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(1) First Strong Motion Records from a Central or Fastern

United States Farthquake. (Fletcher and Anderson)

Two strong motion accelerographs were installed at
Blue Mountain Lake, New York (BML) shortly after the
initiation of a swarm-type sequence of earthquakes in
mid-July of 1973. Three records rich in frequencles as
high as 35 Hz were obtained from two of the largest events
(magritude 2.7 and 2.6), the foci of which are between
1.0 and 4§ km from the accelerograph stations. The max-
imum acceleration recorded was +.034 g at 25 Hz. These
are the first strong-motion records obtained from east of
the Rocky Mountains. Since strong-motion results from
the western United States may not be epplicable to the
eastern two-thirds of the U.S., these new results have
important implications for the design of critical facil=
itles such as nuclear power plants, liquified gas storage
tanks, and large dams.

A paper on this material has been published (see

page 4),

(2) Source Properties of a Blue Mountain Lake Farthquake.

(Anderson and Fletcher)

An accelerogram obtained at Blue Mt. Lake, New York
1s remarkable for the simplicity of its S-wave pulse.
This results from 1) a nearly complete absence of scatter-
ing and reflections as second arrivals on the accelerogram

and 2) a very elementary earthquake source. The ear'h-



quake ldentified with this accelerogram had a magnitude
m, = 2.2 and a hypocentral distance of about 1 km from
the accelerometer. Spectral analysis of the S-wave indi-
cates the earthquake had a moment of 8 x 10!® dyne-cun,
and a source radius of 20 to U0 m. When the accelerogran
1s integrated to obtain displacement, there is a step
offset of about 5 microns associated with a near fileld
component of the S-wave pulse. The S-wave, including

the step offset, can be matched in remarkable detail by

a dislocation model with a moment of 8.4 x 10!°® dyne-cm.

A paper on this material has been published (see

page U),

(3) Comparison of Strong Ground Motion from Several

Dislocation Models. (Anderson and Richards)

To examine the effects of different earthquake sources,
ground motion near the rupture for several dislocation
models has been calculated. Quite different dislocation
models of the riupture can give very similar displacements
at stations located only one fault dimension from the fawlt
in an infinite homogeneous elastic space. In particular:

1) models with fault motions and rupture geometry quite
different from Haskell's propagating ramy can often have
near-field motions very similar to those from a rarp model;
and 2) quite similar near-field motions are found, for

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

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

A paper on this material has been published (see

page ).

(4) The Dynamic Field of a Growing Plane Elliptical

Shear Crack. (Richards)

The radiation for a three-dimensional problem of
brittle fracture is investigated. A crack is presumed
to nucleate at a point in an infinite pre-stressed
elastic medium, and the crack subsequently grows steadily
wilth subsonic rupture velocities, maintaining the shape
of an ellipse. Shear stresses are relieved by the crack,
and exact solutions are derived for the acceleration and
stress-rate (at every point of the medium) in terms of
single integrals and algebralc expressions. The solutions
are evaluated analytically at wavefronts and singularities,
and numerically, at different points in the medium, for
different growth rates of the crack.

A paper on this material has been published (see

page 4).



(5) Motions Near a Shallow Rupturing Fault: EKEvaluation

of Effects due to the Free Surface. (Anderson)

A full-size report on this topic is attached hercwith
as an appendix. Report consists of 22 text pages, 5
appendix pages, 2 reference pages, 17 figure caption and
figure pages, and 1 table.

This material has been accepted for publication (see

page 4).
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APPENDIX: Motions Near a Shallow Rupturing Fault:

Evaluation of Effects due to the Free Surface.

(Anderson)



MOTIONS NEAR A SHALLOW RUPTURING FAULT:
EVALUATION OF EFFECTS DUE TO THE FREE SURFACE*

John G. Anderson
Lamont-Doherty Geological Observatory
of Columbia University

Palisades, New York 10964
and
Department of Geological Sciences

Columbia University

ABSTRACT

The displacement of the surface of a half space near a
shallow rupturing fault is, generally, approximated poorly
by the method of doubling the amplitude calculated for the
Ssame source in an infinite space. To obtain this result,
the motions of a half space were calculated using a Green's
function which is a solution to Lamb's problem, and the
motions of an infinite space were calculated using the
formulae of Haskell., The infinite Space method does work
well for two cases: 1, A fault from which the angles of
incidence at the station are less than 30 degrees and 2.
Horizontal components of motion dominated by SH waves (as
from a strike slip fault) with angles of incidence less than

80 degrees.

*Lamont-Doherty Geological. Observatory Contribution No. (;000.



INITRODUCTION

The surface motions resulting from a nolnt source in
a half space Includc four major effects which are absont
in 2n infinite space: “he arplification of all waves; te
pnase shift of SV-waves ineildent at ansles sreater than
eritical; the SP-phase, which travels to the surface g
an OV-wave at the crltical anrle and 13 ther refracted
dorizontally as a P=unve; and Raylelph waves., Thise
effects nave all bewen stuciec before frop a point sourca
(@vi3e snogoff et wl., 15573 Peleris and LilEen, LIa7Ye
nawasail et al., 1973), the presernt ot jective is to ovalas
uate the effect of including the free surface when tho
source is a spatially extended rupture. This allows =z
critical evaluatlion of the assuiption, used frequently In
disleocation modelin:, that the free surface may be reasgonally
accounted for Ly doubling the anplituce of rotions in an
infinite space (e.g. sanamori, 1972; “rifunec, 1974; Trifunac

and Udwadia, 1974; Anderson, 1974),




WETHOD

The displacerents of the surface of a half space ara
calculated by applylng the representation theoren (Lurrid ¢

and lropoff, 19Ch):

Ui(;at) = f dt'.S[-/Unk(E)[UJ(E,t')] (Eij’kv(;,t—t'igso)

+ gik’J.(i,t—t';E,O)) dg _dg . (1)

Here U1 is the 1ith component of displacement of tie sur-
face, y the shear modulus, n, the kth component of the

normal to the fault, and [uJ] the amplitude of the dis-~
location on the fault. The integration is over time and

the fault surfaces. The Green's function is

= d giJ s where gij ic the displacement in

g
1),k af;
the 1 direction at location X, time t due to an impulse

force in the J direction at location E, time t', Thus,

giJ K is the displacement due to a point couple, and
]

the sum (g + g ) is the displacement due to a

i-jsk' )ik:-j'
doutle couple foree, or, equivalently, due to a point
dislocation., It is of the forn

d
S1yk* © goF R1g,k
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where hiJ ot i1s cvaluated by an intepmral in the corples
s -

plane given by Johnson (197h), The differentintion i

5

be done numerically. As z lunction of tinme to = t-{',

1
‘lij,k'

is a Creen's function for a force uwhich 15 :cro "o

t < 0 and has naznitude t for t0 B G
0 0

This series of integrations and differentiations was

handled as follows:

Step 1.

Step 2.

The CQreen's functions are cempulied (Ueirns & Nonhesrs

integration subroutine) and stored for an avrrsxr

.

of polnts on the lault. he differentidtion vl
recpect to time 1s deflerred until the sacond sten,
These are computed only once for cach fouli=siation
ceometry.

“he source tire Tunction for each mrid point is
convolved with the corresponding Grecn's fuuction
to perform the time integfal. Thie résulis from all
the points on the fault plane are wei;ghted and
surmed to perform the spatial integration. Theo
veight of a grid point is the area of the fault in-
side a rectangle, centered on the grid point, with
sides equal to the grid spacing. Thus, the suri of
the weiphts is equal to the fault area. ™o sunm

of the convolved functions is differentiated nurcri-
cally to obtain the desired displacement at the

statlion.



Pecause the spatial limits of intepration are
a functlon ol time, it is neccessary to fustify
taking the time differentiation outside the
spatial integral. This is allouwntle hecouse the
intepration is approximated numerically tv 2 B,
where the welsht of the dreen's funection Tor ecac’
£rid point is independent of Lime. The errors Auo

to this approximation are discussed helow. o=

+
0

cause the welshts are constants, it does not

e

matter whether the sum or the rimerical 417 7ano

¢ritintion is dcne firss.
In finding 2 disleocatlon rodel for an eartiicual.e, the

fault-station ceonetry 1s krown, and disnlacerents at the
station are tycically calculated for several trinl reselc
of rupture. The two step method 15 excellon*t in this

sltustion, because storii

O

& the Creen's functions as in

-

step 1 1is more ccoriomical than recormputin~ ther,

The displacements frorm a dislocation in ~n 2rf'nfto
space are caleculated ns descriled in Anderson and Richardn
(1975). The coordinate svstem for all rodels 13 shour inr
PMlgure 1. The P-wave veloelty o = (,N Lim/=ne and th~ Oowave
veloclty N = 3.4 I'm/scc :ns used throurhout,

A proparatin~ rarmn dislocation time furction is used

here, but any other time function could have been us>c.
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where Lx’ L: are the fault dimensions, v is the rupture

velocity, t is the rise time, and Dn is the final dis-

pifcenent en the Fault.

:‘O'J“ f \t\: :.‘ 1.1 -'...«d: (e (9 '\,:'b i' :‘v [ Y “ <
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quericies which are reaningfull
displacenents. A method of svalusting §_ is

Then the effect of c¢rrors from approxinating

te obtaln the fArcen'c function is considered.
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presentad newt.

tne Interratlion

To estimate fs’ consider a source with an impulse

time function traveling with velocity v along a short

line of length L. The radiation at a distant station is

a square wave, with duration T° and amplitude 1, say.

The Fourier amplitude spectrum is



F.(u) » 7 EDA
<C 0 A

where X = 9To . A model for this source by summing the

——

2

radiation from two stationary points at the ends gives an

approximate waveform

§ fo+ Lo\ +Tos fo -7
2 2 2

The Fourier amplitude spectrum for this approximation is

+3

£,(t) =

l\)I ]
o

Fa(m) = To cos X.

At zero frequency both the approximate and the exact
spectra have amplituae To and zero slope, but as IX' in-
creases they diverge. We introduce XS as the upper limit
on values of |X| for which Fa is a satisfactory approxi-
mation to Fe. XS should almost certsninly be given a value
less than 1, for at X = 1, Fa is only about two-thirds of
F,. For a propagating fault, Ben-llenahem (1961) showed

X = wL (c- cos 0)

2c Vv

where ¢ 1s the wave propagation speed and 6 is the angle
between the direction of rupture propagation and the dir-
ection to the receiver. 1If IXI < Xs’ then the f{requenciles

f which are adequately represented are piven by
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w < ¢

Y
°s
T L (c~cos ) 7
v

rJ)

Thus, a more dense grid spacing is needed to obtain dis-
placements at backward angles from the direction of BrrEe
propagation. Fror the cases of thls paper, we usc the sim-

plified estimate fs = g , which can be derived using e
L

Ll

less than 0.8 for our source recciver geometries. [lor

4

other cases, particularly where 6 > 7 or for srall rupture
-

2

velocities, the exact formula should ve used,
Computer time 1is in general proportioral Lo {2, (e
powers of £, arise beciuse the distance L iz used az Lhe

SGRRA otk

[N
e
55
=
-~

-
<

spacing of fGreen's luneiions en tho Fant

es because for a lors-on

=1
6]

directions., The “hird power ar

fobl

fg the Green's function nust be calculated at a nreater
nunber of noints in time. llere, waves at frequency s are
sampled at a rate of six timecs per é¢vele.

The effect of fg may be lllustrated %y renlacin~ thn
Green's function in step 1 with the nonphysical function

h = % H(t - R/a), where ! is the leaviside step function

and R 1s the distance between the rrid noint on the fauls
and the receiver. The discontinuity in h is tvpical of
realistic Creen's functions. A model is shown in Blrure 2

?

using this function h, for three values of o« Thes® valucs
w2

| ki i e e e e e B T
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required, respectively, 7, 180, and 2303 total evalutions of

h in space and time. Thus, each successively pgreater value

of f caused over zii order of magnitude increase in computer
time. The lines beneath the time axis 1n Figure 2 show the
time interval Ts = f;‘ for each value of fs. One obvious
inaccuracy 1s that the computed waves do not begin at the
theoretical arrival time shown by the arrow. Thils discrepancy
is inevitable for the case with only one grid point, as that
point is not at the origin of rupture. ¥For the other two
cases, where a grid point is at the origin of rupture, the
discrepency originates in the numerical sccond derivative.

In all cases, the difference between the tlme when the computed
wave becomes non-zero and the theoretical arrival tinme 1is
considerably shorter than Tg. The waveform would not te

much different for values of g larger than the largest

e

shown, where the duration of the wave 1s about four times Tg.

The 1intesration to evaluate the Green's furnction 4p
step 1 is the final major source of crrors in the eorguged
vwaveform. This 1s done in a Rembor~ inteeration subroutine
(W111f, 1967), uhich forms a2 seriesn of estimates to the inte=
gral, doubling the number of points in the integrand for
each successive estimate, It uses this series to rredict
the value of the inteeral, and returns an ansuver vhen “vo
successive oredictions differ by lesc than a specified rolo-
tive error (e, say). In computin~ the “reen's “unction for
A serles of times in ster 1, thn ~nswrr for anch 4ma appld

have a random error, or the answer-~ mar LE syPtamAtion Ll
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too larre cr too small. Firure 3 shows the nffact » 1np~n
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The half space Green's functions were subjected to sev-
eral tests, to be sure they are computed correctly. These
will now be mentioned briefly before proceding to some com-
parisons of half space and infinite space displacements,

L4 Dlsplacenents agrecd with Figures 7, 2, and © gf

Johnson (1074),

2; Mrst motions were in the proper alrecticonm.
4" Raylelph waves aave retrosrade elliptical particle

motion,

i i b
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L, Symmetry propertics: All conponcents of radiatlon fron
several sources showed the expected Lenavior of belns
either even or odd, dependin;; on the sourcc, in Loth

X and y.

Ds The static offsets were in accord with results of Sato
and Matsuura (1974),

6. Wave equation: Using reciprocity, a Green's function
gij,k' will obey the wave cquation for a receiver
fixed on the free surface when the source location is
varied to compute the spatial derivative. As pro-
grammed, the terms gij,k' + 3ik,J' in eq. (1) are
summed algebraically. For P-waves, Cij,k' = Eik,j"
and computed displacements were shown to obey the wave
equation. The S-component lacks this symmetry, and
could not be subjected to this test.

The comparison in fhe next section of half space and
infinite space displacements from a point dislocation source
may also be regarded as a mutual check of the half space

and infinite space calculati

NUMERICAL EXAMPLES: POINT DISLOCATIOMN SOURCES

Dynamic displacements at a distance r from a point
dislocation source in an infinite space consist of five
components: two far field terms which decrease as r~!,

two intermediate field terms which decrease as r—?, and

the near field term which decreases as r—* (Haskell, 1969).



A comparison of motlons from a point dislocation in
a half space and in an‘intinite space serves two purposes.,
First, it shows how well the far field components from
a point source in an infinite space (which can be quickly
computed) can be corrected using plane wave theory to
obtain the corresponding components in the half space,
Second, it shows how the near and internediate ficld dig.
vlacements are affected Ly tle free surface.

Displacerents ucre calculated at c¢iril gtations
chosen such that in the hal? Space direct rays have anclos
of incidence (measured fron the norpal to tLhe Burlace )
which varied from 10 to 20 dejrees in 10 derrce intervals,
Wic used two sources, toth on a vertical fault: one uas
strike slip and the other was dip slip. The stations
are on the X, axis, so that far fleld raalation is cn-
tirely SH from the strixe slip source, and entirely
P=5V from the dip-slip source. ote that the displace-
ments for the Si casec cannot bLe calculatecd by the
source=-image ncthiod because the éislocaticn source
causes P- and SV-far ficld motions elsewhere in the
x, = 0 plane,

From these calcuiations, the free surface amplification
was derived for a far fiele vody wave by dividines tle cori-
puted amplitude for the half Space by the cerresponding

amplitude for the infinite Space case. For P=waves, the
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computed ratios are shoun in Ilrure 4, and for SV-waves,
these ratiosc are shown In “lpure 7.

The half space SH waves had the same wave shape as the
whole space waves, and twice the amplitude, to within 37.
This agrees well with theory, which predicts that exactly
twice the amplitude should be expected at all angles of
incidence,

For P and SV waves, the theoretical armplification of
waves by the free surface 1s given by equations in the
Appendix. Corresponding theoretical curves are plotted
in Figure U4 for P-waves and Figure 5 for SV-waves, to-
gether with the ratios of the components of motions de-
rived from the model calculations. For P-waves, as
discussed by Kawascki et al. (1373), the free surfice does
not greatly affect the wave shape, and the calculations
agree well with the theory.

Because the SV displacements are strongly modified by
the free surface, they are shown for both the half spoce
and the whole space in Figure 6 for stations at 30 to
80 degrees. The station at 30 degrees is not beyond the
critical angle (34.7°), there is no phase shift, and the
wave shapes are similar. Tor the other stations, we rust
actually apply the theoretical phase shift to determine
how well the calculations agree with theory. %o evaluate
the effect of this phase shift, consider an incident wave-

form f(t) with Fourier transform F(w). The Fourier trans-
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form of the surface motion 1s, using formula A-5 or A-6,

U(w) = R elésgn(w) F(w), where R is IRXSI or IRZSI, and

§sgn(w) 1s the corresponding phase shift, Applying the

inverse transform to obtain the surface motion gives:

u(t) =_1_f Re1858N(0) p(y)eluty,
en J,,

= R cos 6§ f(t) + R sin § H(f(t))

0o oo

_l_/dw/ f(1) sin w (1 - t) dr.
" 0 -00

The function 4 (f(t)) is the Hilbept transform of f(t),

where #(f(t))

discussed in more detail by Choy and Richards (197s5).

The phase shifted, amplitude corrccted, whole space
SV vaves are coryared Jith the half snace waves in ™1euwne
7. Excopt at U0° ans 300 cnc cxact wave shapeg and arrl:o
tudes apree well itk those found by arrlryine the plone wnve
correction. At 40O the dlsplacerents shiow apretiqally ndé
resemblence to each other. At 50° there are lesser diff.
érences, and another phase arrives before the SV-wave.
This is the SP-phase. At 40°, this phase is superimposed
on the S-wave, and 1is perhaps the sole cause of the dise

agreement. Although for angles preater than 50° the SP-

phase has moved out of the time window in Figure 7, it



appears out to 80°, with a shape similar to the SP-phase

at 50°, but decreasing amplitudes relative to the S-wave.
As at 40° and 50°, amplitudes of the SP-phase may be larger
than the S-wave, but in Figure 7 it appears to be depleted

in high frequencies relative to the S-wave.

The second objective of comparing displacements from
a point dislocation in a half and an infinite space was to
study the amplification of near and intermediate field
components. These displacements cannot be separated for
individual study as were the far field terms. But at times
when far field terms are absent, the ratios of the half
space to the infinite space displacements reveal the net
effect of the free surface upon any near field or inter-
mediate field terms which are present. This net ~"®-~-+ is

complex, and in general is not well described by the
approximation that the free surface causes the amplitudes

to double.

Because the stations are on the xz axis (Figure 1,
Figure 6 caption), the SH case causes only Ul displacements
and the P-SV case caus2zs only U2 (horizontal) and U’
(vertical) displacements. In speaking of the near and
intermediate field terms, it is better to refer only to
the U], U2 and U’ components to remove the connotation of
phases travelling only with the P- and S-velocities.

Immediately after the P-wave, the amplitude ratio
for each component resembles the amplitude ratio for the

horizontal component of the P-wave (Figure 4), Just before
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the S-wave, the ratio for each component, where 1t could

be measured, had increased to a value rsenerally 1n the
range of 2.5 to 2.8, Ty ratio eould net Yo roasnueed A
the H2 and U3 corponents ineldent ot nan~len ~renter (han 2N
derrees becanse In these cases the TPayave A LA shasa
shift of the f-wave also cance dirnlanmmant~ ¢ 4p kale

space hefore the theoratical Oeiavy, arrlvel tipo.,

(3]

The static offset ratios for all three components, shown
in Figure 8, generally differ from 2.0. These ratios, like
the ratios of far field components, are independent of the
distance between the source and the station. For angles of
incidence less than 30 depgrees these ratios differ consider-
ably from the amplification ratios of far field body waves.,

Thus, it appears that even when the dynamic displacements

of the surface of a half Space can be approximated by twice
the infinite space dispiacemcnts, the static displacements
cannot be reliably approximated in this way.

In summary, the amplification and phase shift of the
far field components of displacement close to a point dis-
location can be understood well by applying plane wave
theory. The theoretical amplification of plane waves does
not apply to the static offset or to the amplification of
near field components of dynamic displacements, and it can-

not, of course, explain the SP-phase or the Rayleigh wave.
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HUMERICAL EXAMPLES: LXTENDED DISLOCATION SOURCLS

For a small earthquake (resembling a polnt source),
figures U-7 show that doubling infinite space notions is
inadequate for stations with an angle of incidence of over
30 degrees 1if there is any SV niotion, and nearly always
inadequate if the angle of incidence is greater than 79
degrees. l'or an extended source, however, tie contribution
from each Green's function is only a small part of the
total motion at the station. “herefore Iijgurcs y=13 were
drawn to study half space and whole space notlons Sor
extendecd veriical faults, 7The fault motion is gip sidlp
for the rodels in Figures 9 and 15, so that SY rotion dom-
inates, ana strize slip for the models in Figures 11-13, so
that SH motion dominates. The angles of incidence fronm tne
major fraction of fault planes are in three ranges: 30-(0°
(Figures 9 and 11), 60-60° (Figures 10 and 12), and over I0°
(Figure 13). In these cases, waveforns are low pass filtered
with a corner at fs to diminisn higher frequency noise such.
as shown in Figure 2,

Half space notions are different from the doubled
whole space motions for the cdip slip fault (Figures 9, 10).
In going to higher angles of incidence, the relative arount
of SV motion increases and the whole space moticns arree
less with the half space motions. ~he static offsets,

determined by the last value each component attains, ;en-
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erally differ between the models. A dislocation in an
infinite spa2ce to model the motions in the half space would
probably nont hdvc rupture paranmeters similar to tliose ugsed
to calculate the half space motionc.

FPor the strike slip faults (Flgures 11-13), the
horizontal displacements (including the static offset) de-
rived from the whole space nmodel resenble fairly wsll 4he
half space motions, with the exception of the cloar "av-
leirh wave on the ul cOMponent iy VIsuYe 13., A% EZ=p0
degrees, which contains leas P=SV motlons than 27«60 de-
Frees, the doubled ..l.ole space motions arproxirste tle
half space rotions tetter than at 32-07 derrces. Aleve
80 degrees, the Rayleisk wave causes the apresrent fo
worgsen. The vertical (ua) compEents are wimilar ia Piss
ure 11, but in Figures 12 and 13 they are not. "he hori-
zontal static cffsets “rom the whole space models match
the static offsets of the half spacc rodels. This 1s not
expected considering the offsets for peint sources shoun
in Figure 8. A dislocation mcdel in an infinite srace
woeuld have similar rupture pararcters to those used to
calculate the half space motions, providing the vartical
component was ignored where appropriate.

The ul and u, components in Figure 13 show a strong
Raylelgh wave, clearly identified by comparison with the
whole space model. Pekeris and Lifson (1957) cshowed that
for distances r and source depths z, the Rayleiph wave is

emerging for r/z = 5 and clearly seen for r/z = 10, These
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ratios correspond to angles of incidence of about 79 and

84 degrees respectively. Thus, Figures 9-12 do not show
a Rayleigh wave.

The Parkfield and San Fernando earthquakes have been
studied extensively using high quality, close distance
accelerograms to derive source dislocation models. Table
I presents the fraction of the faults for these two cases
which give direct ray angles to the accelerograph 1n the
ranges 7-30, 30-60, €0-80 and 29-20 derrees., ™wenn ner-
centages are estimated for 2 fault in 2 homercneous hal®
space using the ceometry ef Trifunae (1974) for the San
Fernando earthquake and of Anderson (1074) for the Papl-©isla
earthguake. Even at the closest statlons to the fault, =2t
most about 207 oi the fault is in the 0-32 derreec rance,
The rermaining 808 of the fault, includineg the &Pl Canbmray,
is in the range where the free surface may sirnificantl-
distort the waveform defived from the vhole space arproxi=

mation. The San Fernancdo carthouake had a thrustin~ reech-

n

anism while the Parl:field carthquake had a strile slip
mechanisrm, and thus S-waves from the fan Pernande certlicuae
at nearby stations would in general have a rreater comnonent
of SV type motion. Therecfore, when the infinite space
method is used, rupture pararcters derived for the San
Fernando carthquake are more lilkely to be incorrect th-n
runture pararcters derived for tho Parlkificld earthnun'a,

Table 1 indicates that even at the best plecnd instru-

ments, angles of incidence are 1lilicly to be hich for mort
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of the fault plane. This is especially indicated by the
angles of incidence of the Pacoima Dam accelerograph. 1In
this case, the instrument was located directly above the
fault, and yet SV-type waves from only about 202 of the
fault plane would be relatively undistorted by the free

surface.

COLCLUSIONS

A practical way of computing displacements on the sur-
face of a half space 1s by a two step process. The first
step 1is calculating and storing the Green's function for
a given station for a grid of points on the fault; and the
second step is convolving with the source tinme function.

In studying a particular accelevogram record, this method
is far more economical than it wonld be to reccripute the
Green's functions for each trial source function, This

two step method also givés a clear idea of what frequencies
are significant in the calculated displacement record,

The dynamic displacement of the surface of a half space
caused by an extended dislocation source generally differs
from two times the displacement which would result from the
Same source in an infinite space. There are two exceptions.

The first exception is a fault located such that angles
of incidence at the station are less than 30 degrees from
vertical. For a large fault, however, even at the best
placed instruments, the angles of incidence will be this

small from only a small fraction of the fault., This case
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1s therefore most useful for studying small carthquakes.
The static offset estimated from the infinite space nethod
may be wrong in this case, but this is not of practical
importance as most data cannot resolve such offsets.

The second exception occurs when the motion at tLhe

source is predominantly strike slip. "Then the horizontal

components may be modeled by the infinite space motion when
the Rayleigh wave is not important (eg. for angles of inci-
dence less than 80°). The vertical component in this case
may also be used for angles of incidence less than about 60
degrees. This case will be most useful for studying strike-
slip earthquakes.

In many cases, a small earthquake recorded at a large
angle of incidence can be modeled using the infinite space
method. When the observed S-wave is separated from other
phases, and near field terms are small, it can be separated
into SV~ and SH~ components, Then the phase shift and
amplitude correction can be applied to each component
separately to obtain the incident waveforms, for comparison

with infinite space models.
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APPENDIX 1
Derivation of Amplification Coefficients

for Body Waves Indicent on a Free Surface

The ratio of the amplitude of each component of the
free surface motion to the amplitude of the same component
of an incident body wave is derived here. Knopoff et al.
(1957), who derive the ratio of each component to the total
amplitude of the incident wave, have some misprints which

make this derivation necessary. In eq Q, a quantity they

refer to as tann 6' 1s always greater than 1; in eq 7

» the
phase 1s incorrect in the center of the three equalitiles
because tan 2¢ changes sign at 45°; and in eq 9 (sub-
stituting "tanh 6'" as defined), the phase does not agree
with Figure 3. The figures in Knopoff et al. are correct.
The closecly related equations for reflection and transs
mission coefficients aL.a boundary between two layers have
a long history of published errors (Hales and Roberts,
1974).

We first discuss the problem of a plane P-wave inci-
dent with angle 1 and a plane SV-wave incident at angle J;
both incident from z < 0 on a free surface z = 0; and
both waves having horizontal slowness s. Later, we will
speclalize to the case where only one of these waves is
incident.

The total wave fleld is deseribed by displucenent

.‘) %
Fau <



u=grad ¢ + curl (o, ¥, 0) = (3¢ - 3y, 0, 3¢ + BW)
X 3z 3z ax

where

= +
0 6
Y e, f(t - 8% - 2 COE 1) O f(t - s5X + 2 cog J)

llere the first term on the right represents the incomin;;
wave 1n each case, and the second term represents tlhe out-
goling reflected wave. In these equations f(t) denotes the

time depencence of the potentlals, s = sin i = sin j is
a e

the horizontal slowness, a is the P-wave veloecity, and g

is the S-wave velocity.' The ternms Pi and Sl are ccnstants,
and Pr and S,, are unknowns to be derived from the free
surface boundary conditions of zero traction on z = 0,

These boundary conditions yield the equations:

(P1 - Pr) sin22i - (S1 + Sr) cosz2 J =0
a B

(P1 + Pr) cos 23 + (Si - Sr) sin 2j = 0,

which have the solution

"y <
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D 2 D g2

B, & B, (_1_) (sin 21 sin 2y - cos? 2J)+ 8, 1 (—2 sin 2] cos 2j
a g2

S, =P, (l) (2 sin 21 cos 2J) v 8, 1 (sin 21 sin 2j - cos? 23)
D

D a? a? B2

where D = 2s cos 1 sin 2J + 1 cos? 2j

a p2
The desired ratios are the amplitude of a component of the
motion of the free surface (z = 0) due to either an inci-
dent P-wave (S1 = 0) or SV-wave (Pi = 0) divided by the

Same component of motion which would take place if the

surface were absent. For example,

p
u (%) {-P,s = P,s - S_ cos J}
i r r
RXP = ~ & B

p =
Ux(“) Pis

Here ug refers to the horizontal (x) component of P-wave
motion, and the (%) or (=) refer to the case of a half
space and of an infinite space respectively.

For 1ncident P-waves, the ratios are:

RXP = 2 sin 21 cot jJ (A-1)
a2D
RZP = 2 cos 2j (A=2)
B2 D
s

)



A=l

For S-waves incident &t angles less than the critical angle

Jo (sin 3§, = B), the ratios are:
a

RXS = 2 cos 2] (A-3)
B2 D

RZS = Us cos 1 cot J (A-y)
o D

For S-waves incident at angles greter than critical, a
phase shift i1s introduced., At this point, it is necessary
to consider a specific frequency component: f(t) = eiwt.

Then for § > Jc the quantity cos 1 1s replaced by an
a

imaginary quantity -ib sgn(w), where the sign is choosen

so that the potential ¢r will decrease with increasins
distance from the free surface. Here sgn (w) =1 1if

w > O0Oand -1 if w < 0, and b = V52~ o2, Then the ratios

for j > Jc are:

RXS = |2 cos 2 § ei(p H (A-5)
g D'
RZS = |4 s b cot j| ellp - % sgn (w)) (A-6)
DT I

where

D' = [(cos 2,1)" +(2 s b sin 2.1)2]1/2
B

- R R R R EEERR————
e . Bl vl S s il ik A T e e R



tan p = 282 sb sin 2] sgn (w,)
cos? 2}

0 J, <J < m/k

and 6 = {
T n/b < 3 < n/2

oy
Feo <
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TABLE I
ESTIMATED FRACTION (NEAREST 5 PERCENT) OF FAULT AREA
WITHIN EACH RANGE OF ANGLE OF INCIDENCE

ANGLE OF INCIDENCE (degrees)

Earthquake/Station 0°-30° 30°-60° 60°-80° 80°-90°
Parkiield
Cholame-Shandon #2 10 20 50% 20
Cholame-Shandon #5 0 25 55# 20
Cholame-Shandon #8 0 15 65% 20
Cholame-Shandon #12 0 5 65# 30
Temblor 0 10 60# 30
San Fernando
Pacoima Dam 20 45% 25 10
Castaic 0l1d Ridge Route 0 0 15% 85
Palmdale Fire Station 0 0 20% 80
Jet Propulsion Laboratory 0 0 4o 55
8244 Orion Blvd. 0] 0 T5% 25

*The epicenter is in this range

Wy <

[2a 30
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Figure 1:

Figure 2:

FIGURE CAPTIONS

Coordinate system and faulting parameters.

The plane xa = 0 is the free surface. The ~nvlt
strikes in the Xl direction, and the dip § is
measured from the horizontal plane. The point
(Xl, Xz, Xa) = (0, 0, d) is the geometrical
center of the fault, and the origin of the

(51’ Ea) coordinates (not showr} which descrive
a point on the fault plane. The direction of
slip on the fault is given by the unit vector
5, with components Sx (in the 51 direction) and
33 (in the 53 direction) giving respectively
the relative amplitudes of strike slip and dip

slip motion.

A model evaluated using three values of fs,
with the Green's function in step 1 replaced

by the non-physical function h = 1 H(t-R/a)
R

(see text). The table gives the values of fs
(in Hz.), and the corresponding number of
time points, grid points, and tctal points at
which the function h was evaluated. For each
calculation, the line beneath the time axis
has a length 7, = fg'. For this calculation
(xx, xz) = (0.866 km, 0.5 km), d = 0.5 km,

§ = 90°. The rupture nodel is

Ja<



Figure 3:

Figure U4:

Pigure 5:

Figure 6:

Figure 7:

a propasating ramnp with Ll X W0 ey La % Wl

km, v = 3.0 kn/sec, T = 1.2 sec.

The effect of introducing a 10% random error
to each of the 180 evaluations of h (in space
and time) in the second case of Figure 2,
Theoretical ratios (solid lines) of the ampli-
tude of vertical and horizontal components of
P-waves on a free surface to the amplitudes

of the same component of the incoming wave (sece
appendix equations A-1l and A-2). The angle of
incidence 1is measured from the normal to the
surface, The data points are these ratios de-
rived from computations with a point source

Green's function.
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tione A2=46)., The conputed wavelorme for 33°

to 80° are shown in Figure 6.

Vertical (ua) and horizontal (uz) components of
SV-waveforms for a half space (solid) and an
infinite space (dotted) .from a point source,
For the source, d = 10.0 km, (Sl, Sa) = (0, 5),
and § = 90°, The stations are at (xl, xz) =

(0 km, 10 tan (angle of incidence) km). The
source has a rise time = 0.1 sec.

Similar to Figure 6, but the free surface
amplitude and phase corrections for plane SV-
waves (eqs. A=5 and A-f) have been applicd to

the infinite space waveforms. In some cases,
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Figure 8:

Figure 9:

Figure 10:

the infinite space waveform has also been
arbitrarily shifted up or down. This is jJusti-
fied because near field components are not
amplified the same as the far field SV-waves
compared here. Where shifted, the dotted lines
which are disconnected from the S-wave (as at
80°) show the zero for the whole space waveform,
Ratlo of static offsets in a half space to those
in a whole space for a point source with depth
d = 10 km, and at stations (xl, xz) w (0 ki,

10 tan (angle of incidence) km). The u compo-

~

nent is derived for the source (Sx"

) =
3
(S, 0); the u, and u, components are derived
for the source (Sx’ Sa) # (0, 8). T™he lines
only connect points derived from the models.
Comparison of half space (solid line) and
doubled wiole space (dotted line) displacercnis
for the dip slip fault with d = 3.8 un, (xl, xz)
% (5.0 ki, 1.5 kmdy & = 90.0°, (Sl, Sa) #1002
Rupture parameters are Ll = 5.0 . Jeiny L3 = 3,3 km,
v = 3.0 kn/sec, and T = 1.0 sec, The vertical

scale is in units of D° and the time scale is

in seconds.
Comparison of half space (solid line) and

doubled whole space (dotted line) displacements

for the dip slip fault with d = 1.1 ks (2 5 %0
1 2

= (500 km’ 105 km)’ 6 3 90000’ (s]’ Sa) = (0, S)-

Rupture parameters arc Ll = 5,0 km, La = el ey
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Figure 11:

Figure 12

Figure 13:

v = 3.0 kn/sec, 1 = 1.0 sec. The vertical
scale is in units of Do and the time scale in
in seconds,

Same as Figure 9, but here for a strike slip
fault with (Sx’ S,) = (5, 0),

Same as Figure 10, but here for a strile s1in
fault with (Sx’ Sa) = (S, 0).

Half space (50lid line) and doubled whole space
(dotted 1line) displacements for the strike sldp
fault with d = 0.5 km, (xl, xz) = (10.0 km,
5.45 km), 6§ = 90°, (Sl, Sa) = (S8, 0). Propa-
gating ramp model parameters are Ll = 100 lem,
L =0.5km, v =3,0km/sec, T = 1.0 sec. The

3

vertical scalc is units of D and ety T
0

(s

scale is in seconds,
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