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SUMMARY

During the second six months of the subject contract, the
purpose of the research program was to investigate properties of
an earthquake source, to provide a physical basis for discrimination

between diiferent types of seismic events. The two main approaches

used were:

1. To investigate thoroughly the only known analytic solution
for a three dimensional problem of earthquake faulting, in which

shear stresses on the moving parts of the fault surface are deter-

»

mined ty a simple law of friction.
2. To develop the computational capability co determine the

seismograms which would result from any assumption about

the relative shearing motlons taking place across an earthquake

fault.
Research on the first of these approaches 1is based on modeling

the rupture process of earthquake faulting by a shear crack. The

shear stress, on moving faces of the crack, 1s taken as a constant

(the dynamic coefficient of friction) times the normal stress

acting across the crack. The crack is presumed to grow from a

point (i.e., the point at which rupture begins on an earthquake

fault), and then grows steadily as an ellipse with fixed eccentricity.

The great virtue of this earthquake model 1is that it 1is based on

very simple physical principles of mechanical failure, and no

a priori assumption is made zobout the displacement on the crack

surface itself. The resulting accelerations can be found everywhere

within the elastic medium. ®rincipal properties of the computed




solution are: (1) that particle velocities, near the rupture
front, increase with increasing distance from the point of initial
rupture; (i1i) that it is exceedingly difficult to detect any fea-
tures in a record section of near-field seismograms which will
enable one to determine the rupture velocity; (iii) that the con-
cept of "maximum acceleration'", observed in the near field for a
given earthquake, 1s an unstable property of the positioning of
the observing point within the radiaticn pattern, rather than a
macroscopic property of the earthquake itself.

»

The goal of our second major research approach has been fully
attained. That is, we have developed a computer program to find
the seismograms hich would result from virtually any earthquake
source, described in terms of the rupture velocities and relative
displacements taking place on a fault plane within an infinite
honogeneous elastic medium. We have used this program extensively
to examine the ground motion which would take place near an earth-
quake fault for several dislccation models of the earthquake.
Quite different dislocation models can give very similar displace-
ments at stations located only one fault dimension from the fault.
In particular: 1) models witn fault motions and rupture geometry
quite different from Haskell's propagating ramp can often have
near-field motions very similar to those from a ramp model; and

2) quite similar near-field motions are founa, for different ramp

models in which the rupture velocity and rise time are varied !
together over rather large ranges (e.g., a factor of three in 1

rise time). i




3.

We infer that there is considerable ambiguity in interpreting
near-fleld displacement data in terms of a model of fault motion.
The ambigulty may be reduced by using acceleration data, although
this entalls a considerable increase in computer time for solving
forward problems.

Both of our research approaches indicate a result which will
be of importance in determining, from seismic data taken in the
very near-fleld of a propagating fault, details of the fault motion
l1tself. We have found that the component of (vector) displacement
which 1s most sensitive to the fault motion is the compdnent per-~
pendicular to the fault surface. One might have expected that
the most sensitive component would be that parallel to the direction
of slip of the fault. Many experiments, part‘icularly rock mecha-

nizs experiments, have emphasized measurement of fault motion

parallel to the slip direction, but we find this
1s a component which is very insensitive to rupture veloclity.

The two research approaches described above are each expected
to lead to a research publication. Our efforts in tlhe third six-
monith period of the contrazt will be directed towards problems
in which the free csurface of the earth has an important effect

on waves radiating from an earthquake source.

Elastic Waves near the Rupture Front of a Growing Plane Elliotical

Shear Crack:

A Three-Dimensional Solution

Earthquakes are a stress relaxation phenonenon: upon this,

there has been general sgreement among seismologists . r over fifty
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years. In this section, we describe a kind of fault metion which
falls into this category, in which an initially high stress field
is relieved by motion on the fault surface. We then describe the

accelerations and displacements in the near-field of such a propa-

gating fault.
We suppose that an infinite elastic medium is subjected to

tectonic shearing stresses in the xz direction, with a fault in

the plane z = 0. In this situation, a crack nucleates at a point,

and a rupture front spreads steadily, initiating relatiye motion
across the fault plane. We suppcse that the rupture front maliln-
tains the shape of an ellipse, shown in Figure la, srreading
steadily with speed o in the x direction and speed v in the y
direction. This much of the description of earthquake faulting
is "kinematic". However, the boundary condition we impose on
fault plane is "dynamic". Ve suppose that dynamic friction
forces act on those parts of the fault which are in relative
motion: shearing stresses are taken to be proportional to the
normal stress. It 1s often convenient to use spherical polar
coordinates, shown in Figure lC. rather than cartesian co-
ordinates. Our computations are principally for points near
the fault plane, since we are interested in trying to dztect
the presence of the rupture front as it moves past observing

stations. Many of our computations are carried out for the

case 6 = 85°, The rupture speed 1s taken as less even than the shear

wave speed, so the only wave fronts in this problem are th«

spherical P and S wave fronts emanating from the point of initial

nuclea-ion. The rupture front itself does not radiate a wave




front.

These assumptions turn out to be enough to set up a boundéry
value problem for motions throughout the elastic medium. The
solution has been published by Richards (1¥73), and here w-> are
concerned with evaluating the solution to obtain insight into the
behavior of shear stresses and accelerations in the Vielnity of
a propagating fault.

Figure 2 shows one of the quantities which can easily be
computed. On the bottom left is shown a quadrant of the elliptical
part of the fault, which is in motion. In this case, ripture in
the x direction is taken as the Rayleigh speed, aru in the y
direction as the shear wave speed, The xz component of stress
is teing relieved by the fault, and the major part of the figure
shows four different time histories for the strcss rate ;xz’ et
different azimuthal angles ¢, for points near the fault plane.

It is the stress rate which comes naturally out of the solution
method, and it is natural to express the solution in a dinension-
less form. The factors relating dimensionless and dimensioned
stress rates and times are shown at the upper right of Figure 2:

a, B and p are respectively the P wave speed, the shear wave speed,
and the density; a i1s the particle velocity at the point of
nucleation. Particular values of these dimensioning factors
are shown, for a poiat 10 km away from the initial rupture,
with an assumed particle velocity of 10 cm per second the

initial rupture.
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Figure 3 shows the result of time.integrating Figure 2, to

obtain Tea itself. Again, the shear stress is plotted in dimen-
sionless form for four points near the fauit plane, differing
only in azimuthal angle. It may be seen that Txz has a rather
different time history at each of the four azimuths, but the
value for large times 1s everywhere the same, about -8 units.
With an initial particle velocity of 100 cm per second, this
translates to a stress drop of about 200 bars. Figure U4 differs
from Figure 3 only in that the rupture velocities are halved.
For the same initial particle velocity of 100 cm per se;ond,
the stress drop now is about 300 bars.

We should like to emphasize the three-dimensional nature
of thils earthquake model. Because the xz component of stress
is the only component being relieved by fault motion, it
follows that the other shear component on the fault plane,

Tyzs should have final values unchanged from zero. Figure 5

shows this indeed to be the case, in that Tyz at different posi-

tions near the fault plane does tend to zero for large times,
out it will be seen at intermediate values, particularly at times

near the rupture arrival, to be large. This kind of feature

is important to consider, since fault motions must begin at a point,

and then spread over the fault surface with a rupture front which

i1s a closed curve (or several closed curves) in the fault plane.
Figures 2, 3, 4 and 5 all describe the stress history near

a rupturing fault and help us understand how stress is relieved

hy the stress relaxation phenomenon of the earthquake. But, of
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course, seismic instruments are built typically to record accelera-
tion, or displacement. Figure 6 shows both, again for four differ-
ent azimuths, and plotted here as solid lines are the x components
of acceleration and displacement, for points near the fault plane.
The dashed line 1s the displacement time history for that point

} on the fault surface which 1s nearest the station with azimuthal

angle as shown, and 6 = 85°, Acceleration clearly has a different

: time history at these locations,and if particle velocity 1is 100 cm
per second on the fault, then maximum accelerations are around

1 g at the distance 10 km, for ¢ = 1°, 30°, and 60°. The case

¢ = 89° is pathological, because theré the rupture is eusentially
riding on the S wave wavefront, and accelerations are up around
several tens of g, due to the Doppler focusing of energy. However,
the displacement (obtained by double integration of acceleration)
i1s about the same at 2ll four different positions,and in each case
the computed displacement is similar to the dashed curve, the
actual shear dislocation of the nearest point on the fault surface.

Another displacement that is important to investigate is the

component normal to the fault plane. Figure 7 shows the accelera-
tion of displacement in this direction, in the case of somewhat

slow rupture propagation. The first remarkable point 1s that the

acceleration time history has essentially the same shape at all
the four stations. However, the scale 1is very different. This ]
similarity in shape 1s due to the fact that that part of the fault |
plane which 1s irn motion has been twisted through a constant angle

out of 1its original plane, so that the z components of acceleration ‘

g and displacement will have a magnitude which is proportional to the

e
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x coordinate. Displacement is shown here as a dashed line. The

second limportant point to make is that the 2 displacement may be
a good marker of the rupture front going nearby. If one actually
had data for displacement of the type shown as dashed lines in
Figure 7, then one would not be far wrong in picking the times

of rapid change in z displacement as the time the rupture front
is passing nearby.

The stress relaxation model being described in this section
has the property of a stress drop which is proportional to particle
veloclty at the initial point of rupture. It is clearly useful
to know the constant of proportionality, and in Figure 8a is
plotted a value for thls constant, for a range of rupture velccities.
The solid curve in Figure 8a was attained by evaluating an integral
given by Kostrov (1964), for a circular crack. Another way to get
trhis curve is to take the time history of stress rate as shown
in Figure 2 for a point near the fault plane, and to integrate
this up to find the final static value of the stress drop. Carrying
this procedure out at two different rupture speeds results in the
two crosses shown on Figure 8a: the agreement with Kostrov's
curve gives one confidence that the numerical work 1s self con-
sistent. The basic observation to make about Figure 8a is that
the curve is almost a straight line through the origin. In fact,
the slight negative curvature is important , since it implies that
faults are unlikely significantly to overshoot their final static
displacement. One can conclude this by re-plotting the curve,
using it to find-out how much displacement there 1is at the center

of the fault, at the time the fault surface has acquired a fixed

P e T T I T E gl T I e = | e — = S o
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radius, e.g., 1 km. If rupture were then to stop, we ask: "Would
displacement across the fault continue to grow in the same dlirection,
or would it have to reverse?" The curve shown in Figure 8b in-
dicates that if the fault displacements are to end up in a final
static configuration which is appropriate to the stress drop pre-
vailing during dynamic rupture, then the displacement will have to
grow up to the static value from below, and overshooting is not

required.

REFERENCES

Kostrov, B. V., Self-similar problems of propagating shear cracks,

Journal of Applied lMathematics and l!lechanics, 28, 1077-1087,

1964,
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FIGURE CAPTIONS

Parameters for a growing elliptical crack: (a) the
plane z = 0, seen from the side with z > 0; (b) the
definitlon of spherical polar coordinates (R, 8, ¢).
Azimuth angle ¢ is taken between the plane y = 0,

and the plane containing the field point and the

Z-axis.

Figure 2 The time history of stress rate, shown at four

different azimuths. At bottom left is shown the

relative positions of that part of the fault surface
which 1is in motion (shown shaded); the S wave
wavefront; and the P wave wavefront. Stress rate
and time are plotted as dimensionless quantities,
and factors shown at the upper right may be used
to convert the plots to dimensioned values for
specific cases.

Figure 3 As for Figure U4 but showing stress. This figure

was obtained via a time integration of Figure 2.

Figure {4 As Figure 3, but with rupture speeds halved. '
Figure 5 As Figure 3, but for the Tyz component of shear. %?
Figure 6 As Figure 2, but showing the x-component of acce- i

leration and displacement. Acceleration values are

obtained from the peaked curves, and left-hand b

vertical scales: displacements from the monotonle

curves, and right-hand scales. Dashed curves show

the displacemerntc time-history at nearest points on

the fault surface itself.



Figure 7

Figure 8

I

As Figure 6, but for the slower rupture speeds, and

the z-component of acceleration (solid) and dis-
placement (dashed).

(a) Evaluation of formulae given by Kostrov (1964)

for the particle velocity at fixed stress-drop,

shown as a function of rupture speed, for a circular
shear crack.

(b) Fault displacement (i.e., half the maximum offset),
shown as a function of rupture speed, at th time

the fault acquires a radius of 1 kilometer.
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‘Program to Compute Seismograms from Prescribed Shear Dislgccations:

Comparison of Strong Ground Motion from Several Dislocation Models

Ore approach to stucying details of the earthquake source
mechanism is to study records of strong ground motion near.
the causative fault. At these short distances, where the
effects of scattering and attenuation are minimal, one can
best expect to learn about the iay rupture grows and stops,
and the time function of displacement on the fault. However,
interprecation of sireng motion accelerograms recorded near
the causative fault is not Straightforward. Several workers
have studied these records in terms of a dislocation model
in an infinite space. For the time history of disf%cation,
Akl (1968) used 2 bropagating step, but later workers (fer
examole, lasiell, 1969; Kanamori, 1972; Trifunac, 1974;
Trifurac and Udwadia, 1974, Anderson, 1974) used a propagating
ramp. Thesc workers fourd pnarticular cormbinations of para-
meters such that the displacements resulting from their mnodels
arproximately fit the integrated accelerograms for the ecarth-
quakes studied. Their results demonstrate that the long period
¢omponents of near field data can be fairly well matched, in
spite of the limitations of the theory and the dislocation

model. .
Dislocation models are generally found by trial and error.
The model found is not necessarily the best, nor is it the ¢nly
one which will adequately fit the data. In fact, models signi-
ficantly different from each other are possible. This ambiguity

is demonstrated by the variety of solutions from several studies




of the Parkfield, Californis, ecarthquake of June 27, 1966.‘
For example, models have been found with rupture wvelocities
of 2.2 km/sec (Aki, 1968; Tsai and Patton, 1972), 2.4 to 2.5
km/sec (Trifunac and Udwadia, 1974) and 2.8 to 3.0 km/sec
(Anderson, 1974). '
In this paper the nature of this ambiguity 1s examinea
in more detail. This has been done in the following ways:
1) A computer programn has teen developed which can
calculate, for a wide vafiety of dislocatign mo-
dels, the time history of displacement at any
point in an infinite, homogeneous, elastic space.
2) Several type. of dislocation moacls, including a
propagating ramp, are used, and displacemernts at
nearby stations are studied to try to learn:
A) What factors of the fault motion are important
to ground displacemnent nearby, and B) From the near
.ground displacement, how much can be liearned abtout
details of the fault dislocation.
3) Propagating ramp mocdels permit relatively rapid
computation, so we have used them in several cases

to compare their near-field motions with those of

ctner models. A surprisingly good match can often
be found.

4) An attempt is made to understand why a propagating
ramp can often work so well in fitting displacements

caused by other dislocation models.




Description of !Method

We model the earthquake by a discontinuity in displace-
ment across a rupturing fault. Specifically:

1. A fault plane is assumed, here the X, = 0 plane.

A location on the fault plane is given by

-
£ = (&,, £,). Station locations (observation

points) are given as x = (xl, X, xa).

2. Here the fault will refer to that bounded region
of the fault plane which is offset during tﬁe
carthquake. During the carthquake, as vic%ed
in inertial space, a particle at point E attacl.ed
to the x3 > 0 side of fault has the motion G+(E, ) s
If the same particle were attached to the X3 < O

side of fault, it would have the displacement

T -

u (£, t). The dislocation function is then
D(E, t) = 0"(Z, t) - T(E, ).

3. Using formulae given by Haskell (1969), the dis-
placement at any point in an infinite homogeneous

elastic space caused by the dislocation B(E, t)

can be calculated.
A computer program was developed which is capable of

<> -
using any dislocation function D(E, t) provided that function
is smooth enough in space to be integrated using the ROMBERG

scheme. This differs from the application usually made of

Haskell's formula, in that we do not assume D to be the pro-

duct of a function of space and a function of time. Furtherrniore,

we do not restrict the time dependence to be ramplike. Ve do




however, require that the function be continuous in tine.
A typical formula from the laskell paper is

.  (r/8
u,(x, t) = (Bz/UN).[y;a 6(5712—1)rff./. D(Ey, Ea2, t-t!)tltat!
£ r/a

+2(6y,2-1)(ar)”2 D(&,, £,,t-r/a)
-3(4v,%2-1)(8r)"2 D(§,, &,,t-r/B)

+2v,%(a’r)7! D(E,, E,, t-r/a)

~(27,2-1)(6°r)"! D(E,, £, t-P/B)} ag 1 GE,
Here u; is the displacement in the x, direction due to & dis-

location D = (D, 0, 0) on the fault plane I. Parameters a, B8

are the P- anc s- wave velocities; r = |§ - El; and -

Yy = (x4 - £4)/r.

i Integration of the terms in r were achieved by reversing

IS

the order of integration and differentiation as follows:

.[ﬁ%Yanz(a’r)“‘ D(Ey, E2, t-r/a’ : ﬂ;‘
X

= Y3(2Y12-1)(33P)-l b(El, Ea2, t-P/B)) dg,dg,

d .
dat .IéYaY,Z(a3r)“'D(gl, £E,, t-rsa)
A .

Y (ZY 2"1)(831").-l D(El, 52, t_r/B)\dE;ldgz
3 1 /

For this step to be valid, it is usually sufficient that the

dislocation function be continuous in time. This allows the

.

pam——aaas o 8
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use of disioccation functions which have irn‘inite particle

velocities at the rupture frent. The function which res,l14$

from the double integration over the fauit plane varies smoothly

in time and does not cause any unustal) problems in numerical
differentiation.

All the .ntegration is done using a ROMBRERG scheme. The
ROMBERG iategrations were stopped when two successive esti-
mates of the integral differed by less than a specified error,
usually taken as 5%. At worst, the program took about 1%
sec/data poirnt (3 aispliacement components for the same point
in time) on an IBM 360-95, and at best was ten times faster.

The program was chachked in the following weys:

l. Using a propagating ramp dislocation functién, dis-
Placement seismograms were faund to agree well with
results of Tsai, Trirunac, ai1d Boore (personal
com.unications).

2. For several rodels, calcrlation of displacements at
stations located on plones of symmeiry resulted in

displaceicent amplitudes (for theoretically zzro com-

ponents) at least five orders of magnitude s) aller than

for non-zero components.

3. Using a propagating rary dislocation function, an
array of 19 points in :pace for three times was found
to yield a finite difference form of the elasticity

rquation:

: > P - R -
u= (a2 - B2)V(..u) + 292y

Ry -




b, A severe test was made by taking the dislocation B

to be tha. for a self similar crack, and comparing

the calculated displacements with results obtained

using an entirely diffefent meithod (Richards, 1973).

The dislocation functions used here, which are intended

to be illustrative and are not physicallr realistic, are given
below. In Fig. 1, an example of all.but one of the dislocation
functions is given to show how it grows in space. The shading
(see cauption) denotes either that part of the fault which is
in motion, cr .hat part which has achieved less thé% half tne
final average offset. The symbol given for each dislocation
model in Fig. 1, which schematically suggests the way the faults

grow, will be used to identify models in later figures.

The self-similar crack is a solution (Burridge and Willis,
1969) for a crack growing in an infinite anisotropic elastic
medium with ccnstant tractions on the fault surface. To be

useful for our purposes, there must also be a mechanism for stop-

ping the rupture. Thus {1e dislocation function here called

"scif-similar crack" is, initially, a self similar crack,

¢

but it is-stopped instantaneously. The dislocation function

called a '"pinned annzaling crack" also begins as a self-similar

crack. When the rupture front reaches a designated point on |
the fault plane, that point does not rupture. From that point, i
an arnealing i1ront cspreads which stops the ripture instanta-

ncously as 1t passes other points on the fault.




The one cource om!tted from Fig. 1 is a smonthed propa-
gating ramp with the time function suggested by Ohnaka (1973).
For brevity we shall refer to this model as an "Ohnaka ramp".
It 1s used as an example of a dislocation fun:tion in which
the particle velocity on the fault is continuous in time.

On Fig. 1, this model would look identical to the propagating
ramp. Fig. 2 shows the dislocaticn function in time for three

models, including the Ohnaka ramp which was omit. u from Fig. 1.

For all the models given below, rupture begins at a point
or on a line at t = 0, and a given point on the fauit plane
ruptures at t = tr(g,, £,). The dislocation direction is
always parallel to £,: D = (D, 0, 0).

The point ¢ = (0, 0) is taken to be the peometrical center

]

- of the fault for all models except the pinned annealing crack,

where it is the point rupture initiates.




Propagating Ramp

le,| > w2, lg,| > w2

0 t <ty
Bra ™ tp €<t <ty + 7
\\Dmax th.t Tt
.y +
where t, = (& . e
(l = fault length
W = fault width
Input: \' = rupture velocity
T = rise time
D = final displacemert

max
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0
t - ¢
r
Dmax T
Dnax
i
= E, *Ly/2
tI‘ () /)
v
=
L = fault length (length of axis of ellipse)
W = fault width (length of axis of ellipse)
\' = rupture velocity
T = rise time

Dmax = final displacement




Self Similar Crack

where

Input:

2
£ oo ® € 2
max os
t < tr
1
B BT
- ] : <
37‘ - vZ Lr -~ t f tmax
1
- C]z - €22 2 t < t
g2 ve max

2\%
+ 827"
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rupture velocity 1in £, direction

<

rupture velocity in g, direction

particle velocity at origin

time motion stops (instantly over entire fault)
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Pinned Annealing Crack

(o

rupture velocity in &, direction

- rupture velocity in §, direction

particle velocity at origin

point on fault where anncaling begins

annealing velocity
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Bilateral Propagating Ramp

0 lg, | > L2, |5,] > e
0 t < t,
D =
Dmax_° ~ tr tp <t < tptor
T
D ¢
\ max tr + 1<t
I, |
t, = ]
r v
L = fault length
W = fault width . é
\ = rupture velocity i
T = rise time
1
Dmax = final displacenent

- T e Y




Ohnaka Ramp

ey > L/2, |g,| > w2

t <t

+
tr <t < tr 101,

t + 1071, < ¢t
t

[ 2

fault length
rupture velocity
:rupture velocity

related to rise time

final displacement
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Numerical Results

To permit reaningful comparisons between different models,
two normalizations are used through the rest of this paper,
unless specifically noted otherwise, First, we take the fault
area A = 1 km?, ‘his fault area right be in the range

priate for a magnitude 2% Lo 3 earthquake (Wyss and Brune,

appro-

1968). Second

» We note from equation (1) and from laskell

(1969) that the displacerent at the station is linearly pro-

ortional to the cis lacement on the fault surface. Therefore
p - 3

without loss of generality we take the average displacement

on the fault to be T = 1 ¢m. The displacements calculated

are plotted as the fraction of the average displacement on

the fault. Unless noted otherwise, the ctation is @« distance

1l km from the center cf the fault, but may be considerably

closer to some portion of the rault.

In what follows, all the above dislocation functions will

be used to calculate displacements at several stations. When

comparing faults with different geometry, the parameters

are chosen and the final faults aligned so the models

Will have as much of the fault plane in common as possible.,

The location of all the stations used are iisted in Table l;//////
We will be examining the derived displacements, and- comparing

to see what can be learned about the source medel, The crucial

point in examining the differences between tvo seismograms

€nces are large enough to make




it possible to distinguish between the two scurce models.

In many cases, we find two different source models are indisn
tinpguishable, in that their near field motions differ by less
than the uncertainty found in comparable real data.
Fig. 2 shows the results ol calculations for three differ-
ent models of propagating ramps. The three models are
1. a starting model of v = 3.0 km/sec, 1 = 0.12 secc,
2. a model where T bas been decreased to 0.0455 secc, 3
3. a model with the lower value of T, and whcrs the
rupture velocity has been decreased to 2.5 km/sec.

It is seen in Fig. 3a that models (1) and (3) look remarkably

i similar. PFig. 3b shows results of the same models at another
station, with the same results. These figures illustrate the
important point that, when a propagating ranp is chosen to
fit a displacement record, the choices of rupture velocity
and rise time can be traded off.

It is interesting for these propagating ramp models to

compare the total time required for rupturec. We designate
as Tr the total time interval during which the fault is

HE
rupturing. For a propagating ramp, T, = L/v + 1. For the il

cases shown in Flg. 3a and 3b, ' i

19 Tr 12 9§%%§ + 0.12 = W43 sec.

2. T = gégég + 0.0455 = ,368 secc.
r 3.0

3. T, = 07'9.—2—8- + 0.0455 = .433 sec.

For the cases which resemble each other closely, Tr differs
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by about 2%. For the cases which appear significantly differ—

ent, Tn differs by about 205. This suggests that Ty is an

important parameter in control’ing strong motion near a fault.
To investigate this further, addaitional cases were run. For
each of these cases, two propagating ramp models were chosen

such that the rupture velocitiles differed substantially but
Tp was the same. In Fig. 3¢, the displacements are shown at

Seven stations representing several azimuths from the center
of the fault. Thus We are testirg whether the agreément in
Figs. 3a and 3b is a result of the choice of stations. It can
be seen that the waveform varies Strongly with azimuth where
the rupture is propagating toward the station, but fairly
weakly with azimuth at back angles. However, at each station,
the two propagating ramps geénerate similar waveforms. This
figure, therefore, indicates that the ambigulty of rupture
velocity and rise time observed in Flgs. 3a and 3b was not
beculiar to the choice of station.

For Fig. 3¢, the same rupture models were used as for Fig.
3¢, but the station 1$ 4 km from the center of the fault. The
station is near nodal for P-waves. The strong S-wave pulses
from the two mcdels are quite similar. This example suggests
that within the near field the ambiguity is not sensitive to
the distance between the fault and the station.

For Fig. 3e, rather than a nearly square rupture, the

fault has L = 2.5 gn and W = 0,4 yn. Again, with rupture

toward the station, and Tr the same for the two models, the

displacements derived from the tvo models are remarkably similar,




—

in Figs. 4-6, we show the results of computations to exa-

mine other aspects of rupture for models which are basicaily
unilateral. The parameter Tr is similar for mocdels being
compared in ncarly all following fipures.

Figs. l4a and U4b show the comparison of a propagating ranmp
and an Ohnaka ramp. At the two stations considered, the dis-
placements resulting from tihe two dislocation functions are
almost indistinguishable.

Next we consider taree rupture models with sliqhtly differ-
ing fault surfaces. Fig. 5 shows the faults used for a propa-
gating ramp, elliptical propagating ramp, and a pinned anncaling
crack. Fig. 6 shows the resulting displacement seismogrars
for one station near the initiation of rupture (Fig..Gc) and
£Wo near where 1t finally cezses (Figs. 6a, 6b). For this and
later figures where the epiéenters of the models are not the
Same, we have shifted some of the mocels slightly along the
time axis. The effect of tiis shift is to have the rupture
(or in one case later the stopping) occurring at about the same
time and place for all mcdels. Apparently the effect of the
shape of the fault is not of major importance, since the two
ramps, with identical dislocation functicns, differ only
slightly. The models show the greatest differences near
where the rupture ceases.

The aifference between the propagating ramp and the pinned
annealing crack appears to be of the nature that can be com-

pensated by a decreased rupture velocity cr increased rise

S ——— — —-AJ
T ———— — P T
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time in the Propagating ramp, as in Figs. 3a, 3b.

However,
contlnued searches showed that the bropagating ramp parame

ters

used in Fig. 6 cannot be Ssubstantially improved upon, within

the constraint that the average displacement be 1 cm. The

differences appear to arise from the very high particle

velocities on the fault surrace of the pinned annealing

crack. Since the amplitude of far-field (1/r) radiation

from a fault element is pProportional to the particle velogity

on that fault e€lement, there is very high radiation from the

®
¢rack tip. 1Ip fitting with a bropagating ramp model, this
may result in a

Ssigning a larger average displacerment to the

fault surrace than actually occurred.

So far, then, we have exanined four models of rupture

which are predominantly unilateral in nature., It aprears

that at least at these distunces, and for the fault sizes

chosen, the particle motion would be very difficult tc learn

ffoh displacement records of the earthquake. The addition
of' new stations at the same distance provides little new
information.

We now turn our attention to two basically bilateral source

functions and begin by comparing a bilateral bropagating ramp

with a unilatera] Prepagating ramp having the same geometry.

At the station shown in Fig. 7 there are substaqtial differ-

ences in the u, component which would be sufficient to dis-

tinguish between the two model.. In Fig. 8, however, a bilateral

model with v =

3.0 is compared with g unilateral model with




V. =6.C. The rise times arc the same. Thus T, is identical

for the two models. The differences at the station chosen
in Fig. 8a are small. Where the unilateral model 1s not pro-
pagating predominantly toward the station, the two models
differ substantially, as shown in Figs. 8b, 8c. Thus addition
of new stations helps distinguish between unilateral and
bilateral rupture. This suggests that the predominant direction
or directions oi rupturc propagation is important i determining
strong moticn in the near field.

Flg. 9 compares a self similar crack model, whi%h £rows
radially, with a bilateral propagating ramp. The bilatera’
crack grows with the same propagation velocity (in the &,

direction) as the self similar crack. These cracks grow and

stop in very different vways, but the predominant direction
of rupture growth is similar to the extent that rupture injtiates
on a point or a line through the center of the fault. Fig. 9 3
shows differecnces in the resulting near-field displacements.
However, these differences are perhaps not as great as one
would have expected, for such different fault models.
Although most modeils of‘é unilateral ramp show little re- ]
semblance to a sclf-similar crack, one interesting comparison
can be made. This is shown in Fig. 10. A propagating ramp ;
is used with a propagation velocity of 100 km/sec, so that

the entire fault starts and stops nearly instantaneously.

There are substantial differecnces at the beginning of the

records, reflectiiy the different way in which the dislocations
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begin. But the strong resemblance of the two events at the
end of Lhe records reflects that they stopped in a nearly"
identical fashion.

.The pPrevious figures have not shown a particularly encou-
raging situation ror the goal of identifying details of tre

rupture rrocess from the displacement near the fault. It is
!

possible that this is due, in part, to the partict ar dimen-
sions chosen in the normalization described earlier. All

the earthquakes shown so far would probably correspond to
magnitude around 2% to 3. Certainly as the statiod’is moved
closer to the fault plane, displacement there would more closely
resemble the displacement dislocation function for that part

¢f the fault. One would also expect that, if the station were
Kept the same absolute distance from the fault, then for a
larger earthquake, represented by a larger fault plane, the
displacement at the station wou'.d more closely resemble the

fault dislocation. Ve, therefore, iragine a strike slip geo-

metry with a station located on the ground surface for ecarth-

quakes with fault area 12.6 km?, 70.8 km? and 402.0 km?.

For convenience, we will label these by magnitude 4, 5, and

7, respectively, altho. “ these fault areas are smaller than
the areas predicted for earthquakes of such magnitudes by

the formula of Vyss and Brune (1968). 1In increasing the fault
areas, we take the predominant increase to be in the length.
As a result, the length of the "magnitude 7" earthquake

(L = 67 km) is comparabie to the length of the fault trace

.
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developed for the May 18, 1940, Imperial Valley, California,

"earthyuake, which had a magnitude 7.1 (Richter, 1958). The
stations are a distance 5 km from the center of the faults,

thus slightly over one fault length for the "magnitude 4"
earthquake. We pose the question of whether one could dis-
tinguish between a propagating ramp and an Ohnaka ramp. Results
of these calculations are shown in Figs. 1la, 11lb, 1llc. The two
source time functions gilve larger differences for all three cases
than they did for the smaller fault in Figs. la, Ub. Nevertheless,
it is not clear that a distinction could be made in any of

these cases, using data ijh possible noilse and %Pknown

surface effects. The components not parallel to the direction

of dislocation show possibly important differences, while the

component parallel to the dislo~zation does not.

So far we have seen that a considerable variety of dislo-
cation functions and parameters can be used to give basically
simllar wave forms at stations near a moving fault. Some
understanding of this similarity can be obtained by examina-
tion of the Fourier amplitude spectrum of one of the cases.
This is shown in Fig. 12 for one of the propagating ramp
models shown in Fig. 3bt It should be noted that this Fourier
amplitude spectrum is not comparable to the spectra which are
most often seen in connection with source studies. There are
two important differences. First, it is a near field spectrun

rather than far field. 1It, therefore, behaves as w” ! at long

periods due to the permanent offset. Second, the P- and S-

waves are not separated, and the spectrum includes both.



In Fig. 12 the displacement spectral density decreases rapidly
to 25 Hz, then begins to rise again. This rise is due to the
small errofs involved in the calculation of displacemrent. The
frequency where it appears is correlated approximately with
the average spacing of integration points on the fault and

it can be adjusted through the error limit specified in the
calculation.

I{ any corners exist in the spectrum, one might expect
them to correlate with times characteristic of the source
function. The rupture front crosses the fault in 0?“ sec,
corresponding to a frequency of 2.5 itiz. The rise time is
0.0455 sec corresponding to a frequency of about 22 liz. If
one assiduously scarches the spectrum for corners, they mnight
be found indicatewu at 3.5 liz and 12 Kz, with a fall-off of

w™" after the second one. fThe important point is that before

the emergence of numrerical noise, the spectral amplitude is
decreasing very rapidly with increasing frequency. 7The higb
frequencies which are needed to examine details of the fault-
ing, such as how the rupture starts, vwere not reached in this
calculation with assigned error of one-tenth normal, o. one-
half peicent. These frequencies would be very weakly repre-
sented in a record of displacemrent, even when calculated with
high accuracy.

Clearly it would be advantageous to study the acceleration

instead of the displacement. Since this has the effect of
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multiplying the amplitude spectrum by w the acceleration

response vwould approximately be flat, to about 20 Lz. HMore-
over, near-field cdata is usually gathered in terms ol accelera-
tion. Unfortunately, to achieve the needed accuracy for two
numerical uifferentiations (as was done in the test for obeying
the wave equation) one requires at least a ter-fold increase
in computation tinme.

It is not at all clear whether calculations of accelera-
tions are Jjustified. Effects due to the free surface and
due to layering can be expected to be large at highgr fre-
quencies. Therefore, a dislocation mocdel formulated for an
infinite space would be of questionable value in any compari-
son with data at other than long periods. This suggests that
a dislocation model, as used here, is not appropriate for
learning about the details of rupture. This does not modify
its usefulress in studying the gross features of rupture, as
has been done for the Parkfield and San Fernando earthquakes

in the studies mentioned earlier.

An examination of the displacements in Figs. 3-11 will
show that in many cases, for large and small earﬁhquakes,
the component of motion parallel to displacement on the fault
(u,) is the least useful in distinguishing between different
dislocations. The component perpendicular to the fault plane

tends to be the most sensitive to choice of model.




7

Conclusions

There is cdnsidcrablc arbiguity in using near-field dis-
placements to determine parcieters of a dislocation model
for an earthquake. One fault length from the center of small
faults, one can determine quite well the total time spent in
rupture. With more than one station, one can also determine
the predominant direction(s) of rupture growth: Hohcvcr,
with the exception of very high particle velocitiles on the
fault surface, details of the time function or the Fault shape

have relatively little influence on thie displacements at near-

field stations.
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Fig. 2

Fig. 1.

Fipure Captions

Growth of crack models in time. Solid lines out-
line the arca ruptured at cach of the times shoun.
Bre:en lines are healing fronts, separating areas
which have ccased motion from areas vhich are still
moving,. Names by which these models are referred
to are: 1) propagating ramp, 2) elliptical pro-
pagating ramp, 3) self similay crack, 4) pinned
annealing crack. 5) bilateral propagating ramp.

For the ramp rodels the shaded areps are

in motion. For the other two models, a shaded
point has achjeved less than one-half the final
average displacement of the fault regardless of
whether it is stopped or moving. The symbol above
each model will be used to identify the model in

all later Tigures.

Particle notion on the fault with time. %o the
left, for each of threec models, is an outline of
Fhe final fault shape. To the right is the time
history of particle notion fér _»vticles on the
fault, at positions indicated by the beginning
level of the linec. The central model, indicated
by a new symbol in this figure, 1s a propagating
ramp with an Ohnaka time function (see text).
For the pinned annealing crack at right only,
the time functions apply only to the midline of
the fault. The horizontal (time) and vertical

(displacement) scales are arbitrary.




Fig. 3a.

Fig. 3b.

—or o oo

B i R T L A

Effect of varying the rupture velocity and rise
time for a propagating ramp. The rupture velocity
and rise time for each model is given in the upper
right corner. Parameters common to all nodels

are L = 0.968 km, W = 1,032 km, Dpax = 1.0 cm.

In the box at lower right, two views of the fault
are glven, showing the fault and station projected

onto the x, - x, plane and the X, = X, plane,

the station is no. 2 in Table 1. For the view

in the x, - x3 plane, looking in the +x, direction.
The arrows indicate that the offset is Eeft lateral.
Fault growth is in the same sense as in Fig. 1,
i.e., here rupture initiates at the left and crosses
the fault to the right. The two vertical lines

next to the fault views show the distance, on

the same scale, which would be traveled by a P-

wave (a = 6.0 km/sec) and an S-wave (B = 3.4 km/sec)
in one time unit. The lines labelled Uy, U,, U,
give the displacements in the x,, x,, x3 directions
at the station shown in the box. The vertical scale

is the fraction of the average displacement on

the fault plan-.

Model same as Fig. 3a, at station location lNo. 3.




Fig. 3c.

Fig. la,b.

Comparison at seven stations of displacements
from two propagating ramp models with the same
T,. For both models, L = 1.0 km, W = 1.0 kn,
Dpax * 1.0 cm. The rupture velocities and rise
times are indicated. The numbers beside the

stations refer to the station number 1in Table 1.

Comparison of the riodels in Fig. 3c at station
10, 4.0 km from the center of the fault.

=
Comparison of two long, narrow propagating ramps
with identical Tr' Model parameters are L = 2.5
km, W= 0.4 km, Dpsx = 1.0 cm. Rupture velccity
(in km/sec) and rise time (in sec) for each model
is shown in the figure Station No. 8. For explana-

tion of other symbols, see Fig. 3a.

Comparison of propagating ramps with a linear

and a smoothed time function at Station No. 2

(4a) and 3 (4b). Model parameters are L = 0.968

km, W =1.032 km, v = 3.0 km/sec, Dpax = 1.0 cm

for both models. For the linear time function, |
T = 0.12 sec, and for the Ohnaka time function ?

T, = 0.03 sec. For explanation of other symbols,

see Fig. 3a.




Fig. 5.

Fig. 6a,b,c.

Fig. 7.

iH-n——dﬂmﬂﬂﬂ-ﬂ--ﬂ-ﬁﬂ--'JE-W&MhhHH-Nhﬂﬂﬂ-ﬂ-ﬁ-ﬂ-iﬁ--..-ﬂﬂ...‘%

Comparison of the fault rupture areas of the
models in Figs. 6. The three stations used
are shown projected onto the fault plane. Arrowvs

point to where rupture initiates.

Comparison of three faulting models at three
stations. Parameters for the models are the
following: Prcpagating ramp: L = 2.31 km,

W= 0.43 km, v 3.0 km/sec, T = 0.0U5 sec,

Dpax = 1.0 cm. Elllptical propagﬁ%ing ramp:

L= 2.60 km, W = 0.49 km, v = 3.0 km/sec,
T =0.05 sec, D,y = 1.0 cm. Pinned annealing

crack: s = 6.17 cm/sec, o = 2.7 km/sec,

\Y 1.0 km/sec, a, = -0.191 km, a, = 0.0 km,

c 3.2 km/sec. Stations are lNo. 8 (6a),
No. 2 (6b), and lNo. 9 (6c). For explanation

of other symbols, sce Fig. 3a.

Comparison of a unilateral and a bilateral
faulting model. For toth models, L = 1.0 km
W=1,0kmn, v =2.5kn/sec, 1T = 0.05 sec,
Dpax = 1.0 em Station No. 2. For explanation

of other symbols, see Fig. 3a.




Fig. 8a,b,c. Comparison of a unilateral and a bilateral

. faulting model at two stations. For both.
{ models, L = 1.0 km, W = 1.0 km, T = 0.2 sec,
Dpax = 1.0 cm. For the bilateral model, v =
3.0 kn/scc, and for the unilateral mocdel,
: v = 6.0 km/sec. Stations are llo. 2 (3a),
No. 9 (8b), and No. 4 (8c). For explanation

of other symbols, see Fig. 3a.

Pig. 9a,b,e. Comparison of a bilateral and a selt similar

crack model at three stations. For the ci-
lateral crack, L = 1.0 kn, W = 1.0 km, v =

3.0 km/sec, T = 0.05 sec, D = 1.0 cm; for

nax
the self si:ilar crack, s = 4.125 cu/sec,
o = 3.0 km/sec, v = 3.2 km/sec, t . = 0.132

sec. Stations are ilo. 2 (9a), Ho. 3 (3b),

anc 4 (9¢). For explanation of other

symbols, see Fig. 3a.
Flg. 102:bye: Comparison of a self similar crack and a pro-
pagatiﬁg rarp which stops similarly. For the
self similar cracl, s = 4.125 cn/sec, o =
3.0 km/sec, v = 3.2 km/sec, t_. = 0.182 sec; ¥

{
for the propagating ramp, L = 0.968 km, W = i‘
1.032 km, v = 100.0 km/sec, t = 0.182 sec, i

Dpmax = 1.0 em. Stations are ilo. 2 (10a), :lo. ‘

3 (10b), and No. 4 (10c). For explanation of

other symboles, see Fig. 3a.




Fig.

Fig.

Fig.

lla.

11b.

Lle s

Dpax = 1.0 cm. For the linear ramp, 1

Comparison of propagating ramps with linear
and smoothed time functions. The parameters
nmight be appropriate to an earthquake of mag-
nitude about U4, For both models, L = 3.55
km, W= 3.55 km, v = 3.0 km, Dpax = 1.0 cm.
For the linear ramp, 1 = 2.5 sec. For the
smoothed ramp, 1, = 0.625 sec. In this case,

the station No. 11 is a distance 5.0 km from

the center of the fault. For explanation of

other symbols, see Fig. 3a. =

A "magnitude 5" earthquake. For both models,
L =11.8 kim, W=26.0 km, v = 3.0 km/sec,
Dmax = 1.0 cm, For the linear ramg, 1 = 5.0

sec. For the smoothed ramp, 17, = 1.25 sec.

Station No. 11.

A "magnitude 7" earthquake. For both models

L =67.0 ki, W= 6.0 km, v = 3.0 km/sec,

.0

1
n

sec. For the smoothed rarp, 1, = 1.25 scc,

Station llo. 11.




bt Wheae by

Fig. 12,

Fourier Displacement spectral amplitude for
one of the models shown in Fig. 3b. This is
the spectrum of near field displacement, so

the long perlod limit should be as w~!. Note

that the spectrum contajns becth P- and S-vaves.
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