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QUAD4M

A COMPUTER PROGRAM TO EVALUATE
THE SEISMIC RESPONSE OF SOIL STRUCTURES
USING FINITE ELEMENT PROCEDURES
AND INCORPORATING A COMPLIANT BASE

Martin Hudson’, I.M. Idriss?, and Mohsen Beikae®

Abstract

QUAD4M, a dynamic, time domain, equivalent linear two-dimensional computer
program, was written as a modification of QUADA4 to implement a transmitting base,
an improved time-stepping algorithm, seismic coefficient calculations, a restart
capability, a change in the algorithm by which damping is set, and various computa-
tional enhancements to fully bring the program into the environment of the
microcomputer. Various sample problems were run to verify the processing of the
program, and the results are presented. The results compare well with SHAKE91, a
one-dimensional closed-form solution program.

Introduction

The finite element method of analysis is a widely used computational procedure for
the solution of problems in continuum mechanics, as well as many other fields. The procedure
has been found very powerful for modelling the seismic response of soil deposits and earth
structures. Programs to solve such response have been written using time domain solutions as

well as frequency domain solutions in the past 30 years.

Project Engineer, Law/Crandall, Los Angeles, California; formerly graduate student, Univer-
sity of California, Davis

Professor, Department of Civil Engineering and Environmental Engineering, University of
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Senior Engineer, Woodward-Clyde Consultants, Santa Ana, California



QUAD¢ (Idriss, Lysmer, Hwang, and Seed, 1973) was written as a two-dimensional,
ttme domain solution to dynamic soil response. It incorporated for the first time independent
damping in each element in the continuum.,

QUAD4M incorporates into QUAD4 a transmitting base so that the half-space
beneath a mesh can be modeled and the need to assume a rigid foundation can be eliminated.
The shear and compression wave velocities and the unit weight for the material underlying the
mesh can be entered, and the response of the mesh on top of that half-space can now be
modeled with greater accuracy.

In additton, seismic coefficients have been added in this version of the program. This
feature is particularly useful in deformation analyses. The program also has a restart capability.
The acceleration, velocity, and displacement are stored for the restart so that the program
continues as if no interruption had occured. This feature is useful for changing material
properties during the shaking event.

Finally, QUADA4M incorporates a new method for the formulation of damping
matrices which results in a significant reduction of the damping of higher frequencies com-

monly associated with the use of a Rayleigh damping formulation.

Evaluation of seismic response using the finite element procedure

The finite element procedure has been used extensively over the past 30 years for
estimating the response of soil structures or deposits to static and dynamuic loading conditions.
It consists of numerically modeling a continuum with a finite number of elements intercon-

nected at their common nodes.



The finite element procedure uses a system of equations represented in matrix form as:

where:

[M]
[C]

(K]

By

i<

Y

Mg - [Cla + [Klu - R (1)

mass matrix {in this case using the assumption of a lumped mass formulation);
damping matrix;
stiffness matrix;

load vector, which is given by:
R - M,

relative displacement vector; and dots represent differentiation with respect to
time;

outcrop acceleration.

As was originally constructed in QUADA4, the damping matrix is formulated using the

assemblage of element damping matrices constructed using the Rayleigh formulation (1945):

[C], - M, - BJK], )

for each element q. The use of strain compatible damping at the element level was first

introduced in Idriss, Lysmer, Hwang, and Seed (1973). The values of «, and B, are chosen as

described in the section on damping,.

The entire solution is iterated upon the number of times specified by the user, in order

to obtain strain compatible damping and modulus values.



.....

To solve equation (1), it 1s necessary to introduce equations relating § , 0 ,and
4 . The Newmark family of methods (e.g. Hughes, 1987) uses the following equations to

fulfill the above requirement:

by - Oy, - MOy, - Vi
3)
Uy -ty - Aty - Af [(1-2B)d , - 2Biiy]

where N 1s the current time step (quantities unknown), and N-1 is the previous time step
(quantities known). The use of equations (3) with y = 0.5 and p = 0.25 is called the trapezoidal
rule and provides a time-stepping algorithm with unconditional stability, quadratic conver-
gence, and no numerical damping of any frequencies (Hughes, 1987).

Using the Trapezoidal rule, the following equations are obtained for solving the

displacement, velocity, and acceleration at each time step:

Uy = KT '[Rly4 (4a)
. 4 4 .
Uy = EEM-EN) - EHN - Uy (4b)
Uy = Oy - Sy - G (40)
= 4 2
(K] - Kt_z[M] . E[C] + [K] (4d)
[ﬁ](\m = [R]N.1 * [Nném - [C]E;y_,_j_ + [K]GEN (48)
At? .
Aus = gl U - Dlly - 4y_u) (4h
24 .0 (49)



Transmitting Boundaries

In order for a two-dimensional finite mesh to represent the response of an infinite field
condition, the artificial reflection of seismic waves from side boundaries, as well as from the
underlying half-space, should be minimized. Lysmer and Kuhlemeyer (1969) introduced a
simple procedure to accomplish this. They suggested the use of dampers as illustrated in fig-
ure 1 for the case of a vibrating footing. In the case of a soil mass subjected to earthquake
vibrations, the implementation of a compliant base in QUADA4M is the same as the Lysmer
and Kuhlemeyer scheme.

The implementation of these dampers involves adding damping at each of the nodes
that make up the base and sides of the finite model. For the present study, only the base damp-
ers have been implemented. The base dampers are more essential to incorporate than the side
dampers because the finite element syétem under consideration will always be placed over a
half-space. The effects of side boundaries can be readily minimized by increasing the extent of
the finite element mesh,

To mathematically implement these dampers, the parts of the applicable element
matrices have the transmitting boundary damping term added to the diagonal terms. This
produces an adjustable force in the x and y direction proportional to the velocity of the speci-
fied nodes. The coefficients added on to the diagonal terms are obrained as:

Term for direction perpendicular to boundary: pV,L
Term for direction parallel to boundary: pVL

The velocity of the P or S waves is used for the material in the half space below the finite
element model, as is the density, p. The "tributary width" of the node, L is that length corre-

sponding to half of the distance to the next node on both sides.



When a transmitting base is used, the input motion is a function of the material
properties of the half-space below the mesh, and the properties and geometry of the mesh.
This is the correct choice for a boundary condition when the input motion represents an
outcrop acceleration, recorded at an outcrop of the half-space material. If an infinitely stiff
(Vs - =) rock is specified under the underlying stratum, then the input motion will not be a-

ffected by the mesh above.

Seismic Coefficient Computation

A seismic coefficient is the ratio of the force induced by an earthquake in a block of
the mesh, over the weight of that block.

The forces acting on the block are computed by multiplying the shear and normal
stresses acting on an element by the width of that element. Since the surface of the block is
specified as going through the nodes (between elements) in QUADA4M, the average stress is
found between the elements on either side of the interface. The summation of forces acting on
a block is computed as a function of time. The seismic coefficient is then computed for each

time step.

Restart Capability

A feature has been added in QUAD4M whereby at the conclusion of the calculations,
the acceleration, velocity, and displacement of every node is saved. This can then be used to
restart the program at the time step following the last time step used in the previous run of the
program. Before the program is restarted, the soil properties can be changed The program can

be stopped and restarted as many times as is desired during the course of an earthquake.




Damping

The damping matrix is formulated using the assemblage of element damping matrices

constructed in this manner:

[C], - oM, - B,IK], (5)

for each element q. The use of rayleigh damping in this manner results in a frequency

dependent damping applied to the problem, with

walgoe] e

The damping in soil is not frequency dependent. Therefore, the choice of a, and B,
must be made that provides for damping values that have minimum variations over the range
of frequencies of interest. In QUADA4, the constants were chosen in such a way that the
damping was minimized at the fundamental frequency of the entire finite element model, ;.
The justification for this is that the first mode of vibration has the highest participation factor
of all the modes. Using this criterion, the values of ag and B, are chosen as follows for each

element:

o =N X

g g 1
(7)

Bq=)\q / w,

As is the case with all procedures that utilize a Rayleigh Damping formulation, the
higher frequencies are overdamped. Therefore, in QUADA4M, a new scheme for setting
damping is employed. Instead of using a single frequency (the fundamental frequency of the

model), and a slope (0 at the fundamental frequency of the model) to establish the constants in



equation 6, two frequencies are used to establish these constants. The choice of these two
frequencies has been studied using several different earthquakes and several different one-
dimensional deposits. One-dimensional deposits were used because comparison with SHAKE-
91 (Idriss and Sun, 1992) (which uses a constant value of damping for all frequencies) can be
made. One frequency is chosen at the fundamental frequency of the model, as in QUADA4.

The second frequency is established as

0N, (8)

where 1 1s an odd integer. This choice was guided by the response of a shear beam in which
the frequencies of higher modes are odd multiples of the frequency of the fundamental mode

of the beam. The parameter n is chosen such that:

n = closest odd integer greater than w, /w, (9)

where w, s the predominant frequency of the input earthquake motion.
To set damping at two frequencies, the values of a, and B, are then given by the

following expression for each element (Hudson, 1994):

W40,

g=<Nq
w,+R
1+,
(10
1

q

(1)1+().)2

The use of this two-frequency scheme results in under-damping between w, and w,,
and over-damping outside that range. This scheme allows the model 1o respond to the

predominant frequencies of the input motion without experiencing significant over-damping.



The element damping ratios, A, are chosen based upon the average strain developed in
the element. The value of w,, the fundamental frequency of the system, is internally calculated

by solving the following system of equations:

K - w?mgp! (11)

where the first mode shape is represented by .

The difference between the QUAD4 and the QUAD4M damping schemes is
illustrated using a 200 foot soil deposit with an average shear wave velocity, V| = 1200 ft/sec,
and a total unit weight, y = 120 pcef. The modulus reduction and damping curves for sand
were used for this example. The N-S component of the Santa Cruz record of the Loma Prieta
earthquake was used as input rock outcrop motion.

The fundamental frequency of this 200-ft soil layer under small strain conditions is

given by:

Vs 1200 _
" 4H 4x200

1.5hz

The response spectrum for the input rock outcrop motion is shown in figure 3. The predomui-
nant period, T, of this motion is about 0.15 sec; the predominant frequency f; = 1/T; 6.7 hz.

Using Equation 8, the ratio n=6.7/1.5 = 4.1, hence a value of n=5 is used in the first iteration.
For the last iteration, the strain compatible moduli lead to a fundamental period of 0.78 sec or

f,= 1.28 hz. The ratio {/f, = 5.23; hence n=7 is used in the last iteration and the variation of

damping with frequency is shown in figure 2. Figure 4 illustrates the response spectrum

obtained at the top of the layer using programs SHAKE91, QUAD4M, and QUAD4.



Implementation of Finite Element Mode/

The finite element computational procedure described previously was implemented by
modifying program QUADA4 as presented in Idriss, Lysmer, Hwang, and Seed (1973). The
revisions consisted of changing the time-stepping algorithm, incorporating transmitting base
elements, incorporating the calculation of seismic coefficients for selected potential sliding
blocks, adding restart capability, modifying the damping computation, and modifying some
computational procedures. All other features of QUAD#4 are still intact in the new program.

The time stepping method was changed from the Wilson-8 method to the trapezoidal
rule as described previously.

The transmitting base elements were incorporated as described above, and the user
must now specify the P and S wave velocities and the unit weight of the half-space below the
base elements.

Seismic coefficients can now be computed. The user specifies elements within the
block, and the nodes bounding the block.

The restart feature is utilized by specifying a switch in the input file, and providing a
file name to which the restart input file is recorded. ’fhe restart input file echoes all the
information in the original input file in addition to the displacement, velocity, and acceleration
of each node at the end of the last time step. This input file can then be modified to continue
the calculations with the previous properties or with a new set of properties.

The new damping scheme is controlled by specifying the predominant period of the
input motion, obtained from the response spectrum. The output file records the two
frequencies at which the damping is set.

Computational modifications were made to make the program conform to a struc-

tured Fortran language, implementing data structures to describe the elements and nodes. In

10



addition, the arrays and matrices have been made allocatable in size, so that the program
adjusts its memory usage according to the input problem. When the code is compiled for
Microsoft Windows 3.x using the Microsoft Fortran 5.1 compiler, or using the Microsoft
Powerstation compilers, the program can accept as large a problem as there is available
memory on the microcomputer.

Finally, a few of the subroutines were rewritten to be easier to follow and to increase
their computational efficiency.

The new code, called QUADA4M, is presented in Appendix A.

Examples and Comparisons with Other Solutions

100-ft Layer of Sand

A 100-ft layer of sand having a total unit weight, y = 125 pcf, K, = 0.5, and K,,,, = 65
was used, in which K is the coefficient of earth pressure at rest, K, is a parameter relating

maximum shear modulus, G, and effective confining pressure, o',

by Gimax-1000(K;) e O The effective confining pressure is given

1.2K,
by o -

of o', o', and G_,, are in pounds per square foot in these equations. This sand layer was

o, »in which o', is the effective vertical pressure. Note that the values

assumed to be underlain by a half space having a shear wave velocity of 3000 ft/sec, a compres-
sion wave velocity of 7350 ft/sec and a total unit weight of 135 pcf,

The variation of shear modulus and damping with shear strain used for evaluating the
response of this layer are shown in Figure 6 and Table 1. These values were taken from the

SHAKE91 manual. The finite mesh used for the 100" sand layer is shown in figure 5.

11



The case of a 100’ dense sand layer with the Santa Cruz record of the Loma Prieta
earthquake scaled to 0.3g and 0.6g are shown in figures 7 through 10.

Figure 7 and 8 show the response spectra and time histories, respectively, obtained at
the surface of the 100" layer when the Santa Cruz record of the Loma Prieta earthquake scaled
to a peak acceleration of 0.3g is applied at the base. The QUAD4M and SHAKE91 results are
compared in these figures. Figures 9 and 10 show the response spectra and time histories,
respectively, obtained in the same manner, but using the input acceleration time histor}; scaled
to 0.6g.

Figures 11 and 12 show the variation in peak horizontal acceleration and maximum
shear stress with depth for the case of the 0.3g input and the 0.6g input, respectively. These

figures also show the results obtained using both QUAD4M and SHAKE91.

Table 1:
Dynamic Soil Properties for Sand
Shear G/Gmax (%) | Damping (%)
Strain (%)
.0001 100 24
.0003 100 42
.001 99 .8
.003 96 1.4
.01 85 2.8
.03 64 5.1
1 37 9.8
3 18 15.5
1 8 21

12



These comparisons show that the QUAD4M and SHAKE91 provide almost identical
results for maximum shear stresses and for peak horizontal accelerations. Differences between

the results of the two programs arise because of the use of the Rayleigh formulation for

damping in QUADA4M.

Example of a Seismic Coefficient Calculation

A second analysis was performed to illustrate the seismic coefficient capabilities of
QUADA4M. This problem consists of a 50 foot embankment underlain by 50 feet of soil. The
embankment is shown in figure 13. The Young's modulus used is 1 x 10%, the unit weight is
120 pcf, the Poison's ratio 1s 0.45, and the shear wave velocity is hence 304 fps.

In this example, twelve surfaces are chosen with various depths and extents into the
embankment. The surfaces are shown in figure 14. The maximum seismic coefficient is shown
for those twelve surfaces in figure 15. It can be seen that the surfaces extending farther into the
e‘mbanknient approximate more closely the semi-infinite solution. This indicates that the

seismic coefficients are correctly converging to the free field solution.

5ummary

QUAD4 has been updated 1o include the trapezoidal rule, transmitting boundaries
and sliding block seismic coefficients have been added, restart capability has been introduced,
the damping formulation has been changed, and various computational changes have been

performed to update the program to use on a personal computer.

13



It is hoped that this new version of QUAD4 will provide improved means for
calculating the response of sotl deposits and soil structures during earthquakes using a time-

domain method of analysis.

Acknowledgments

The work reported in this report was supported by Grant Number NSF BCS-90-11322
"I" from the National Science Foundation; the contract monitor was Dr. Cliff Astil. This
support is gratefully acknowledged. Our thanks are also extended to Professor Karl Romstad
of the University of California at Davis, for valuable discussions regarding the use of the

Rayleigh damping formulation.

14



References

Hudson, Martin B (1994). Bebavior of Slopes and Earth Dams During Earthquakes. Doctoral

Thesis, University of California, Davis.

Hughes, Thomas J.R. (1987). The Finite Element Method. London: Prentice Hall.

Idriss, .M., J. Lysmer, R. Hwang, and H. Bolton Seed (1973). Quad-4: A Computer Program
for Evaluating the Seismic Response of Soil Structures by Variable Damping Finite Element

Procedures. EERC Report 73-16. Berkeley: University of California, Berkeley.

Idriss, I. M. and Joseph I Sun (1992). "A Computer Program for Conducting Equivalent Linear
Seismic Response Analyses of Horizontally Layered Soil Deposits"” - Program Modified based
on the Original SHAKE program published in December 1972 by Schnabel, Lysmer &
Seed. Center for Geotechnical Modeling, Department of Civil & Environmental

Engineering, University of California, Davis, California.
Lysmer, John, and Roger L. Kuhlemeyer (1969). "Finite Dynamic Model for Infinite Media"

Journal of the Engineering Mechanics Division, Proceedings of the American Society of

Civil Engineers. EM4:859-877.

15



Newmark, N.M. (1965). "Effects of Earthquakes on Dams and Embankments” Geotechnigue.

XV:139-160.

Rayleigh, L. (1945). Theory of Sound, Vol. I. New York: Dover Publication.

16



L1

(6961 UBABUISIYNY @ ISWISAT 1244D)

920dS JIDH UC BUljOO4 10 SISPOW S4uld

| aunbiy

PIOS DYsnIe Appaul] ‘01dolos] ‘'snoauaBouloH

M

4« >n/u>QHp
—

d —_—
n AI=0

WISSAS JUSWISIT Bl

Buyood piby

WNNURUOD) PIZIDIP]

(1)d




Damping Applied/Damping Specified

_____quApeM |
_________ QUAD4 ‘
1ok —— Frequency-independent Damping
- j - vl
= RN P '
N N\ H i
- N ; .- /
\\ i \\ i } I | H
\\\ \\ : ! [ (
s AN | i i :
- \\ . N _)llr l I
: P N BRI
; | L - D |
- < A
; i N A .
Lo A N\ :
¥ T T T [N AL / A Y i
= Natural Frequency
n S of Soil Deposit : 7 times Natural Frequency
; L \' ) of Soil Deposit
] I /| x |
1 l i! Predominant Frequency | ]
g R of Input Motion |
R R . B
0.1 i i i L |
0.1 1 10 100

Frequency - hz

Figure 2
Variation of Damping with Frequency
200 foot sand deposit
Santa Cruz Record of Loma Prieta Earthquake

18



' R o N T T
SRR B R

2_ : ll |i i P | ; |'|

[®)] | 'i i t : ll
5 C
N aann
N ]
< B L i
< |
g F 11
Q. B | |, i
o 0.5 . - -+
.

) SN il

10

Period - sec

. Figure 3
- Response Specfrum for Earthquake Ground Motion used as
Input Rock Qutcrop Motion in Sample Profile
Santa Cruz Record, 0 degree component,
Loma Prieta Earthquake

2.5 T

n ] R —T
- B it (1] | s SHAKED T
i i ! ‘ i | ——e— QUAD4M

> 2 | : I ; 1 QUADA4 1

' ! E'-

s f e ]

O 1.5 T k |

Pl

5 - .

8 N I, ':wfl !

< N ﬁ%ﬂ : |

L

O

D

Q

(75

Period - sec

Figure 4
Computed Response
Spectral Ordinates at Ground Surface of Sample Profile
Using Various Damping Schemes




3]

20

40

60

80

100

Depth below ground surface - ft

Figure 5
Finite Element Mesh Used for 100-ft Layer of Sand

Nodal

Element Point
2
]
4
2
3 6
8
4 ~;
: I 10
¢ 12
"
P s 16
8 I
; * 18
’ * 22
11 L
12 P24
® 26
13
* 28
14 '
4 30
15
* 32
16 |
o, T
* *
! 8 l'36
T o P 38
«‘
20 40
g 42

20



G/Gmax

Damping - % of critical

0.9

0.8

0.7
0.6

0.5

0.4

= N LT Pl P 7]
o \\\\{ BN
- ﬁ.\\\ I !
2 1 :
= \\L !
E [ AN ,
- :
- I‘ \\\ |
H : \j 3
i \\

0.3

0.2

I RRASRERAEAREESBAREE LA

0.1 \ ST
I N N ]

0 ) a | il { 'BEATE | { i
0.0001 0.001 0.01 0.1 ]
Shear Strain - %

10

25 R

|13 T
Pl ! L/

N

20 N

LI
N

| L)

U
LI B
\

0 oo
0.0001 0.001 0.01 0.1 I
Shear Strain - %

Figure 6
Dynamic Soil Properties for Sand

10

21



Spectral Acceleration - g

~g

Acceleration

Acceleration - g

F[—avaow [T T 111 T 1111 %
» SHAKEST | | | R | ]IH H
25 —— i | || H | | ar
" RN ‘ ﬁ 4
2 L | ’ : ]:
- H ! J P N ! r—
1.5 L y j %
EEa E
1 [ \ i
! gt ;
. N A
0.5 . [ o ;
TS NP, nm el B : ’ | i L
| v i [ =
- J = ! 5 i ; i
0 L L \_; L]
0.01 1 1
Period - sec
Figure 7
Comparison of Response Spectra at Ground Surface
Using Programs QUAD4M and SHAKE91
for the 100 Foot Dense Sand Layer --
Input Motion: Santa Cruz Record Scaled to 0.3g
06 _T LR R ' L) i I 1 1 13 ] I T 1 1 I LS L L | . | I ) ' { ¥ LI |' T 1 r 1 ]
0.4 QUADAM —
0.2 -
0 . |
02 |- -
04 |- ]
_0’5 N 11 | l [N I W | [ | S | ) I | l | I} I | S S | | | D T W | l L.l ] 1 ]
0 5 10 15 20 25 30 35 4
0.6 Time - sec
- B 1 LA ] [ L 1 T l [ L AL I ] ] ) ] I LI R L l L2 LI ¢ l L L l L l-
04 - SHAKEST ~ —
02 - J
0 L A A ranr ]
-0.2 -
-0.4 .
_06 [ 1 1 1 | l 1 1 1 1 14 ¢ l [ | [ E I I . | [ O [ S R} | ;1 .t ]
Figure 8

0

Comparison of Time Histories at Ground Surface
Computed Using QUAD4M and SHAKE91
for the 100 Foot Dense Sand Layer --
Input Motion: Santa Cruz Record Scaled to 0.3g

22



TE
a5 [ QUADAM i
: SHAKE91 0
o I ‘
c - : b
QS o5 L ) WNA‘ . [in
° u N M
kY - N ik
- [ W I
U 2 11 T g
< - | 3
| 5 15 F | —W :

© m | | |
! [0} 1 C ! ¥ “' E
05 E — T ii\f-’l%\- H
- N Rl :
0 - i Ll | | ‘II L1 -
0.01 0.1 1 10

Period - sec
Figure 9

Comparison of Response Spectra at Ground Surface
Using Programs QUAD4M and SHAKE91
for the 100 Foot Dense Sand Layer --
Input Motion: Santa Cruz Record Scaled to 0.6g

lll]lillllIIIIllllllllllllllllllllllll

QUAD4M

DORNONNDD
II‘IIlIl l[lllllll

Ll gt bl

Acceleration - g
S68S ocooo

1

_1 ool Y I | I S . [ Lddend l ) S S | l p I S | | ) 1 1 | | I T I |

0 5 10 15 20 25 30 35 4
Time - sec

0; L L ] | RAE S [ | L I L I LR I LI | Tt 1 I L IR T M S

o 06 | SHAKE®! T

e 04 =

S 02 [ =

o 0 E e 3

g -02 E .

o -04 - ]

-0.6 §- -

....... é() 08 _

lllllllllll_l;llllllllllllllllllll||||

t
-
1

-

Figure 10
Comparison of Time Histories at Ground Surface
Using Programs QUAD4M and SHAKES1
for the 100 Foot Dense Sand Layer --
Input Motion: Santa Cruz Record Scaled to 0.6g



¥

B¢'0 0} PaPIS PIODSY ZNID DIUDS (WOKOW JnAU)
- J8ADT PUDS 8susd 001 8y} JoJ

L6TAYHS PUD Wravno swniboly Buisn painduwio)d
$3S5US JDBYS WNWIXDW PUD SUOHDIB|BDDY JOIUOZIIOH JDad JO UOSUDAWOo)D

11 @bl
[0:0] [0:0]1 N
........................... \ . 08 08 b b e %
....... _ — 09 oo — \“
17 o | A\
(13
| 1 § [ /
N T
SR RS N or or b /v
........ 0z 0z
- - \
1 1 L. J 1 'y ] 1 1 1 i 1 1] 1 11 O O 1 L —\ L y 1 1 2 } t 1 3 1 1 I3 1 1 ]

000°Z 0057t 000°1 00§ 0 o v'o €0 A 10

45 - $58415 JDBYS WNWIXDW L6INYHS

B - uoHDIBIB DY [DJUOZIIOH YD d
Wravno




690 o) DaJOIS PIODBY 2N DIUDS UOHOW NAuUY
-~ J8ADT PUDS 8sUSg 00! SU4 04

[6INVHS PUD WrayNo swpibold Busn paindwo)
SOS5aUS JOBYS WNUIXDW PUD SUCHDISISDDY [DIUOZLOH Y03 JO UoSUDAWOD

Z1 einby
00l 001
......... — Om Om SONP

09 AN
o Nﬂ
(D]
i}
o
0z f—
\\
[ 4 [ } I 13 13 I3 1 D O 1 § \ I} \ 1 § 1 1
000’y 000°¢ 0002 000°1 0 80 90 Yo 20

FE6INVHS

1501 - SS844S IDBYS LWNWIXDW

Wravno

6 - UOYDISRDDY [DJUOCZUOL JDO




9¢

Wwajgoid ojdwps JO yubg o) saledold [PLSIDW PUD AljSUI085)

£l aunbiy

« \/\ 05C7

0

001 + 000¢C /\/ g

A
05=H
A
05=H sd} 70 = *A
Gyo="
pdozl =4
15d 0l X | =3 :salyedold |[pusiow

9




LT

UOIDNIDAT JUSIDIS0D) DIWSISS Ui Pas seBpam JO uoiduosag

,00¢-

y1 2inbi
'070p - 7| obpam ‘n'ge -9 obpom
‘O0p - | | 9BpaMm ‘0°ge - ¢ abpam
'o'op - 0| ebpom 'o'qe - abpam
ofop - ¢ obBpam ‘o'go - ¢ obpam
‘p -g obpom ‘ge -z obpem
'Diop - 7/ obBpoam '‘D'ge - | obpam
{BIBH jind JUBieH JioH
00€ 00¢ 001 0 ,001-
| | | | | |
I —
0§
|M ((((( 2 & " mu o 2
P
_om WN wQ mQ vQ mQ NQ _Q
\ S 4
cc mo vo mo NO —Hv



Seismic Coefficient

Seismic Coefficient

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

Wedges extending through

1/2 height of slope _

R Horizontal Seismic Coefficient

@ Vertical Seismic Coefficient

®
| g | '
horizontal semi-infinite solution
\ | [
1 3 4 5 6

Wedge Number

Wedges exteding through
full height of slope

B Horizontal Seismic Coefficient
@ Vertical Seismic Coefficient

"

horizontal semi-infinite solution

| L l

~

9 10 11 12
Wedge Number ’
28
Figure 15

Peak Seismic Coefficients
Example Slope Problem






Appendix A - Program Listing of QUAD4M
Rev, 2003

Program QUAD4M is listed herein. The program has utilized some features of
MICROSOFT FORTRAN 5.1 not implemented in the ANSI FORTRAN 77 specifications.
These include data structures and dynamic allocation. When using MICROSOFT FORTRAN
5.1, the program can be compiled to run under MICROSOFT WINDOWS 3.1 or DOS, inde-
pendent of the source listing, but the advantage to using WINDOWS 3.1 is virtually unre-
stricted access to memory, and in combination with the dynamically allocatable variables,
allows large {inite element representations to be analyzed on a microcomputer. When using
MICROSOFT FORTRAN POWERSTATION 1.0, the program runs many times faster, and
has full access to machine memory, but can only be compiled for DOS or Windows NT.

In order to compile under MICROSOFT FORTRAN 5.1, the program was split into
3 modules, QUAD4M1, QUAD4M2, and QUAD4MS3. Also, the program must be compiled
using the options /AH and /Gt in the compile command. In addition, in order to open
enough files at once, a patch may need to be performed on the compiler. This patch and
instructions for use are included on the source disk and are available from MICROSOFT.

The program was also compiled to run under MICROSOFT FORTRAN POWER-
STATION 1.0, which needs no special considerations for compilation of this program.

The included program was compiled using POWERSTATION and instructions for
use are included on the disk.

Acceleration time histories, stress time histories, and seismic coefficient time histories

can be requested as described below. The program requires an input data file, earthquake time

A-1



history files for the horizontal and vertical components, if needed, and a soil property curve

file. The format of these files is described in the beginning comment lines of the program.
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Appendix B - Sample Input

FILE: EXAMPLE. Q41

Sliding Block Example Problem

UNITS (E for English. S for SI: **E (ALY Hek
3
DRF PRM ROCKVP ROCKYS  ROCKRHQ *x (5£10.0) ik
1 0.65
NELM NOPT NSLP **x (315) bl
330 388 4
KGMAX KGEQ NIEQ N2EQ N3EQ KUMB KV KSAV *x+ (815) i

2000 2000 l 12000 3 2 1
DTEG EQMULL EQMULZ  uGMAX] UGMAXZ HDRX HDRY NPLX NPLY  PRINPUT *** (5F10.0.415,F10.0) ***
1

6.02 1 303 8 8 0.5
EARTHOUAKE INPUT FILE NAME(S) & FORMAT(S) (* for FREE FORMAT) *** (A) o
SC_0.4CC
%
SC_V.ACC
:
SOUT AQUT KOUT % (315) sk
11 1
STRESS OUTPUT FORMAT (M or C). FILE PREFIX. AND SUFFIX: e () ok
COMBINED
EXAMPLE
s
i ACCELERATION OUTPUT FORMAT (M or C), FILE PREFIX. AND SUFFIX: *** (A) ek
i COMBINED '
EXAMPLE
04a
SEISMIC COEFF OUTPUT FORMAT (M or C). FILE PREFIX. AND SUFFIX: *** (&) sk
COMBINED
EXAMPLE
K
SYSTEM STATE QUTPUT FILE: o (A)
EXAMPLE . Q4R
NSEG ESEG o (215) Hon
5 3
NOSEG ek (1515) ok
122 130 139 138 137
ELSEG wkx (1515) e
100 108 107
NSEG ESEG ok (715) woex
8 9
NOSEG *xx (15]5) ke
122 130 139 148 157 166 165 164
ELSEG ok (1515) e
, 100 108 107 116 115 124 123 132 131
i NSEG £SEG o (215) wax
: 1 18 , .
; NOSEG wix (15]5) in
11 117 124 132 141 150 159 158 157 156 156
ELSEG wer (1515) ot
89 94 95 100 101 102 107 108 109 110 115 116 117 318 123
124 125 126
NSEG ESEG wx (215) ok
1430
NOSEG % (15]15) owk
11117 124 132 141 150 150 168 177 186 185 184 183 182
ELSEG >k (1515) ok
89 94 95 100 101 102 107 108 109 110 115 116 117 118 123
124 325 126 131 132 133 134 139 140 141 142 147 148 149 150
N NP1 NP2 NP3 NP4 TYPE DENS PO X 6 XLSTR *%% (615.5F10.0.15)
11 2 7 6 1 120 0.45 345 249. 08198
2 2 3 8 7 1 120 0.45 345 208, .11187
3 3 4 g9 8§ | 120 g.45 345 07, 11235
4 4 5 w0 9 1 120 0.45 345 186, .12847
s 6 7 12 11 1 120 0.45 345 220, 10279
6 7 8 13 12 1 120 0.45 345 157, .15053

FULL INPUT NOT SHOWN

314 360 361 370 369 1 120 0.45 345 171, .13981
315 362 363 372 371 1 120 0.45 345 27%. . 06606
316 363 364 373 372 1 120 0.45 345 207. 11287
317 364 365 374 373 13 120 0.45 345 197, 12035
318 365 366 375 374 1 120 0.45 345 196, 12108
319 366 367 376 375 1 120 0.45 345 176, .13583
320 367 366 377 376 1 120 0.45 345 177. .13538




321 368 369 38 771 120 0.45 345 171 13995
322 369 370 379 38 1 120 045 345 169, 14123
323 371 372 381 380 1 120 0.45 35 266. 06966
34 372 373 382 38l 1 2 0.4 A5 24308622
325 372 374 283 382 1 R0 0.45 M5 241 08720
32 374 375 384 383 1 120 b4 345 243 .08638
37 375 376 385 384 1 120 0.5 s 28 .09700
328 376 377 386 35 1 120 0.5 45 225, .09885
329 377 378 387 386 1 120 0.45 M5 24 10768
330 378 379 388 387 1 120 045 M5 2000 11083
N XCRD  YORD BC OUT  XZIH XlIA X Xew X XIV %ok (15,2F10.0.215.6F10.0) +*=
L2100 S0 3
2 200 7.5 3
3 2100 %3
: 4 200 125 3
d 5 -200 0 3
; 6 -1860 50
' 7 1860 37.5
8 -1860 25

FULL INPUT NOT SHOWN

367 3400 37.5

368 3400 25
369 3400 12.5
370 3400 ¢ 3
an 3770 100
3n2 3770 87.5
an 3770 75
374 3770 62.5
s 3770 50
are 770 37.5
an 3770 b
378 3776 12,5
a9 3770 ¢t 3
380 4250 00 3
o 381 4250 87.5 3
i 382 4250 53
- 83 4250 62.5 3
384 4250 50 3
385 4250 375 3
386 4250 % 3
37 4250 1225 3
388 4250 o3




FILE: NEWSOIL.DAT

4
10 #1 MODULUS FOR CLAY (Idriss. 1990: Seed & Sun 1989) upper range
.0001 .0003 001 .003 .01 .03 0.1 0.3
1. 3.
1.0 1.0 1.0 0.981 (.941 0.847 D.656 0.438
0.238 0.144
10 DAMPING FOR CLAY (Idriss, 1990)
.0001 .0003 .001 003 01 .03 0.1 0.3
1. 3.
0.24 0.42 0.8 1.4 2.8 5.1 9.8 15.5
21. 25.
10 #2 MODULUS FOR SAND (Idriss, 1990; Seed & Idriss 1970) - upper Range
L0001 .0003 001 .003 01 .03 0.1 0.3
1. 3.
1.0 1.0 0.99 0.95 0.85 0.64 0.37 0.18
0.08 0.050
10 DAMPING FOR SAND (Idriss. 1990} - (about LRng from SI 1970)
0001 .0003 .001 .003 .01 03 0.1 0.3
1. 3.
0.24 0.42 0.8 1.4 2.8 5.1 9.8 15.5
2%, 25.
10 #3 MODULUS FOR CLAY (Idriss. 1990; Seed & Sun 1989) upper range
.0001 .0003 .00 .003 0l .03 0.1 0.3
1. 3.
1.0 1.0 1.0 0.981 0.941 0.847 0.656 0.438
0.238 0.144
10 damping for sand & refuse (Seed & Idriss 1970) - avg-
.0001 0003 001 003 .01 .03 0.1 0.3
1. 3.
1.00 1.50 2.5 3.8 6.1 8.6 12.4 16.9
21. 26.
10 #4 MODULUS FOR SAND (Idriss. 1990: Seed & Idriss 1970) - upper Range
.0001 .0003 001 .003 .01 .03 0.1 0.3
1. 3.
1.0 1.0 4.99 0.96 0.85 0.64 0.37 0.18
0.08 .050
10 damping for sand & refuse (Seed & Idriss 1970) - avg-
.0001 L0003 .001 .003 01 .03 0.1 0.3
1. 3.
1.00 1.50 2.5 3.8 6.1 8.6 12.4 16.9
21. 26.

FILE: SC_0.ACC (partial listing)

"Loma P. Egk","Santa Cruz"."HZ2_0"."init. vel:","1.36% c/s"."disp: -1.066 cm”

““Total No. of Points :".2000,"@ DT =",.02

"Peak Acceleration (g) =", .4413005,"@ Time (sec) :".7.54
-0.00283% 0.003273 (.004088 0.002397 -0.004423 -0.003957 0.00260% 0.003254
-0.002257 -0.000217 0.005400 0.000527 -0.005296 -0.005056 -0.000565 0.001540
0.003347 0.010519 0.011245 (.000712 -0.002901 -0.006159 -0.011535 -0.015913
-0,008552 -0.0088390 -0.000954 0.011002 0.021674 0.022078 0.016705 (.003633
-0.019671 -0.025850 -0.029108 -0.027187 -0.011781 0.020643 0.027084 0.026296



FILE: SC V.ACC (partial listing)

“Loma P. Egk”,"Santa Cruz", "Vert”,"init. vel:" ".051 c/s","disp: -0.143 cm"

"Total No. of Points :”,2000,"@ DT =" .02

"Peak Acceleration (g) =",.3307056."@ Time (sec) :".7.42
-0.000521 -0.001011 0.000503 0.062530 -0.008624 -0.002452 0.032474 0.034005
-0.002525 -0.028430 -0.015743 0.007411 0.024565 -0.012625 -0.033764 -0.004639
0.007550 0.011532 0.006985 0.012163 0.012117 0.011107 -0.000131 0.002244
0.004372 -0.005036 -0.013182 -G.€10066 -0.000011 -0.003768 -0.005271 -0.000947
0.005143 -0.003727 -0.009742 -0.009777 0.015026 0.014614 -0.001033 -0.019850
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