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SUMMARY

- < ° -

Theoretical and experimental results from computational

physics and noniinear rock mechanics have been merged in order

toc obtain a ceterministic mode

-

of a stick-slip earthquake.

ot

The model has been exercised to uncover the dependence of peak

o

ground motion and response spectra on fault length, rupture
velocity and dynamic stress drop during rupture. A particular

method for generating a d

o
(Il
O‘Q
oo}
9]

pectrum has been tested agsinst

[a X
@

resuits from the model. Utilization of this rministic

technique seems especially appropriate when design information

ot

is required at sites located mear the epicenter.
INTRODUCTION

1

The prediction of earthquake ground motion is a central
problem associated with the aseismic design of civil engineer-
ing structures. Prediction techniques utiiized to dategl's]
have been based mainiy on the analysis of a very limited num-
ber of past earthquake records. Ground motion at a particu-
lar site is expected to be strongiy influenced by epicentral

b

ault type, earthquake magnitude and local site

i

distance,

.

geclogy. Therefore, it seems reasonable to question whether

the data, furnished by existing earthquake records at epi-

central distances less than 20 km, is sufficient to justify

1

the data for pre-

iy

empirical or statistical extrapolation o
diction purposes.

<

In order to both extend the data base and provide a

systematic analysis of the factors which control earthguake

Pt



is important that techniques be developed

et
fas
bt

ground motion,
which are capable of

i. Simulating the rupture process during faulting

in such a manner that laboratory data from ap-

ropriate rock tests may be used to specify the

e,
"

parameters in the rupture model,

2, Calculating the theoretical, free-field seismo-
grams caused by the rupture.

3, DBvaluating the modification of the free field
ground motion produced by the earth's surface
and local site geology.

Computer modeling of the reéponse of geologic materials

to & propagating stress wave of arbitrary ampliitude is now &
9‘:

r"w

standard problem solving technique. These computer codes

% b)

bie of extending the stress wave, eminating from the
[10,11]

are capa

source, into the small displacement elastic region nd

yet are flexible enough to permit very general material res-

-~ o o L1 - ® }.2 5 L %
ponse formulations in the nonliinear region. (12-15] They have

been used to predict the effects of explosive sources on the

s S 116-18]
surrounding rock eavironment!™

and obtain the equivalent

elastic source as a function of rock type, depth of burial

In order to at least partially satisfy the above three
objective es, a stick-slip rupture model has been incorporated
into a two-dimensional {(piane strain) stress wave code. The

fference equations used in the code for conservation of



o

linear momentum, strain ra:

3

¢ and simulation of a slipping

interface are identical to those reported by Cherry,
. (8]

This earthquake model furnishes the near source ground
motion caused by the stick-sliip rupture process. The only
ilimitation in the model is the plane strain assumption which
implies an infinite fault dimension normal to the plane.
Theoretical seismograms from this model would be appropriate
for an earthquake having an out-of-plane fault dimension
comparable to the distance between the fault and the build-
ing site.

The model has been exercised in order to uncover the
dependence of peak ground motion and response spectra on
fault length, rupture veiocity and dYHamlc stress drop dur-
ing rupture, i.e., on the important fauxt parameters which
control the reiease of seismic energy during an earthquake.
The theoretical seismograms obtained from this study repre-
sent free-field ground motion. They are appropriate to an
earthquake occurring in an infinite, homogeneous geologic
environment.

Separation of earthquake ground motion into free-field
and site amplification components appears to be a natural

[20]

decomposition.t Site amplification effects are capable

nf bed

fedo

ng inciuded in the analysis by permitting the free-
field ground motion to drive a specific site., Modification

of the free-field ground motion by an inhomogeneous, nonlinear



]

geologic environment will not be addressed in this paper.
However, it is important to note that this modification is
a natural extension of the computational technique, given

the material properties which characterize the local site

geclogy.

SIMULATION OF THE EARTHQUAXE SQURCE

<

The elastic rebound theory, developed by H. F. Reid

after the 1906 San Francisco earthquake, implies that the

e fault surface is responsible for the

o
g

rTupture process at

relative displacement across the fault and hence the seismic

waves radiated during

5

the earthquake. Almost sixty years
(217 . . -
passed before Benioffl“!! showed that the fault displacement

inferred from the elastic rebound theory was consistent with
seismological observations which suggested that the earth-
quake source function for the radiated seismic energy should
be a double couple. Folliowing Benioff's work, it became

‘the earthquake

clear that an understanding of the nature o

iy

source depended on an adequate simulation of rupture propaga-

Fh

tion over the fault surface.
Any formulation of the rupture process must provide
quantitative answers to the following three questions:
i. Why does rupture occur?
2. What is the stress adjustment during rupture?
3. When does the rupture heal?

As an added constraint, the rupture model must be able to



s o 5

accept pertinent laboratory test data in order to speci

}.Ju
<

the parameters in the model.

With this constraint in mind, a stick-slip model of
rupture has been formulated which answers the above questions
as foilows:

1. Rupture initiation is piastic work dependent.

2. During rupture the tangential stress at the

slipping interface 1s relaxed to its kinetic

d

¢
pte

rict

sy

on value. This relaxation allows adjacent

o]
ot

points on the interface to move apart {sliip).

o

3. The rupture heals (adjacent points on the inter-
face stick) if the relative velocity between

wo ad

i

acent points changes sign and if the

e

tangential stress at the interface is sufficient

to maintain continuity of ¢

o

ngential velocity.

The fault surface is simulated by decoupling the grid
line over which slip is to occur in order to isolate the
normal and tangential components of stréss at the interface.
Contact -discontinuity boundary conditions, involving continuity
- of normal stress and normal velocity components, are applied

8] 1f the

in order to solve for the normal stress component.
boundary pocint is "welded', i.e., not slipping, then the
tangential velocity component will also be continuous. This

latter condition permits a unique solution for the tangential

stress at the welded point.



The basic mechanism for releasing the st

]

ain energy
in this rupture model is the relaxation of the tangeantial
stress from its '‘welded" value to its "kimetic friction®
value, Figure 1 follows the tangential stress at two points

on the faulit surface {(slipping interface) during a calcula-

e

tion in which the stick-slip model was used to release the
strain energy. For this particular caiculation the fault
length eventually grew tc 10 km. The solid curve in the
figure corresponds to the point on the fault where the rup-
ture starts (the focus) while the dashed curve is for a
point on the fault 2.5 km away from the focus. The initial
value of tangential stress {To} on the fault was one Kbar.
During rupture this stress component is relaxed to its

kinetic friction value (Tk). In this probliem Ty = 0.5 kba

H

The tangential stress is maintained at the Tk value until

adjacent points on each side of the fault reverse velocity.

fault sticks) if the tangentlal stress, required to maintain

continuity of tangential velocity, iies between = Ty After

the points are tied the tangential stress finds a static
A

equilibrium value (t_J.

Notice that for the point 2.5 km away from the begin-
ning of the fault, the tangential stress builds to a maximum
of 1.43 kbar due to stress differences parallel to the fault,
before the plastic work criterion at this distance is violated.
This occurs at 1.12 seconds; rupture begins and the tangential

stress is relaxed to 0.5 kbar.
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igure 2 shows the final static level attained by the
tangential stress over the 10 km fault. Results from all
problems run to date indicate that at least one point on the

fault will stick early and cause a mild stress concentration

| o

iC soiution., In this figure the concen-

Je

to occur in the siat
tration occurs 3 km from the focus. Figure 2 also shows that
most of the static stress drop occurs at the end of the
where the rupture stops; a result that is again common to all
calculations having a finite rupture velocity. The average
value of T, over the 10 km fault is 0,355 kbar. Therefore,
the ratio of static stress drop to dynamic stress drop is

0.29. Due to high frequency attenuation in the earth, tele-
seismic ground motion and hence teleseismic magnitudes should
be sensitive tc the long period portion of the source spectrum,
i.e., to the static stress drop. The dynamic stress drop on
the other hand will be shown to control the peak grbund motion
in the near field.

Figure 3 shows the relative displacement over the fault
at 0.4 second intervals. The point that sticks early, 3 km
from the focus, is responsible for the stress concentration
at that distance in Fig. 2.

The rupture velocity over the first 7 km of the fault
was 2.15 km/sec. At this distance the plastic work criterion
was increased so that the rupture would not stop abruptly.
Figure 4 shows the arrivagl time of the rupture versus distance

aiong the fault. Over the last 3 km the rupture velocity is
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Relative displacement on 10 km fault at 0.4 second
intervals.

Figure 3.



*aineF 2yl Suofz 9OULISIP SNSISA ainadnr syl JO SWII [BATILY °p oindrjg

(v) snDo0F wWoxF |dUBISI(

11

dny 3O SWTi IBATIIY

s}
B

{o8s) szn




approximately 1.6 km/sec, giving an average rupture velocity
over the entire fault of 2 km/sec.

Plastic flow is caused by the inability of real geo-
logic materials to support unlimited values of shear stress.
'he devistoric stress component in the yieiding element are
modified such that the resulting stress state is consistent
with a Mises yield criterion (Egq. 1, Appendix I).

Initially, plastic flow was included in the model in
order to remove the large stress concentrations that occurred
at the ends of the rupture during calculations involving only
linear, elastic material behavior. It was immediately found
that rupture velocity could be controlled by allowing rupture
initiation to be dependent on the plastic work dissipated
during the yielding process (Egs. 3 through 5, Appendix I).

Heard[ZZE has obtained experimental data showing that
Crystalline rocks undergo significant yielding prior to
brittie failure at the temperatures and pressures appropriate
even for shallow earthquakes {focal depths of around 10 km).
We have allowed this mechanism to control the rupture velocity
by specifying the plastic work for rupture to be a function of
distance from the focus (Eq. 6, Appendix I). This requires
not only that the dimensions of the fault zomne be specified,
but also the relation between the yield surface and the stress
state in the fault zomne.

The calculations reported in the next section assumed

an elliptical fault zone with ail the material in the fault

12



zone initialily 1ying on the yield surface, i;e., an attempt
to increase the second deviatoric stress invariant above
its initial value in the fault zone causes plastic flow and
therefore plastic work.-

The fault model is not restricted to a plastic work
rupture criterion. Since the components of stress have been
isolated at the fauit surface then a rupture criterion could
easily be formulated in terms of these stress components.

For example, the tangential stress could initially be

he boundary. This would allow the fault to slide

e

mitea at

[

i
stably, i.e., creep. In Fig. 1 creep would occur at a given
distance from the focus if the allowable tangential stress
were less than 1.0 kbar. The drop in tangential stress to
its kinetic friction value (rupture) could then be made a
function of the size of the creep event. Stable sliding has
been observed, prior to rupture, in laboratory stick-slip
events in piates of Westerly granite.izs] Creep may prepare

Ead

the fault surface for rupture by polishing the surface.
Rupture velocity could be controlled by varying the magni-
tude of the creep event required to cause the tangential
stress to drop to its kinetic friction value.

Frictiomal siiding on ground surfaces of granite has

124] For values of normal stress

o

been investigated by Byerlee,

{o_) varying between 2 - 12 kbar over the surface, he found

W

kA

that the tangential stress drop from static friction (To) to

kinetic fricticn (Tk) is given by

13
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While this relation was established for specimens at
room temperature and for specially prepared surfaces, it
probably furnishes an upper limit €o the aliowable dynamic
stress drop for shaliow earinqguakes, This stress drop was

assumed to be esither 0.25 or 0.5 kbar for the calculations

discussed in the next section.

SUMMARY OF INPUT PARAMETERS
In order to exercise the rupture model in its current

form, a number of parameters must be specified. These are:

® The Tault Zone. An elliptical fault zone, defined
as
z‘;i - y.i = 1 (2)
8‘.2 "DZ
was assumed with all the material in the fault zome
initieliy lying on the yield surface. The origin
of the x-y coordinate system is located at the
center of the fault, as shown in Fig. 5. Elastic
behavior was assumed for the material outside the
fault zomne. The minor axis, b, was 2 km for all
calculations, The major axis, a, extended 3 km
beyond the end of the fault.
® The Plgstic Work Reguired for Rupture Initiation.

A unidirectional rupture was assumed as shown in

Fig. 5. For a given fault length, L, the functiomnal

E=3

foct
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The

-y coordinate system in the center

The computational grid extends be-
0 km radius in order that reflection

m external boundaries do not interfer with the

ge fieid ground motion.

itored during the calculations.
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EC;_Q 6)
{ I a
W= 0 < x + 5 < %3 {3a
%\“’ - T 2/,@ o0&
. L d ;
W= X+ x> = 3b
W 7 2% (30
Rupture starts at x = - L/2 (W = 0) and is assumed
to terminate at x = L/Z., In the calculations,

N Y Y e = P & Ta, S i e P
peymititea outsiae tne intervail

<

not change from its initial value during the cail-

[§e

culation., Therefore, the assumed stress drop re-

kbgrs. The initial stress {1t } was the same for
0
all calculations with © = 1 Xbar.

The Shegr Modulus {(u), Bulk Modulus (k) and Density

hese guantities were maintained constant for
all caicuiations, with u = 324 kbar, k = 478 kbar
eand o = 2.8 g/cc, The corresponding compression

and shear wave velocities are a = 5.7 km/sec,

[}
[}



Table I summarizes t input parameters (&, ¢, d, L,
R Tk} along with the rupture velocity (VR} and the average
static stress arop [10 - "S) that resulited from the four cali-
culations. Since a, B, p, D, and t were the same for all

calculations, these parvameters are not listed in the table.

TABLE I
/ i ; ]
: % T =T V T =T :
i ; ¢ K R o S
I h T LT = 7o b
d-\i\ﬁ .:\.&m; L{-\KDd.fj U{yl/ib C} (z(Ga.i}
by ? ;
’ ¢
L

107 0.5 2.0 0.145

5A 6.7, i0 1| 5 6.5 ¢ 2,15 10.178
58 6.4 16 5 6.5 1 3.75 0,224
5C . L ’

(&)
<
o
N
(93]
N
(-]
],.,..4\
L
(]
L
}‘w
f_., L]
<o

GROUND MOTION AND RESPONSE SPECTRA
ALl ground motion calculations are easily separable

intc compressional (P} and shear (8) components. This is

8]
e
=
(o]

2o -~ : 3o “)'\ -
accompliisied by monitoring the divergence (V ¢ s} and

{(V x s} of the displiacement field at selected points in the

eiastic regime. These components are snown in Figs. 6 and

10 km from the center of the fault. The finite rupture

pattern, with the S component in the fault plane (direction

of rupture) epproximately twice as large as the S component
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w is due to the inability of real materials
to support unliimited valiues of shear stress., In the code the
deviatoric stress components are modified such that the re-
istent with a Wises vield

L5 Con

TESS stat
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where S,. 1s the adjusted siress deviator
i3
e
S.. 1is the stress deviator cziculated by assuming
~J
that the total strain rvate is elastic, and
- A I
J =% (8.. 8..) (2
7 L i3 jlj L ]
For a triaxial test, Y corresponds to the maximum allowable

iifference between V30 and Y during yielding. When this
accumulation reaches a specified value then the point at
the fault surface enters the slip routine. Between two

consecutive cycles, n and n+i, the accumulation takes the

form
a+l _ n . /35 - Y [ y2
e = e g, KJ 3=
{3)
n+ ] n / V2o
ettt = g \J < 5»-/

38



Sguation (%) is simiiar to a piastic work cri
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where the plastic work (E7 7) is given by

Equations (3) and (5) differ only by the factor Y?*/3u.

We nhave been successful in both controliing rupture
velocity and reducing the stress concentrations at the end
of the fault by ailowing W, in Eq. (4), to be a specified

function of distance from the point of rupture initiation.
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where L, Cc and <& are input parameiers. The ruptu
constrained to iie between -L/2 < x < L/2, where L 1is
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