 0.51 PER CENT STRAIN TLUS 234
C 51-55 REDUCT ION FACTOR AT 10**1 1.01 PER CENT STRAIN TLUS 235
C He. FRACTIONS OF CRITICAL OAMPIr-.GS IN PER CENT IllF5.31 TlUS 236
C 1- 5 OA"IPING AT 10"(-4.0' PER CENT STRAIN TlUS 237
C 6-10 DA~PING AT 10**1-3.5} PER CENT STRAIN ,----,-- !lUS 238
C 11-15 DAMPING AT 10**1-3.0) PER CENT STRAIN TLuS 239
C 16-20 DAMPING AT 10n(-2.5) PER CENT STRAIN TLUS 240
C 21-25 DAMPING AT 10**(-2.0 I PER CENT STRAIN TlUS 241
C 26-30 DAMPING AT 10uI-l.5) PER CENT STRAIN TLUS 242
C 31-35 DAMPING AT 10"(-1.01 PER CENT STRAIN TlUS 243
C 36-40 DAMPING AT 10**1-0.51 PER CENT STRAIN----- -------- TLus- 244-

C 41- 45 DAMPING AT 10** (-0. 01 PER CHT STRAIN TLUS 245
C 46-5J DA!'IPING AT 10"( 0.5) PER CENT STRAIN flUS 246
C 51-55 DAMPING AT 10**( 1.0 I PER CENT STRAIN TlUS 247
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C TlUS 2~8

C 15. ~ODAl HINT C.ARDS llS.3F10.4tl5.FIO.4.I51 TlUS 24q
C 1- 5 M NaDAL POINT ~UMBER TlUS 250
C 6-15 XORDIMI X-COORDI NATE -Fi nus 251
C 16-25 YORDIMI Y-COORDINATE -FT ----- - TLus 252
C 26-35 ZQRD (I'll Z-COORD INATE -FT Tl us 253
C 36-40 KEYBCIMI KEY FOR oISPLACEMENl BOUNDARY CONDITIONS TlUS 254
C RELATIVE TO MOVING RIGID BASE TlUS 255
C 0 - FREE POlt..T AND PCINTS ON RIGID BOUNDARY nus 256
C 1 - CANNOT MCVE IN X-DI REcnON T lUS 257
C 2 - CANNOT MOVE IN Y-DIRECTION-------------- rLD-s 258 -
C 3 - CANNOT MOllE IN Z 01 RECTI ON TLUS 259
C 4 - CANNOT MOVE IN X DR Y DIRECTION TlUS 260
C 5 - CANNOT MCVE 1111 Y OR Z 0 IREeT ION Tl US 261
C 6 - CANNOT MOVE IN Z OR X DIRECTION nus 262
C 7 - FIXED TLuS 263
C 41-50 SIo\ASIMJ ~EIGHT-OF -MASS-- ACT I NC-AT-NODAT-poINr-M-";:i< IPS--tCus 264-
C 51-55 NG GENERATOR INCREMENi TLUS 265
C TLUS 266
C NODES NEED NCT BE IN ORDER. NODAL COORDINATES nus 261
C CAN BE GENERATED AleNG A STRAIGHT LINE CONNECT-TlUS 268
C ING THE NODES ON TWO SUCCESSIVE CARDS. NODE nus 269
C NUMBERS ARE- C(~FLiT ED- AS--'M:+:NG;M+2NG- HE: 'US--iNG-fL1Js' 216
C 'M AND NG ON THE FIRST CARD. MA SS I S I NTERPOLATEoT LUS 271
C FRCM THE TWO E~O VALUES AND THE BOUNDARY TlUS 272
C CCNOITlONS ARE SET EQUAL TC THOSE ON THE FIRST nus 273
C CARD IF INPUT POSITIVE OR SET TO ZERO OTHER"ISE.TlUS 214
C TlUS 275
C 16. EARTHQUAKE RECCRo CARDS -- -------- - --- --- ----- ·-·--------·----fLu$ 276
C 16 A. EART HOUAKE NAME CARD B2Abi TlUS 277
C 1-72 EQN(lZI IDENTIFICATION OF EARTHQUAKE RECORD TLUS 278
C 16B. EARTHQUAKE RECORD (8F9. 61 - (1\3+71/8 CARDS flus 279
C U2G{ I) INPUT ACCELETAliONS-G , fLUS 280
C DIGITIZED AT THE SPEC.1FIEDTIME INTERVAL OT. TLUS 281
C-;:::..:.--------------;::--.:..:..:..:.:..:..:.:.:.:.=.:..::..;;.:.,;:====..::=.::.:..=~=-:.:===:.=-:.=::::::::.::.:'t [us' 2SZ'
C IhPUT DATA FOR MODE2 TlUS 283
c--------------------------------------------.:.----------------------TlUS 284
C O. OPERA TI ON MODE CARD II 5tI 1 01 SEE PT.O ABOVE TlUS 285
C TlUS 28b
C 1. ceNTROl DATA 1101'51 TLUS 281
T-- ·l.:'S·KDISP-------SEE PT.6 ABOVE----------nos 288--

C b-l0 KSTRN SEE PT.b ABOVE nus 289
C 11-15 KPNCH seE PT.6 ABOVE TLUS 290
C 16-2:> NOUT SEE PT.6 ABOVE TLUS 291
C 21-25 /liD SEE PT.6 ABOVE flUS 292
C 26- 30 NSKI P SEE PT. 6 ABOVE TLUS 293
C 31-35 NELS SEE PT~6 ABOIIE --- .-.----. ---...----------------- TlUS 294

C 36-40 t\UMBER SEE PT.2 ABOVE TLUS 295
C 41-45 KBLI~E SEE PT.3 ABOVE TlUS 296
C 46-50 HCRM SEE PT.2 ABOVE TlUS 297
C TL us 298
C 2. fREQUENCY OF ANALYSIS CARD nus 299
C· -2A. "'ASTER CONTROL - (FI0.4, 15)------ --- --- .----------.--- TluS 300
C 1-10 TOTFRN NEW TCTFR, SEE PT.SA ABOI/E TLUS 301
C 11-15 K INTSN NEW KINTS,- SEE Pl.5A ABOVE TlUS 3J2
elFBL ANK, PREY lOU S IN T ERPDL ATION RANGE S W[LL BE TLUS 303
C USED. IN THIS CASE, SKI? 2B. TLUS 304
C 28. IKINTSI CARDS IFlO.4, 151 nus 335
C 1-10 FRKINT( 11- SEE PT~5BABOVE----------- TlUS 306
C 11-15 K INTI II SEE PT.SB ABOIIE TlUS 3::l7
C TLUS 308
C 3. CONTROL CARD FeR FREQUENCY OF A"'AlYSIS IN EACH lTERATION(6FIO.41 TLUS 309
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C

1

CALL SECCNOITIM11
PRINT 6100,TI141
CALL INPT tXX,TH4l)
GO TO 1

--6100-FORMAT-nDX;32HlfMtP.ECiUfREO-FC(CCOMPrLAiTON •
END •

C SEE PT.9 ABOVE TLUS 310
C TLUS 311
C 4. CONTROL CARD FOR RESPONSE SPECTRA 12F10.4,I5) AND (8FIO.~1 TLUS 312
C SEE PT.IOA AND lOB ABOVE TLUS 313

--r TLUS 314
C 5. OUTPUT CONTROL CARDS (415) - NOUT CARDS TLUS 315
C - SEE PT.12 ABove TLUS 316
C 6. OUTPUT FOR STRESSES (215) -NELS CARDS nus 311
C SEE PT.12 ABOVE - TLUS 31B
C , TLUS 319
C--------- ----------------- --- --- ------- TLUS 320~----
C INPUT DAiA FOR MOOE3 TLUS 321
c-~------------------------------ ·~--~~--~-~~~-~~~~-TLUS322
co. OPERAT ICN MODE CARD (I5/, SEE PT.O ABOVE TLUS 323
C - - - - ----------- -- TL US 324

C 1. CONTROL DATA (715) nus 325
C 1- 5-Kl'~CH SEE PT.6 ABOVE TLUS 32","-76---
C 6-10 NOUT SEE PT.!> ABOVE TLUS 327--_....._--_._- -_.__._--_ .. - - -------"._-_._---

- C 11-15 NO SEE PT.6 ABOVE TLUS 328
C 16-20 hSKIP SEe PT.6 ABOVE TLUS 329
t 21-25 NELS SEE PT.6 ABCVE---------------------------- - TLUS 330
C 26-30 KBUNE SEE PT.3 ABOVE TLUS 331
C 31~-S_K-5TP.N SU-PT:bA1l0VE TL us 3:32
C TLUS 333
C -- 2 .-CONT ROL CARDS FOR RESPON SE SP EeTRA- I 2F 10.4, I 51 AND I 8f 10.it)- -- TL us 3H
C SEE PT. IDA AND ID8 ABOVE TLUS 335

~ ---------- -------_.._- -_._---_._--- ----"--_._-----------,---._._-----
C TLUS 33b
C 3. OU1P\..1 CONTROL CAl< os I it 15 I - NOUT CARDS nus 337
C SEE PT. II ABuVE nus 338
c TlUS 339
C it. OUTPUT FOR STRESSES 12IS1 -NELS CARDS ------------------------- TLUS 340
C SEE PT. I? A8(JV;__ nus 341
C TLUS 3it2
C---------------------------------------------------------------------TLUS 343

CokkoN--XXI1} flUS 344
nus 345
TL US 34!>
nus 341
TLUS 34B
Tl US 3it9:----__

.FfO:).6H SE~~T[il~So

nus 351
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6. EXAMPLE PROBLEM

6.1 Problem Description

A fictitious earth darn founded in a V-shaped valley will be used

as an example problem for TLUSH. The geometry of the darn along with the

finite element model used in the analysis are shown in Figs. 5, 6 and 7.

It can be seen that the darn is geometrically symmetrical with respect to

the A-A and E-E planes. Since the analysis will be performed for earth­

quake motions in the x-direction the deformation pattern of the dam will

be symmetrical with respect to the A-A plane and anti-SYmmetrical with

respect to the E-E plane. Accordingly, only one quarter of the model

needs to be considered in the analysis, and symmetry and anti-symmetry

boundary conditions have to be provided on the A-A and E-E planes

respectively.

The response of the dam will be evaluated for an earthquake motion

digitized in 64 points at a time interval of 0.04 seconds. A quiet zone

consisting of 64 zeroes will be added at the end of the record to give a

total analysis duration of 5.12 seconds. The original motion has a peak

acceleration of 0.05g but will be scaled to a peak value of O.lOg and

will be baseline corrected. The highest frequency in the Fourier spectrum

of this motion is 12.5 Hz. However, a cut-off frequency of 10 Hz will be

used in the first t'tlO iterations and one of 12.0 Hz will be used in the

third iteration.

The shells and core of the dam are assumed to be composed of sands

and clays respectively. These materials are assumed to have strain

compatible properties defined by the relationships built in the program,
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FIG. 5

FINITE ELEMENT MODEL FOR EXAMPLE PROBLE,~
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(c) Section C-C
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FIG. 7 ELEMENT NUMBERING SYSTEM
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and to have a shear modulus at low strains of 1500 ksf. Unit weights of

120 and 110 pcf have been assigned to the shell sands and the core clays

respectively.

Although convergence of the strain-compatible soil properties

might be achieved in two iterations, three iterations will be performed

to illustrate operation of the program in MODEl and MODE2. Two itera­

tions will be performed using MODEl and one iteration will be done in

MODE2. The acceleration amplification functions, the Fourier spectra and

the acceleration time histories for nodal points I, 3 and 19 will be com­

puted and plotted. The RMS procedure will be used for computing maximum

shear strains in MODEl and the time domain approach will be used in MODE2.

Additionally MODE3 will be used to generate the Fourier spectrum and the

response spectra for the acceleration time history at nodal point 1 and

the stress time histories for element number 14.

6.2 Input Data Cards

Images of the data cards required for the example run are shown in

the following pages. The data is shown exactly as it appears on the data

cards and should be compared with the detailed description of the data

format given in section 5.





1 15000 INPUT DATA CARDS FOR MODEl
EXAfOPLE PROBLEM FO" HUSH

25 44 26 IB 2 ~ Q --'-._--------------_ ..__._--
12B 64 0.04 2.0

1. C 0.0 0.0
10.0 4
3.0 S
b.O 3
B.O 5 -- ... ----- - ~_.---._--

10 ~O 8
1 2 0 3 0 2 0

0.5 0.65

10.0 10. a
1100Cl c 0 -- ---.--- -------_.__._--_.~--,._----------------_ ..
310001 0 0

1910001 0 0
1 10 14 S 1 11 15 (, 2 1 10.45 110.0 1500.0 900.0 0.05
3 12 16 7 2 13 41 42 4 1 10.45 110.0 1500:0 900.0 0.05
4 13 41 42 4 43 43 '04 44 1 20.45 110. (} 1500.0 900.0 :l .05
5 14 17 8 5 15 18 " b 1 10.'oS 110.0 1500.0 900.0 0.05
6 15 18 9 (, 16 38 39 7 i 10.45 110.0 1500.0 900.0 0.05
7 16 38 39 7 'tl 41 1,2 42 1 20.45 110.0 1500.0 900.J 0.05
8 17 29 33 8 18 34 35 9 1 10.45 110.0 1500.0 900. a 0.05
9 18 3'0 35 9 38 38 39 39 1 20.45 110.0 1500.0 900.0 0.05

10 1<; 19 14 10 20 20 15 11 2 30.35 120.0 15 00.0 900.0 j .j5
12 21 21 16 12 40 40 41 13 2 30.35 120.0 1500.0 900.0 0.,05
13 40 40 41 13 43 43 43 43 2 40.35 120.0 1500.0 900.0 O.OS
14 19 22 17 14 20 23 18 15 2 50.35 120.0 1500.0 900.0 j.05
15 20 23 18 I5 21 37 38 16 2 50.35 120.0 1500.0 900.0 0.05
16 21 37 38 Ib 40 40 41 41 2 60.35 120.0 1500.0 900.0 j .j5
17 22 28 29 17 23 33 3 ... 18 2 SO.35 120.0 IS00.0 900.0 O.OS
18 23 33 34 18 37 37 38 38 2 60.35 120.0 lS00.0 900.0 0.05
19 24 24 22 19 '25 25 23 20 2 -30~35 126: 0-- f 500:0--900 :5---- 0:05
2:J 25 25 23 20 36 36 37 21 2 30.35 120.0 1500.0 900.0 0.05
21 36 3e 37 21 40 40 40 40 2 40.35 120.0 1500.0 900.0 0.05
2Z 24 27 28 22 25 32 33 23 2 50.35 120.0 1500.0 900.0 j.OS
23 25 32 33 23 3b 36 37 37 2 60.35 120.0 1500.0 900.0 0.05
24 26 26 27 24 31 31 32 25 2 - 30.35 120.0 1500.0 900.0 0.05
25 31 31 32 25 36 36 36 - 36 2 40~35 126:o--15oo:o--90~:o --0:65

1 46.0 30.0 40.0 5
2 '4b.0 30.0 30.0 2
4 46.0 30.0 10.0 2
5 46.0 2 O. a 40.0 5
6 46.0 20.0 30.0 2

~-_.-

7 "6.0 20 .0 20 :0 ,,- -2 ----- '-
8 4b·.0 10.0 <'0.0 5

" 4b .0 10.0 30.0 2
10 3b.0 30.0 40.0 -3
13 36.0 30.0 10. a
14 36.0 20.0 40.0 -3
16 36. a 20. a 20.0

--- _.------~._--- -----

17 36.0 10.0 40.0 3
'18 36.0 10.0 30 .0
19 2<,.0 2 O. 0 40.0 -3
21 2... 0 20.0 20.0
22 24.0 10.0 ..0.0 3
23 24.0 10.0 30.0

-

24 12.0 10 .0 40.0 3
25 12.0 10.0 30.0
26 eo.o 00.0 40.0
29 36.0 00.0 "0.0
30 4b.0 00.0 "0.0
31 00.0 00.0 30.0
34 3b.0 CO .0 30.0 ... _._------
35 <'6;0 00.0 30~6

36 12.0 10.0 20.0
38 36.0 10.0 20.0'
39 "6.0 10.0 20.0
40 Z" .0 20.0 10.0
"1 36.0 20.0 10.0
42 <'6.0 20.0 10.0
"3 36.0 30.0 00.0
4" 46.0 30.0 00.0
.* E)(A~PLE EAR THOUAKE ** O. 04 SEC 64 POINT'S

.000204 -.000191 .000058 .0014bO .004111 .004390 .00953" -.003481 1

.013073 .009455 .000374 .018791 -.022305 -.01897b -.011557 -.048139 2
.013707 -.C2'175; .ClllOO -.0252"0 .015560 -.013417 .023272 -~01lH7 3
.050000 .000068 .0 127 2 7 .006808 .010061> .010332 .00659" -.001122 4
• OOH9~" -. C20""" .015607 -.00'>003 -.017561 .003063 -.010918 -.008641 5
-.UOU~50 -.C101'13 .00\'1'11 - •coc .. '1~ • OOO~bll -. OJ\ "98 .01 all tI II .00tlO1S /)

• CO,<ll" 1 • 00) tl "" - .0,) 5 II ~ .oolnt> -.OOHB -.OO~51" .001111 -.000"50 '1
.000281 -.OOOlll .000197 -.000188 .000185 -.OvOIS!! .0001'13 -.~OC20() 8

53
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~-------- - ----.------------

2
1 1

12.0
S.O
10.0
12.0
12.0

111001
311001

1911 001

15000
o
3
5
3
5

o
11
o

3

o
a
o

o 2 o 1 1 o
INPUT DATA CARDS FOR MODE2

--- ----------------------

---------- -------- -----------

3 15000
1 1 2 1 1 2

INPUT DATA CARDS FOR MODE3

0.05
1 1010

14 1
o o
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6.3 Computer Output

The printed output corresponding to the example problem is sho~vn in

the following pages, exactly as produced by a CDC 7600 computer, except

for some blank space in between tables. It is once again noted that a

complete record of the input data and solution remains stored on TAPEI.

This additional output of the program is disposed onto a magnetic tape

or disc.
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••• JUTPUT ~~JUIKC~iNTS •••
(',r,",~s FQR Il;tVSP(
O--"AXIMJ_ ,CCELEKHII N llNLY
1--":'t{,T Ace. TI~: dISTJxY

IJ--PLJr ,Icc •• '10 V"LJCITY ,ESPUNSE SPeCTRUM
1.1.1--PO'<C" Ace. T I"E hiSTORY

1000"-PlCT fCURI~R ""e. UF ACLELERATIJN
rr0JC--PlCf AM~l!fllATICN fU~CTION

IJAlU:::S ('1:: KEY$PC

~l • I) • f;(J.
!
j

1q

X-CUTPuT
11001
I )O~ I
IJC'll

Y-OUTPUT
~

o
o

l-OUTPUT
o
o
o

$Hf..1P "1fl[)IlL'I') ,\\i,) J;\;PING ClJRV'=S FOR ·'"'ATERII\ .. ::) I'IIITrl STRAIN-DEPE~.. i)ENr ?R.OPERTIES •••

'olA T a fYP~ IDE~T IF ICArIL~~

SE=Q A~Q 10,,15\ (to7,,) CLAY
S~fO A~O IORISS (lq7a~ SANQ

~HEAk sr~A;N IN ?ERCENT
~4T. --------------------------------------------------------------------------------------------------------------------------
T't?: li) .. *(-~.ul :n •• 1-3.5) LJH:(-3.\}} 1u",,(-2.51 lo,nq-2.0) 10 •• (-L.5) lO •• t-l.OJ 10•• (-\) .. 5) 10•• t O.OJ 1.) •• 1 0 .. 51 lO ••• 1 .. 01

.. 1 J=:+t!
.1.,)= tout

• Cd ~ ~~ •.~} ~ ~ .,; ...
~ {t,:... + 1:0

.... .1:: ·ou
.. j72+ 00
.a~~"'OLl

.. It.)'::''.)V

• joEt 00
.. 2 ~ e+OO
.44E+OO

.76E-Ol

.12E+OO
.. 31~ -ul
• ,90 -Jl

.DE-Ol

.. 49E-Ol

lA~rl'IG CUKVES (PEkC~'ITJ

SHEAR SnUN IN PERCENI

~4T. --------------------------------------------------------------------------~-----------------------------------------------
TYPO:: 1-.,":(-4.(\\ lLl •• {-3 .. 5) 10*.I-J .. JI W •• (-2.5} 1')•• (-2 .. .,)) 1ll •• t .... l .. S) lO•• t-l.O) liJ*.C-J .. 5) 10•• ( O.. OJ IJ •• C 0 .. 5110•• ( 1.01

.::';: rr'l .. 25EtC·l
.. 8°5+0,)

• 2 ':Ift.)l
.17f+Ul

• 3SE" Jl
.32E +01

• :"IH: .. JL
• 50c." 01

• ~5 E... G1
.IJE+02

...q E"J 1

.. tcE,..)2
.14E+,)2
.21E+02

• 20E +J2
.25E+J2

.2oE+02

.25E+02
.Zq!:+OZ
.25E+02
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:: L ~ 0\ ::~. T 'Ho.T A

'J. ,'j?l t,~:' NPj 'I? of flP5 'Ip ~ NP7 :"l) ~ "l TYPE I U.EL PIJ UN! T "T. r,-"l 4. X G"'USE DMP-USE liS-USE
t .'Cf I t KSF I U.S;::') IFRACT [GN) (FPS I

10 ' 4 11 1 , b 2 1 .450 110. JOO 15JO.000 9Jl.i. JUJ .350 513.278
II l' , 1.2 Ib 7 3 1 • ,5J I1J.000 15UO.00O 900, .:)uQ .050 513.278:1 H: 7 13 41 42 4 1 .450 11 O. 000 1500.000 900.000 .050 513.276
l' :'1 42 4 4: 43 44 44 A • ... 5·) 110.00J 1500.000 .,OJ.OJO .u50 513.278
! - t' 0 5 t5 10 9 , 1 .45\J IIJ.OOO L SOU .000 '1100. '::>0:) .050 513.278

b 1~ 1-:1 0 t ~ ~ 3d 39 7 1 • ,5) II O. 000 1500.0JU 9'00.000 .05J 513.278
1 Ie ,6 34 7 ;[ 41 42 " 1 .45.) 11a.JOO 1500.000 QOu.QJJ ,J50 513.278
1 IT Z<f 3D , 10 )4 35 9 1 • .. 5a 11 O. 000 1500. OJ\) -,lOu.OJ) .050 513.278
9 \1 '4 , 5 9 38 3d 39 3' 1 .450 110.000 1500.030 1uJ. JJ) .J50 513.276

Ie 19 ' Q 14 13 2C 20 15 11 2 .35"J 120.003 1500.JOO '}ChJ.OJa .050 491.42:6
11 20 .~o 15 11 21 21 16 12 2 .350 12J.000 1500.0Jo 90J.OOO .050 491.420
12 21 " 1 b 12 40 ,;,:; 41 13 2 .350 120. ODD 150J.OJD 900.00 :) ,03511 4qt.4Z6
13 4J .. 0 '.t 13 4) 43 43 43 2 '0 .35,) 120.000 150u.oOO 'JOD.QOO .050 491.426
14 19 22 17 1,. 30 23 18 15 2 5 .350 120.000 1500.0~0 900.000 .050 491.426
15 n 1 R 15 21 37 36 I' 2 5 .351) 120.JOO 1500.0JO 9uO.OJJ ,J50 491.426
16 ?1 37 3d 16 40 4,1 41 4i 2 0 .3sa 120.JOO 15Jo.030 901,). DuO .050 491.42 C
17 2:> 2 ; ZO 17 23 33 34 18 2 5 03 50 120.000 1500.000 900.00.) • ~50 4 1H.426
lA ?l ); 34 I" 37 37 3d 33 2 0 .35J 120.00J 150J.00O 9uJ. uJO .050 491.426
l' 2; '4 22 19 H 25 23 20 2 3 .35() 120.000 1500.000 9JiJ.OJO .050 491.425
20 25 2; >- 20 3< )0 37 21 2 3 .350 12,).000 1500.0)0 900. JJ3 .J50 491.42:6
2! 36 36 , 7 21 40 40 4J 40 2 4 .35J 12J.JOJ lSJO.iJJJ 90Q.OJO .050 491.426
22 2.. ?7 2A '1 ?' 32 33 23 2 5 .350 120.000 150o.aJO 900.000 .050 491 • .,.26
2' 25 l7 ]) ~ :1 3< 30 37 37 2 b ,35) 120.000 1500.0JO 90J.JOO .,)50 491.426
2'0 26 2~ 27 2.4 11 31 32 25 2 3 .350 120.JOO 150u.~00 900.~JO .050 491.426
25 31 31 32 /' 30 ]f. 3< 36 2 4 .350 120.000 1500.000 900.000 .050 491.426

... In HL »[)I'n JAr .t..

BOUNOAR Y :JNOI T!ONS
'~ .. P. '('";'-'i:p"Tl Y)/{lJl F T) Z-JROI F T I MASS t KI PS I (-L)JRECTIJN Y-DIRcCTIO~ 1-l>I.'(;ECTlON

46. _le :~ 3J .. 000 4 ... oJ) ) -). f: I x;ED F I XED
4t .. 'll)J 3v.O'II) 3;,). UOO -0. FIXED
':""'. JOD 30.0,10 2v. JOO O. f-lxEO
4 ¢'. 'J'~"l :;0.000 1 a. OOu -0· FI XE D
:"6. J'}·l 20.1)1)0 4V .. uoo -0. F IXEO FIxED, 4t. .OGO 20.000 30.000 -0. FIXED

7 46. "~:).1 2.1.. (100 20 .. OJIJ -0. F {XE'O, ':'6.1UO Iv.OOD 4v. uoo -0. F IXEiJ F I XED
q 46.000 to.ooo 3 a.OOLl -0. F IXEO

1 ) 3"': • .l'~:' JC .. Q~'J 4J..ooJ -0. F I XED
\l ? ~ .·)Ul,,/ )U.U\)t) 3lJ.vOO a.
12 :;:;. ,)nQ 30.0':,) 2i.i. JJJ J.
13 1 f: •. ;;.;..) )v.OC'; 1v. uOJ -0.
14 ~& .JJt) Zv. VUI) "'0. UOJ -0. F JXeD
15 1 ~. ':"1 ~i). rr),J 3u.C,)U O.
I. ? o.-J";'J ZIJ.OIJJ 2J .. aOJ -0·
17 3b.l,.,lr) 10.GOO 4U.lJOl.l -0. FixED
lA 36. ";"1:':; l'J.OGf) 3u.JJ0 -0.
10 1. .... KO 2J. GJ\J 4v .. JOO -0. fiXED
?;J 24.i')()O 2lJ. ODD 30.000 O.
:'1 '?4.,hll1 ZJ.C JO 2').OUi) -3.
22 2."IJOO !J.OOO 40. 000 -0. F I XEO
23 7.:... (leo 10.0C') 30.uOO -0.
24 1 2. -) ~ J lJ.000 4u. JOO -0. F {xE:D
2' 12. U00 11).OUI) 3Ll.Oull -0.
20 1. J. 40.LlJO -0. F [XED f IItEO FixED
" 12. '!J 1 ,0. 4·). 00.) 0, F IxEO F IxEO FI XED
2 R 24.1,)01.1 O. 4v. JOlJ O· FIXED F IXEt} fiXEDzo 1 .... .)(10 C. 40.3J,1 -J. F {XED F'lxe-o F I xED
j,) 4'h(;lG O. 4J.. OJO -0. F I x ED FIXED F I X':' 0
H ,). 0. 30.000 -0. F! XED F IxEO F I XED
32 12. ,~ :') O. 1u.JO:J O. F I xt:D F !xe:o F I XED
J3 24. ;'lie G. lv.aCO O. F! XED FIxED Fl XED
34 :; '). )GO a. 30.000 -,3. FIXED FiXED fl XEO

" 4"'1. lnJ C. 30. JOJ -1. F I XED fiXED F I XEO
'b 12.1·]u 1.... 000 20.000 -0. FIXED FIXED F I XED
37 2 :,..;)00 :0.000 20.000 O. FIXED FIXED f 1XE~
3" ; 6. 'C 1 1u.. uur 2u • .)0,) -'J. F IX; ED FIXEIl F I xED
30 46 .. 800 Ill .. 000 20. uOu -0. F UED FixED F I XED
'0 2.::. JOG 20.000 10.000 -0. F I XEO FIXED F I XED
41 j "J. ,"1CJ 21J. ceo 10.o0J -0. F IX ED F lxEo f I xEO
42 ':"6. ,),)0 20. UVt) lQ.uOJ -D. FIXED F lxEO F i XEO
43 :'6.,100 ~v. (1:)0 c. -0. F I XED t= IXEO F I XED
44 fos .. ·nc 30. CJO O. -0. FIxED FI XEO FI xED
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INPUT ACCEL. PR!UR Tu SCALJ~~

60

.ll50u (GJ At TI."\E = .9buu SEC. ..

.000204 -. at)Ol ~ 1 .ou005" .. OOl':"cu • uu:'l1l. .O\l't39\l .. ,)09534 ... rJ03 .61

.013073 .00<;':''55 .OOO~1:' .01d791 -.)223J5 -. J18Ho -.011557 -.048139
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EXAMPLE PROBLEM FOR TlUSH

·~~ __ lNPU_LDAJk _,,!!,! . .. _~_. __~_._

TOTAL NUMBER OF ElENENTS •
TOTAL NUMBER OF NOOAl POINTS

1ST NOUAl POINT UN RIGID BASE'
DEGREES OF FREEDOM'

NUMBER OF BOUNDARY CONOITIONS •
NUMBER Of ITERAIIO~S

NUMBER OF MAIERIAl TYPES'

RUN NUl'1dEH.

71

••• INPUT MOlleN ._.
TOTAL NO. Df_POINTS useD IN HI ~ 128 _

lAST POINT TO BE READ • e~

TIME STEP Of RECORD .o~o

DURATION Of RECORD' 2.560
QUiET 2GNE OF RECORD' 2.560

10TAl OURATION OF ANALYSIS· 5.120
__ EO. MUll IPLlCAT10N fACrOR "_2..0000

MAX. AGCEl. AFTER SCALING' .0728
HOTION IN X-DIRECTIGN' 1.0000
"OTION IN Y-OIRECTION = O.
HOT ION IN I-DIRECTION' O•

SEC.
SEC.
SEC.
SEC.

lGI
TIMES I~PJT MOTIUN
TIMES INPJT HUT ION
TIMES INPul MOTION

••• FREQUENCY CUNTENT Of ANALYSIS •••
HIGHEST fREQUENCY QF ANALYSIS' 12.000 HI

NO. Of (HIERPO.-T (UN RANGf,_·__L _

O. 5.000 MtIKINT: 51
5.000 -- 10.000 HltKINT: 31

10.000 -- 12.000 MIIKINT. 51
FREQUENCY USED FOR ITERATION I' 12.000 HI

••• OUTPUT CONTROL •••
SAVING AMP. FUNCIION ON TAPE' YES

COMPUTING NEw SOil PROPERTIES. YES

- ?~~~~~ N~O ~;1N~0~~X~R~mm~~__li!f2B-~----------- ------------- -
SKIP PCI.'HS FOR PlOnlNG • 2

fACTOR FOR EFf. SHEAR srRA1N ~ .b5QO

••• MASS MATRIX •••
FRACTION OF CONSISTENT MASS'

FRACTION OF lUMPED "A5S •

••• OA~PING CH.RACTfRlSTICS •••
UNIFORM DAMPING USED'

.5000

.5000

Nl>

••• OUTPUT RE~UIREMENTS •••
CODES FOR KEYS?C

___ Q--MAXIHJH ACCElEH.AUllN_CJ>Ll _
I--PLOT ACC. TIME MISTORY

10--PlOT ACC. AND VElCCITY RESPuNSE SPECTRUM
IOO--PUNCH ACC. TIME MISTORY

1000--PLOT fOURIER AMP. Of ACCElEkATION
10000--PlOT AMPLIFICATICN fUNCTION

VAlUES OF KEYSPC

~-OUTPJI

11001
11001
11001

_Y~OUIfUI ~~QUrfuT

o Q

o 0
o 0
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••• SHEAR MODULUS AND DA~PJNG CUR~c5 fWK MATERIALS "llrl ~TRAIN-JEPENO~~r ~~OPE~Tl~S

MAT. TYPE IOENTIf ICA HeN

SEEU AND IORISS IlS7Ql e~AI_

SEED AND IORISS Ilnal SANu

SHEAR ~UDUlUS CURVES

SHEA~ STRAIN IN ~~R~cNl

U r. ----- --------------------------------------- ------------------- ------- -------------------- - ----- ---- -------
TYPE 10.*(-4.0. 10 •• (-3.5) 10 •• 1-3.0) 10**1-2.5) 10•• (-2:.0) 10**1-1.5) 10•• {-L.Ol Lu •• (-u.5) Lv•• ' .... I,)J 1...... ( u.51 iU •• ( l.ul

.10E+Ol

.1 aE+O 1
.q1E+0~

• IBE +00
.76E.CQ
.93E+ao

.15E+YU

.Z5E+lJO
.76<-,)1
.12E+~v

dll-ul
.49,,-01

.13£-U 1

.49E-OI
.40E-02
.4QE-0l

DAMPING CURvES IPERC"NTI

SrlEAK SlRAIN IN ~EReENT

MAT. --------------------------------------------------------------------------------------------------------------------------
TYPE l()•• (-~~()l 1()·.i:3~5i-lo;.I:J;0Ii~~(-:2:_51-1();.T~2_:OliJ;;I-=-I~51-10;.1:1.Oll0"(=0;51-10"(·0.vl'1,,"( v.SI lv"( 1.01





fA~rHQU"'K.E RECORO •••

•• EXAHPlf; EARThQUAKE ••

INPUT ACCEL. P~JO~ Te SCALING

•• POINTS

73

MAX. Ace. '" .05\lO lGI AT TIME· .960u SEt.

.00020. -.000191

.013073 ... 009455
.o! 319 L=.Q.91>~
.050000 .000068
• 008954 -.020449

-.008450 -.010743
.009841 .003644
.000281 -.0002<1

o. o.
O. O.
O. o.
O. O.
o. o.
O. O.
0. 04
O. O.

.OI,)005~ .vOl'ttll,) .0U"111 .u04J'hJ .U\.l~53't -.0.Jj~fH

.OU0374 .0181Ql -.iJZZ3iJ5 -.Jl8J7b -.011551 -.U4oU4
_. QllIQil .. =. _;::>2'1il__.Jll>'>~Ii~OU"U __.•02J.il2-=.• OlJ3. Z
.012121 .iJ06dOti .010060 o0103?2 .Jue599 -.OJll~2

.C15681 -.OO5J~3 -.017501 ,OQjdbJ -,J,Lu'Hd -.,-(ic;lo .. l
,001941 -,000952 .JQ(J961::1 -.iJUI9~8 .u1ll61::1d .OtJl:HJ15

-.OCSll5 .001170 -.JU3125 -.0.100514 .J01l17 -.00u.50
.00010;1 -.,"Ou1lici .\l001l;):; -.oaDlda .J00193 - ••,h,JOluO

0, iJ .. Q. u. .0._ .. 1).. _

a c J" o. o. o. o.
Q. a. o. 0.. o. u...
O. O. O. o. o. o.
o. o. o. o. J. O.
O. o. O. o. O. o.
0._ .0._ .. Q. ~ .o.__ ell u.
o. ~. Oe O. o. v.

I
2,
•
5
o
7
8
9

10
II
12
13
14
I>
10

TIME REQUlkED faR INpur AND INITIAt..llATlCN '"





••• MATRICES AND LOAD VECT"R ARE fOR-ED IN TillS RUN •••

74

llERATiON I
CORE SllE AVAILABLE faR EQUATION :>"LUfllN
TOTAL NUMBER Of EOUATIONS
~AXIMuH NUMaER OF TER~S IN A 8Lu~~

MAXIMUM NUMBER OF COLUMNS IN A OlOOK
NUMB Eo Uf BLecKS
BANDWiDTH
NUMBER Of TERMS 'N STIfFNESS MATRIX

1'9'''/
15

3b9~

.~5
._._L

45
HOi

••• TIME fuR GAuSSIAN cLIHINATIL~ •••

fK(,,; NUMBER · fRO O. lil CUMULA 11 VE T I ,~E .J),,] SEl.
FkO NUMBEk · fH.1; ~ .H6b Hl CUMUlA r r'IE rIME .iUd4 SeC.
FRO NUMo ER · h{~ i.9SH Hl CUHULAII vE II!:lE .!b2Z S~C ...
FRO NUMB ER · FRQ • 2.9297 Hl CUMueA Tl VE TIME .216U SEl.
FRO NUMBER · 5 FRO 3.9~6.3 lil CuMULATIVE f LIIE • .209lJ SeL.
FRO NUMBER' 6 fRO 4.862B Hl ~iJMOlA II VE TI ME .3230 SeC.
fRO NUMBER · 7 fRO · 5.46BB Hl CUMu .. ATIVE TlME ... 371., SEC ...
fRO NUMBER · 8 fRO · 6.054.1 Hl CUHULATl,E TIME .43!l SEC.
fRC NUMo ER • 9 fRO · _.6.A~Ob til CUdULUI\I.E. ~.Il!:lE -.:._-- .';b~~ sEC.
fRO NUMBER · iD fRO · 7.2260 Hl CUMUeATlVE TIME .5367 SEC ..
FRO NUMB ER · II fqO • 7.a125 Hl CUHULA Tl VE TIME ... 5'; 2., SEC.
FRO NUMBER a 12 FRO a 8.3984 Hl CUMULAII VE TI ME .646.2 :>EC.
fRO NUMB ER a 13 FRO' 8.9044 Hl CUHULAT IVE T1 HE .0'795 SeC.
FRO NUM BER a 14 FRO 9.5103 Hl CUMULATIVE TIME .1533 SEC.
ERO NUMB ER a 15 fRQ • ..._Jll.H/;.~ _ l1l CU!!UeAIl vE ........ llliE.._.=-__ dOH SEC..
FRO NUM8 Ell i6 FRO 1l.5234 HI CUHULA T! 'E TIME .8oJ'1 St:~.

NO. Of FREa. STEPS 601lNCLUOING INTEhPULATEO POINTS'

EL ~ G-USED G-NCJi Dlf-G UAM~-USEU OAMP-NE. Ulf-JAMP V5-U5EU "IS-Nt .... U1Ff-"5
I<Sf' ,"Sfl (PERCoNII (FRACTlJNl IfRACTION) IPERCENTl I FP:; I (F P S J IHhCEN fl

I 671. 5:1--- ---~~,~

635. .04':'- .046 -4. t,) 443. ... :'1.. 2.0
2 116. n6. -.2 .0..2 .042 .2 458. 408. -01
3 692. 617. 2.3 .04.1 .J44 -1.cI ",Sua ..45 .. 1.1
4 BOO. 775. 303 .U31 .039 -303 "",0'''' 476. 1.6
5 577. 574. .5 .u49 .U50 -.5 '!l. 410. .3

• 570. S.C. __1.1____ ..,)5u __ .051 ._~l.cI Hl~. '%1015 .. 1.0
7 584. 561. ..1 .049 .G~l -3. a .:,.14. 405. 2.U
3 610. 5B4. 4.6 .041 .049 -3.9 .23. 413. 2.3
9 590. 5b5. •• 4 .040 .050 -4.2 4lb. 407. 2.2

10 1I25. 1097. 2.6 • 043 .045 -'j.'J 5~'i. 542 • i.3
II 1055. 1064. -.9 • \)49 .04a I.B 532 • 5H. -.4
P 1050. 10310- _____ I.lL.--___ .1l50 ______ .QU._~___.._=1.'% __. ;;31. 52 •• .9
13 lIti. lI36. 2.2 .039 .042 -5.1 558. 552 .. 1.1
i4 1021. 1032. -I. a • 053 .052 2.0 523. 526. -.5
is 996. 98b. 1.0 .055 .056 -1.7 5 t 7 • 514. .,
16 1007. 982. 2.6 • U54 .U5o -4.3 52". 513. 103
17 1043. 1017. 2.5 .U50 .05) -4.b 52'1a sa. 1.3
18 i008. 903. _ .. 2.6 _____

.U5~ .... _ .05L ~"."
.i,2Q .. 513. L. )

19 1001. iOJ7. -.6 .054 .J54 i. a SIB. 5<.Q. -.3
2J LOOO. 994. • 1 .054 .055 -1.2 510 • 5to .. .3
21 1002. 982. 2.1 .05. .05b -). I 5L9. 51.3. 1.1
22 LOG6. 108 I. 1.4 .045 .047 -5.1 542. 5.j'1. .1
23 L063. 1045. 1.7 .1)49 .050 -3.4 534. 520. .9
24 !l22. 1104. 1.0 .DB .04' =3.8 5-1-9. ''I''t. .8
25 L096. 1078. 1.6 .045 .041 -3.5 542. 53d. .8
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••• PLOT Of ACCELERATION AMPLlfICATIQ~ FUNCT.

X-ACC. AHPLlflCATION AT NOCAL POINT I, IUd 'Ek CENT CURRESPUNDS Tu Id.5812

o 10

•
"0
•

30

•
50 bJ 70 10J PEri Cd.T.

FRE~. IN Hl

.
+ I •
.. to + +++++++++ to. +T.+"'''+ .++t 1 +++++.+ + 't"+" ++ + ++ ++ ++ + + ..
.. 1:.-" ~ _ . .t ~~_ . .f -.i_____ t " __t._ t ~ ..

++·+·l+ttt~+!++tttt,!~tttt!tttttttttttt~t~t~~!t+t!,+t~~.t~!t!" •• ++t+ •• +••• ++ ••• t •• +!.+++++++++++.++

• I •
+ I

• I
I

I
1
I
1
1
I
I

O.
.1953
.3906
.5859
.7813
,9766

1,1719
1.3672
1.5'25
1.7578
1.9531
2.1~84

2.3438
~.53Ijl

2.73'04
2.9297
3.1250
3.3203
3.5156
3.7109
3.9062
•• 1016
.,.2969
h.922
•• 6875
4.8828
5.0781
5.273.
5.0687
5.6601
5.8594
6.05.7
6.2500
6.41t53
b.b40&
6.8359
7.~ 312
7.2266
7 •• 219
7.6l72
T.8125
8.0C78
8.2031
8.3980
tt.Sc;37
8.7891
8.9844
9.1797
9.3750
9.5703
9.765b
9.9609

10.15b3
10.3516
10.5Ob9
10.7422
I~. 9375
11.1328
1l.3281
ii.523'....

:t••••

•......

I· I· I
+ 1· 1· I

1· I
+ I
• 1
•··•

·+·•·+·•
+····+···+·+

___1 _

I
I

I
I

I
l _
I
I

t
I

I
1

I
I

.:; 382E-Ot

.S389E-OI

.5410E-lll

.5445E-Ol
.S49SE-OI
.S56IE-Ol
• Sb43E- 01
.S74lE-01
.S8SSE-OI
.S99SE-OI
.6154E-1J1
.1::1 3 3 bE- 0 1
.654bE-Ol
.b785E-01
.7058E-Ol
.737JE-OI
.1727E-OI
.813SE-OI
.8b05E-Ol
.9148E-OI
.n79E-01
.10S2E'OJ
.1l38E·00
.1242E·00
.13b6E+OO
.1518E+OO
.1706E.QO
.1944E+OO
.22 52E' 00
• 2664E+')')
.3234E'QO
'''06lE+OO
.S312E·OO
.7216E'QO
"SUE-OO
.1aOCE+Ol
.8151E+OO
.b317E+OO
.5063E+OJ
.423JE'00
.3666E+O:l
.32b6E·00
.2(H5E+OO
.21blE+oJO
.Z60JE·00
.Z48oE+OO
.Z4J3E-tuO
.234'1E+OO
.Z320E-taO
.2 3l4E' 00
.233IE'00
.2371E+Ov
.24))E+OO
.25ZtE"+·JO
.2bJ5E'QO
.277IE.00
.2933E+]'
0312'JE-OO
.332QE+OO
• J556E_ 00
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••• PLOT OF FOURIER AMPLITUDE OF ACCELERATIUN

X-ACC. FOURIER SPECTRUM AT NODAL PClNT 1. 100 PER CENT CORRE,PONUS TO • v303

o
•

10. 20 30

•
40 50 60 7u 00_ 9U luv t' ER CENT.

L

I
1

1
________1_

I

l.+++.+.++++++t+!ttt!tt!~+~ttt!~~~tttTtt*~~~~!~t!~tt!!tt!!t+!tt!t++!++!+t!++++!~+++++++t!++++++++++++

1 •

• 1

.l51lE-15
• 33cOE-n
.23t8E-Ol
.68a6E-Ol
.1443E.O,)
.. 2 343E+ 00
.2041E'00
.241bE+OO
.124vE'00
.lvI4E'00
.1523E·00
.lll5E.vO
.1260E-vl
.. 7·J13E-Ol
• 7950E- 01
.3761E-Ol
.7543E-Ol
.1095E·00
.9126E-Ol
.lv06E'00
.1557E'OO
.]j}13E+OO
.9924E-OI
.Z995E-Ol
,2433E-OI
.9918E-OZ
.dI63E-01
.1773E+OO
.Z5Z2E'00
.Z92ZE+OO
.2952E'OO
.2015E'00
• a960E-0 1
.4841E+OO
.8327E'00
.8972E'00
.8325e.oo
.d68oE'00
.7501E'00
.5239E'OO
.291SE.OO
.l36ZE·00
.7464E-OI
.ZQI1E+OO
.4039E+OO
.2542E+J:J
.1220E'OO
.51ZSE·OO
.7324EtaO
.7Q03E+O\l
• nOOE'OO
.593.2E+JO
.2039E.OO
.2827E+OO
• S954E. 00
.o385e+ov
.54SSE+lJu
.6Io1E'CO
.8031E+OO
.IOOOE·Ol

t _

FREQ. 1 N HZ

t. .~_.t ± ~_:t --t_. .__1': .__ .

••
•
'1· 1· I

1
I

I
I

'1·

•
+
+
+
+
+ •· .· ..
+ •
++++ ++ ++ .. +++++ * ++ ++ +++t .. ++ ++ .. + + .. ++. +++ + +++ +++ + to"" to .. "" .++ _ 1.........

•......

O·
• 1953
.3906
.51l59
.7813
.97b6

1,1119
1.3672
1.5625
1.757t!
1.9531
2.1484
2.3438
2.5391
2.7H4
2.9297
3.1250
3.3203
3.5156
3.7109
3.9062
4.1016
ilo.2q6~

4.4922
4.6875
4.88Z8
5.07al
5.2734
5.4687
5.6641
5.8594
6.0547
6.2500
6.4453
6.0406
b.8359
7.0312
7.2266
7.4219
7.617Z
7.81Z5
8.0078
8.2031
8.3,84
8.5937
8.7091
8.9844
9.1797
9.3750
,.5703
9.7656
':i. 9609

10.1563
10.3516
10.504b9
10. HZ2
10.9375
11.1328
11.3281
11.5234
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••• PLOT Uf ACCELERATiON. (~A>E ACC••_EL. AlC.l

X-CaMP. Of ACCElERATION AT NOOAl PllNT 1. ioa PER CENT CQR~f~PON0~ TU .. 2ad...

TN POINIS ARE PLOIIEO

-lOa -ao
t

-60

•
20

t

00
t

dO
t

11.,.) IlEi< CENT

TIME IN SECONDS

··++++++++++++++++++++++++++++++++++++++++++++1+++++++ ++++++++++++++++++++++++++++++t+~++++++++++++++

• • +
• +1

·I +
• I •
+++++++++++++++++++++~+++++++++++++++++++++++l++++++++ +.+.+t.t.t.++.++++++.++,++.++++++++.++.+ •••+.+.
.. t _. .t. .t_. __ .... _.. _ ......L__ .:t._ ~t + +

-.d343E-01
-.5099E-0I

.2484E-Ol

.7000E-Ol
.14"3E-Ol
.60a7E>vo
.5d81E+OO

-.':"Z05E+OO
-.1366E+OQ
-.1954E+OO
-.265lE+OO

.5290E-OI
- .176IE-OO

.3533E+10
.6169E+'JO
.6909E-Ol
.2056C:+Ol

-,,1.:t9QE .. OO
• 5648E+ 00

-. ,907E-Ol
-.2005E-00
-.1765E+00
-.2063E-QO

.6198E-02
-.2838E-01

.Z477E+OO

.156IE-Ol
.21lbE-Ol.
.1647E-Ol
.6254E-Ol
.3S06E-02
.2316E-OI

-.0532E-n
-.1763E-Ol
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••• RESPChSE SPECTRUM •••
NlJMBER OF CAI1PltiG V"llJES • 1

FRACTION OF CRIHell OAfotPING III .0500
FIRST FREOJENCY OF SPECTRl»4. ~~ooo Hi

LAST FREQUEt-.CY CF SPECTRUM • ~o.oooo HZ
NO. Qf FREQuENCY STEPS. ~L

••• DAMPING CHJ.RACTERIST ItS
UNIFORM DAMPING uS eo III NO

••• ouTP!.JT RE~lREHENTS ....
-- - CODES FOR KEY$PC

D--,6IjAXnWH ACCElERA.ll0h (hl't
l--PlOT Ace. TIME HISTORY

10--PLOT ACC. ANO VHCClTY RESPONSE SPECTRUM
lCQ--Pl.f.ICH Ace. TIME HI STCRY

lOoo--ptor FOUR lER A.lrfP. QF ACCElER~ nON
10000--PLOT AMPLlf ICATIC'""fut.CT ION "~".

vALUES JF KEYSPC

N.P.NO. X-OUTPuT
1 1010

'f-DU1PUT l-oUTPUT
o 0

CODES FeR KEYSTR
l--PLOT" TlME"HISTORIES Cf~STRESSES

10--PRINT TIME HISTeR IES Of STRE SSE S
100--PUNCH T I"E HISTORIES Of STRESSES

VAlUES OF KEYSTR

EL .NO.

14

KEV$rR

••• SHEAR MODULUS AND DAMPING CUA.VES fOR l'U.TERIALS IiIITH STRAIN-DEPENDENT PROPERTt ES •••

STANDARD 8U[~ T I~ ~~VES ~R§ ~~g

MU. TV PE

1
2

IOENT (F IeJ.T to'"
SEEO ANa lOR I SS (l HOI
SEEo ANa IOR1SS 11910 I

CLAY
SANa

SHEAR HCOUlLS CURVES

SMEAR STRAIN IN PERCENT
MAT. -----------------------------------.. ----- .... - .. ----- ... -----------------------------------------------------
TYPE lO**{-4.0) 10**{-3.51 1~.t-3.0. 10**(-2.5' 10**(-2.01 10 •• (-1.51 10 •• t-l.0) lO••(-0.5) 10 ••( 0.01 10•• ( D.S' 10•• ( 1.0)

.1oe .. Ol
• 10E .. 01

.91E+OO
• <;&E+ 00

.57E+OO -- ~--·:'tOE+OO----_:2bE+OO-- ----. 15E+oa

.83E+OO .bbE+,JO .'t'tE+OO .25oE+OO
":76E=OC
.12E .. OO

:HE-Ol
.49E-Ol

.In-Ol
• ~qE-Ol

.40 E-02
.49E-Ol

OAIoIP {NG CUR liE S (PERCENTI

SHEAR STRAIN IN PERCENT
MAT. -------------------------------------------. -- -- ... - --- - --------------------------------------------------... -----
TYPE - 10•• ' -'to OJ 10-. (-). 5. 10•• (-3 ~o i-·10'••-(:'Z:5 .--lo-'.-(:'i:oi -'10•• t:r:s-i-To••r::l-:o .-- io••( ;;0;-51"10..;. i - 0: 61 i 0•• t-- 0:-5 r-l 0** (" i -:6-•

.25oE+Ol
.50E+QO

.lSE+Ol
• 8~+OO

.2SE"Ol
.17 e..ol

.3SE+Ol

.32E+Ol
• 6~E+Ol
.10 E..02

.IH+02
• 21E .. 02

.20E+02
.25E+OZ





89





••• EARTHQUAKE RECORD •••

•• EXAMPLE EARTHQUAKE •• 0.0. SEC 6'\ POINTS

90

INPUI ACCEl. PRIOR TO SCALING

MA.X. Ace. • • 0500 10' AI II~E • -.9000 SEC •

.00020. -.0001.1 .000058 .001'00 .00.111 .00'\390 .OJ95H - .00H81 1
.013073 .oe9.55 .00031'1 • C181.1 -.02B05 -.018.70 -.011557 -.0.8139 2
.013707 - .02975. .011100 -.0252'0 .015500 -.0IHl1 .023212 -.013397 3
• 050000 .000068 ; 012121 -;006808 ";010056 .0 i0332 .006599 :;-.oJi 122 ".008'5' - .020"" .015681 -.C05003 -. 011561 .003803 -.010918 -.00S641 5

- .00845 0 -.ODH3 .0019'Ol -.G00952 .000968 -.001998 .010S88 • C08015 6
.009841 .0038" -.005115 • COIL 76 -.003725 -.00"51. .0011l1 -.000'50 1
.OJ0261 - .000 221 .000191 - .000188 .000185 -.000168 .00H93 -.000200 3

O. O. O. O. O. O. O. O. •
O. O. 0; -·0;-----0;- - ·--0-;----- iJ:-~---·0:-·------- ·15-------·--

o. o. o. o. o. o. o. O. II
O. O. o. o. o. o. o. O. 12
o. O. o. o. o. o. o. O. 13
O. O. O. O. O. O. o. O. I"
O. O. O. O. O. O. O. O. 15
O. o. 0; -----'0;----0;---- "0;--"--' 0:---0';- -------·-16 ------------

TIME REQUIREO FOR IhP~T AhO INl1 IAL llAT ION • .088 SEC

ELM G-US EO G-NEW O[F-G DAMP-USED DAMP-NEW O[F-OAMP VS-US EO VS-NEW 01 F-~S MAX. S. STR AIN
(KSF I fKSFI I PERCENT' IFRACTlONl IFRAcrlO~1 (PERCE~T1 ( FPSI (F PSI I PE RCENTI (PERCENTI

1 671. 611. 9.8 .O~4 .0'17 -6.' H3. .23. ..8 .01'b I
2 71b. 082. 5.0 .0.2 .0'\3 ....0 .58. 447. 2.5 .010.9
3 b92. 677 • 2.3 .0.3 .04'\ -1.8 .50. 445" 1.1 .01075

• 600. 7b3. ..6 .037 .039 - 0\", 1 484. '113. 2 •• .00721
5 571. 54b. SoT .0•• .052 -5.0 411. "00. 2.6 .02070
6 570. 555. 2.7 .050 ;05i ~ 2.5 "0•• 403 ; I." .01972
7 58•• 513. 1.9 .0"9 •050 -1.9 • 14. 'Ol0 • 1.0 .ona•
8 010. 5.a. 2.1 .0'\7 .0""8 -1.5 "23. 'liB. 1.0 .01551
9 5.0. 580. 1.7 .o.a .0.9 -1.7 '116. "12. .a .01715

10 1125. 1015. 4. b .043 .0'\7 -L9 5'19. 531. 2.3 .01019
11 1055. 1030. 2.5 .04. • 052 - •• 1 33 z. 525. 1.2 .01251
12 1050. 103•• i;l ;050 ;o5i =2:0 531: 528. -;5 ;01200
13 lIol. 1129. 2•• .039 • 0'2 -7.2 558. 550 • 1 •• .00600
1'\ [021. 9.a. 2.3 .053 .055 -3.9 523. 518. 1.1 .01H3
IS qqb. 985. 1.1 .055 .05b -1.8 517. 51". .5 .01529
15 lOO 7. ..b. 1.1 .054 .055 -2.0 520. 517. .6 .01458
17 1043. 1035. .8 .050 .051 -1.5 52 •• 521. .4 .0122'1
18 1008. •••• ;9 ;054 ; 055 :i ;5 520. 516. .. .01435
1. IDOl. 9b9. 3 •• • 054 • OS 6 -6.5 516. 51J. 1.7 .01621
20 1000. 98b .. 1.5 .05. .056 -2.5 518. 514. .8 .01526
21 1002. q89. 1.3 • OS. .055 -2.2 51 •• 515. .1 .01501
22 1096 • loa9. .6 .0.5 .0'0 -l.At 5.2. 5"1. .3 .00' 57
23 1063. 1056. .7 .0'\9 .049 -1.' 534. 532. .3 • 01113
2'\ 1I22. IIlo. .0 ;OH ;O.~ -I ;5 549. 541. .3 ;00849
25 1096. 1069. .6 .0.5 .Oltb -1.4 5'12. HI. .3 .00956

MAX .. SHE AR STRAIN CGMPUI AT 1ON IN FREQ OCMAIN

TIME REOU lR EO FOR CO~puTtNG STRE SS AND SlRAI N . ••52 SEC
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... PLOT ()' FOURIER A'PllTUOE CF ACCELERAT ION

X-ACC. FOURIER SPECTRUM AT ~COAL PCINT I. 100 PER CENT CORRESPONOS TO .0303

a 10 20

•
30 ~O. 50 60 10 80 90 100 PER CENT

FREe. f~ HZ

·· .· .· .• •
.++++++++++++++++++.+.+++++++++++++++++++++++.+.+++++.++++++"···+++++++++.·+++++++++++••• +++++++++++1
.......................... to- ~_ ..

.1513E-15

.H60E-OZ

.2368E-Ol
.688bE-0 1
..1.~3 E.OO
• 23~3E. 00
.2841E'00
• Z'ol6E'00
• 1240E> 00
.10 14E.00
.1523E'00
.1l15E'00
.1260E-Ol
.1073E-OI
.1950E- 01
.31bl E-Ol
.7543E-Ol
.1095E'OO
.912H-Ol
.1 006E' 00
.1557E'OO
.1593 E'OO
.9924E-Ol
.2995E-a 1
.2'33E-Ol
; 9918E-02
.8163E-OI
.1173E'00
.2522E'00
.2922 E.OO
.. 2952E+OO
-.2015E>OO
.89bOE-01
.48~IE'OO

.8321E'00
.8972E'OO
.8825E'OO
.8b86E+OO
.7501 HOO
• 5239E t 00
.2915E'00
.1362E+oa
.1464E-Ol
.2917E.OO
.4039E.OO
.ZH2E'00
.1220E'QO
.5128E'OO
.7324E>00
.7903E'00
• 7100E' 00
.5932 E.OO
• 2039E' 00
.Z8Z1E'00
.5954E'00
.6385E'00
.5 ..881:+00
.bI6H.00
.8031E'00
.1000E.Ol

•···•···•••·•••

·••·•·••·•••·-.··•··

1

----I -------!--~--

1
1

· I· 1··••• I
'1
•·•··•···•····•·•····

1 ••+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ••••• +.++++++++++++++++++++++++++++1 . '. - - . . , - - - . - - - - - -- . ~ - - .. - .. _. - - - -.- - _. - - - -. -' .. - . - .. - .- - . - -- .' - - _., -. - . ...· .· .• •· .
• 1 •-1 •

······••·•

·•··'1··•

..•.
• * •••.......

o.
.. 19~3
.3906
.5859
.7813
• 9166

1.1719
1.3612
1.5625
1.1518
1.9531
2 .I~B~

2.3438
2.5391
2.1344
2.9291
3.1250
3.32B
3. 5156
3~7109

3.9062
~.1016

~.Z969

4.4921
4.6875
4.88Z8
5.0181
5. 273~
5.4681
5.6641
5.8 59~

6~3547

6.2500
".H53
6.6406
6. 8359
1.0312
7.2266
7. 4219
1.6112
1.8125
8.0018
8.2031
8.3984
8.5931
8.1B91
8.98'1-"
9.1791
9.3150
9.5703
9.7656
c;.960Q

10.1563
13.3516
10.5"69
10.H22
10.9375
11.1328
II. 3Z 81
11.5234
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