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ABSTRACT 

A computer program is presented for the computation of far-field 

tangential time histories due to point earthquake sources. The 

program provides accurate results for frequencies of 0-10 Hz and 

for receiver distances from one source depth to 500 kilometers. 

Comparisons are made with an independent half-space solution to test 

the validity of the far-field assumption in representing time 

histories. 

A package of four computer programs is given: SHSPEC yields 

Fourier spectra on the surface of a multilayered medium at a 

specified distance from the point dislocation earthquake source; 

SHVEL combines the output of SHSPEC with a predetermined source 

pulse to generate velocity time histories; DSVLAC uses the output of 

SHVEL to generate displacement, velocity and acceleration time 

histories; and SDSVSA uses the output of DSVLAC to compute and 

tabulate the response spectra of each time history. 
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PART I. INTRODUCTION 

This report is an update of a publication by Herrmann (1977) for 

the U.S. Army Corps of Engineers. Since that time, there have been 

many advances in techniques for generating realistic earthquake 

ground motion time histories. At present, developments are being 

pursued with two approaches involving Laplace transform and Fourier 

transform techniques. 

The Laplace transform, or Cagniard-de Hoop technique consists 

of generalized ray techniques, by which the seismic trace is 

constructed by a superposition of seismic arrivals which have taken 

separate paths between the earthquake source and receiver. An 

advantage is that the method is valid at high frequencies. 

Unfortunately, for large distances in a reasonable earth model, 

the number of rays contributing to the time history becomes very large 

so that considerable effort is involved in keeping track of the rays 

as well as computing them. 

HeImberger and Malone (1975) applied the method to a study of 

local earthquakes. Heaton and HeImberger (1977, 1978) used the 

method to model the displacement time histories obtained from 

integrated accelerograms of the Borrego Mountain and Brawley earth­

quakes. To a certain extent, the earth model was a variable which 

could be modi~ied under constraints to obtain a better fit to the 

data. However, good fits were obtained, demonstrating the effect 

of the transmission medium upon the ground displacements. 
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Displacements, rather than velocities or accelerations were modeled 

since lateral heterogeneities in the earth structure should affect 

the lower frequency displacements less. 

The other approach involves expressing the solution in terms of 

a double integral transformation over wave number and frequency 

(Haskell, 1964; Hudson, 1969). This method does not consider the 

contribution of individual seismic arrivals, but rather yields the 

complete solution for an arbitrarily layered half space. A drawback is 

some difficulty encountered at high frequencies. On the other hand 

the complete solution is found. 

The numerical solution is complicated by the presence of 

singularities in the wavenumber integrand. For an elastic medium, 

branch points and poles in the complex wavenumber plane are encoun­

tered. The solution may be obtained by a numerical approach to 

contour integration (Herrmann, 1977; Herrmann, 1979), or the by 

artifice of using slightly complex angular frequency to shift the 

complex singularities from the axis of integration (Bouchon and Aki, 

1977). If an anelastic medium is considered, the singularities no 

longer lie on the real k-axis, so integration may procede simply. 

This is quite realistic since the earth is not perfectly elastic,so 

one assumes this from the start (Apsel, 1977). 

The approach taken here is to expand Herrmann (1977, 1979) in 

detail because it is an independent method and because previous 

studies by Nutt1i (1~13, 1978) have indicated a very low rate of 
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anelastic attenuation in the central United States. The method of 

Herrmann (1977) handles these conditions well. 
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PART II. THEORY 

Haskell (1964) and Hudson (1969) obtained the solution for 

displacements generated by an elementary point force in the m'th layer 

of a structure consisting of plane parallel layers overlying a 

uniform halfspace. Each layer is, homogeneous and isotropic with 

compressional wave velocity ak , shear wave velocity Bk and density 

Pk (k = 1, N). The N1 th layer corresponds to the halfspace. A 

cylindrical coordinate system (r, cf>, z) is uS.ed with origin at the 

free surface above the source, with z~axis taken l?osttive downward. 

The layer interfaces are the planes z=zk (k=l, 2, •.. , N~l) and the 

source is located on the plane z=z +h • ~or the purpose of deriva­m m 

tion, the source is required to lie in a layer above the halfspace. 

The thickness of the m'th layer is d =z -z 1. m m m-

The expressions for the Fourier transformed displacements, at 

the free surface z=o are the following; 

u (r,cf>,O,w) = I 
Z n=O 

ur (r,cf>,O,w) 

00 00 

L I 
n=O ° 

dk {gnc cos ncf> + ns r gr sin ncf» kJ n-l Ocr ).Il! R 

- (n/r)(g~C cos ncf> + g~S sin ncf» I n (kr)/FR 
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nc q, + ns nq,) J (kr)/F } (n/r)(gq, cos sin n g<jJ n L 

u<p(r,q"O,w) 

00 

L {X> ns nc n<jJ) k I
n

_
l 

(kr)/F
L dk {gq, cos n<j> - gCP sin 

n=O 0 

-(n/r) ( ns cos nq, - nc sin ncp) 1n (kr)/FL gCP gq, 

-(n/r) 
ns nc 

nq,) 1n (kr) /FR}. (g cos ncp - gr sin r 

The displacements are defined such that the vertical displace-

ment u (r,q"O,t) is positive downward, that the radial displacement z 

u (r,q"O,t) is positive in a direction away from the source, and that 
r 

the tangential displacement u<j>(r,<j>,O,t) is positive in a clockwise 

direction when looking in the positive z-direction. 

Since this report is concerned with far-field tangential time 

histories, SH, explicit expressions for the P-SV functions gz' gr and 

FR are not given here (c.f. Haskell, 1964). The expressions for 

the SH functions are as follow: 

(2) 

and 

where Lij and J ij are the elements of the Land 1 matrices which are 
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defined as the matrix products. 

-1 
J = EN ~-l (dN_l ) 

-1 
L = EN ~-l (dN_l ) 

(3) 

Am + 1 (dm + 1) Dm (dm- hm)· 

The layer matrices of Equation 3 are defined as 

-1 
~ = 

(4) 

A(z) 

(5) 

and 

D(z) = 

where Ce(z) 

and 

(7) 

The elements of the matrices are to be evaluated using the layer 

parameters indicated by the matrix subscripts in Equation 3. 
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For a point shear dislocation model of an earthquake source, the 

source can be represented by two perpendicular dipoles. Let the 

orientation of the pressure and tension axes be given by the vectors 

P = (PI' PZ' P3) and T = (tl , t z ' t 3), respectively. The source 

coefficients S.nc and S.ns are all zero except for the terms 
1 1 

SIc 
2 

= -Z (t
l t - PI P3)/4TI~ 1 3 

SIs 
2 

= -Z (tz t3 - Pz P3)/4nSm (8) 
1 

SZc Z Z Z Z 2 
= k(t

z tl - Pz + PI )/4nSm Z 

SZs 
2 

= -Zk(t l t z - PI PZ)/4nSm , Z 

where k is the wavenumber and ~ is the shear velocity in the source 

layer. The expressions for EN-I, D and Sine,s differ from those given 

by Haskell (1964) in that they have been modified to eliminate some 

apparent singularities. The ratio gnc,s/F
L 

does not differ from that 

given by Haskell (1964) or Hudson (1969). 

A simple examination of the excitation coefficients in Equation 8 

shows that the SH contribution to the tangential displacements 

involves just a linear combination of two equivalent sources, a 

vertical dip-slip source which has only the n=l term and a vertical 

strike-slip source which has only the n=Z term (a 45 0 dip-slip source 

is another source which involves just the n=Z term). This well known 

observation (Langston and HeImberger, 1975 and Harkrider, 1976) means 

that the tangential displacements from an arbitrary fault motion 
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model can be represented by a linear combination of the solutions due 

to these two sources. 

A right lateral vertical strike-slip motion on a fault striking 

north would be represented by P=(.707, .707,0) and T=(-.707,.707, 0). 
o 

Reverse faulting on a fault dipping 45 to the east or west and 

striking north would be represented by P=(O,l,O) and T=(O,O,l). 

Vertical dip-slip faulting on a fault striking north with the east 

side downthrown would have P= (0, -.707, .707) and T= (0, .707 •• 707) • 

The transformed displacements in Equation 1 represent the 

displacements due to a delta function time history of motion on the 

fault. Usually this delta function response is convolved with set), 

the time history of the faulting process of the dislocation source, 

set) = 0 for t<O and set) = M for t»O. The seismic moment M is 
o 0 

defined by the relation M = ~u A, where ~ is the rigidity modulus 
o 

of the medium, u is the average dislocation and A is the fault area. 

M has units of dyne-em in CGS units.. The ground motion as a function o 

of time is then obtained by taking the inverse Fourier transform of 

each transformed displacement in Equation 1. For example, 

u~(r,~,o,t) = (2n)-1 £: s(w)u~(r,~,o,w)exp(iwt)dW (9) 

where sew) is the Fourier transform of set). 

Contour Integration 

For a perfectly elastic medium, the evaluation of the wave number 

integrals of Equation I is complicated by complex singularities along 
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the real k-axis. The integrals to be evaluated are of the form 

F(r,w) = foo f(k,w) In(kr)dk, 
o 

where the function f(k,w) has poles and branch points k 
aN 

(10) 

f . nc,s d along the real k-axis. The SH unct~ons g¢ an FL do not have 

the k branch point because of the absence of the v term in 
aN aN 

Equations 4, 5 and 6. Following Ewing, Jardetzky and Press (1957), 

branch cuts are taken along the negative imaginary k-axis [-ioo , 0] 

and along the real k-axis [0, kf3 ]. 
N 

Expressing the Bessel function as a sum of Hankel functions of 

the first and second kinds, performing contour integration in the 

first and fourth quadrants of the complex k-plane, ~ = k + iT, it is 

not difficult to show that Equation 10 becomes 

1 JkSN F(r,w) = 7 
o 

[f+ (k,w) - f~ (k,w)] H~2) (kr)dk 

- n i I Res f(k,w) H(2) (kr) 
n 

+(l/n) f: [f+(iT,w) exp(-inn/2) 

+f (-iT,w)exp(inn/2)] K (Tr)dT, - n 

(ll) 

where K (z) is the modified Bessel function. The + or - subscripts 
n 

indicate that 1m v , v >0 or that 1m v ,va <0 
aN (3N aN JJN 

respectively, be used to evaluate the expression for f(k,w). 

Equation 11 contains the contributions of a real axis branch line 

integral, the surface wave poles and the imaginary axis branch line 
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integral. This expression can be used for P-SV terms as well as for 

SH terms since the two real axis branch line integrals can be com­

bined into one in the case of P-SV functions if one is not interested 

in evaluating the individual contributions of each branch line 

integral. 
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PART III: NUMERICAL TECHNIQUES 

Contour Integration 

Since both the Hankel function and modified Bessel function are 

undefined for zero argument, there are some inherent limitations in 

evaluating Equation 10, even before the problems of numerical integra-

" tion are introduced. Following Fuchs and Muller (1971) the real 

axis branch line integral is' evaluated using the transformation k 

kS sin y, y = [0. n/2]. The real-axis branch line integral is now of 
N 

the form 
n/2 

J 
o 

sin y, ) H(2) (k siny r) cosy 
n SN 

dy, (12) 

where 
1 

g(x,w) = 2 [f+(x,w) - f (x,w)]. 

The reason for this transformation is that it perniits the evaluation of 

the Sommerfeld integral, which is basic to the wave propagation problem. 

A trapezoidal rule can be used to evaluate Equation 12, but such a rule 

becomes inefficient at large distances and high frequencies due to the 

rapidly oscillating nature of the Hankel function and the g(x,w) term. 

To address this problem, it is assumed that a ~y be chosen such that 

g(x,w) varies slowly enough over the range [y,y +~y] that it can be 

approximated by linear segments. The integral of Equation 12 is now 

where 

M 

kS L 
N i=1 

fYi+1 (2) 
[(A, + B,(y-y,)] H (k r sin y) dy, 

1 1 1 n SN 

y. = (i-1)~y and ~y 
1 

(If/2M). 

11 
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To evaluate Equation 13, a tabulated integral of the Hankel 

function from Abramowitz and Stegun (1964) is used together with 

recurrence relations of the Hankel functions. Define 

x (2) 
hex) = I HO· (z) dz, (14) 

o 
where the integral can be expressed in terms of Hankel functions 

and Struve functions (Abramowitz and Stegun, 1964). The following are 

indefinite integrals of the Hankel functions which are of use in this 

study: 

r H~·2) (z) 

rZH(2)(z) o 
r H?}(Z) 

rZH(2) (z) 
1 

r Hi2) (z) 

rZH;2)(z) 

dz = 

dz 

dz 

dz 

dz = 

dz = 

h(z) 

z H?) (z) 

- Hci2) (z) 

- z H~2) (z) + h(z) 

- 2 H~2)(Z) + h(z) 

- 2 H(2) (z) 
0 - z ~i2)(z) 

It can be shown that 

y.+Ay 
f 1 [A. + B.(y-y.)] H(2)(ka r sin y) dy 

1 1 1 n ~N 
Yi 

ka r sin(y.+lIy) 
~. 1 

f N [C. + D.(t-t.)] H(2)(t) dt 
1 1 1 n 

kax sin (y.) 
j.)N 1 

12 
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= (ei-Dit i ) [h(t)i+l) - h(t i )] 

+ Di [t
i
+l ll~2) (t

i
+1) - tiH~2)(ti)] for n=o 

and 

where 

= - C 
i 

t. 
1 

[H(2) ( ) (2) ( t'+l - H t.)] o 1 0 1 

r sin (y .+~y) 
1 

c. = A. /k
S 

r cos Yi 1 1 N 

= B./(k
S 

2 
Di r cos y.) • 

1 N 1 

for n=l 

(16) 

In evaluating Equation 12, a test is made to determine if it is 

sufficient to calculate the integral using a trapezoidal rule rather 

than using Equation 16. 

The residue contribution of a function g(z)/h(z) having a simple 

pole at z = zo is very simply g(zo)/h (zo)' where h'(z) is the first 

derivative of h(z) with respect to z. The simple poles of Equation 1 

arise due to the zeroes of the functions FR or FL' 

13 



The third ex~ressJ.on in Equation 11 is_ an integral .of; the 

fcrm 

f: G(T,w)Kn (Tr)dT (17) 

Since the functicn K (z) decreases in an exponential manner and 
n 

since it has a singularity at z=c, the use .of a Gauss-Laguerre 

integration rule is suggested if G(T,W) does nct oscillate too 

rapidly. After a change in variable and some manipulation, appli-

cation of the Gauss-Laguerre rule yields the following approximation 

to Equation 17: 

m 
(l/r) E 

j=l 
W. G(x./r,w)exp(x.)K (x.), 

J J J n J 
(18) 

where Xj and W j are the abscissas and weights of an m' th .order 

integration rule. Error is introduced due to the oscillatory 

nature of the function G(T,W). However, this can be mitigated by 

using a very high .order rule, se that the abscissas are spaced closely 

eneughto sample the oscillatiens of G(T,W). Because the weights 

decrease rapidly for large x .• one can truncate the number of terms 
J 

in the summatien withcut significantly affecting the result. Fcllcw-

ing the suggesticn .of Davis and Rabincwitz (1975), the first 24 

abscissas and weights .of an m~68 rule are used. 

The numerical ccntour integraticn techniques were tested by 

applying them to twc integrands for which kncwn analytic sclutions 

exist. These are 

14 



a,nd 

00 

J exp(-vaz) JO(kr) k dk 
o 

00 

f exp(-vsz) (k/vS) Jl(kr) k dk 
o 

(r/R
2

) (l/R + ikS) exp(-ikSR) 

2 2 2 where R = r + z. Equations 19 and 20 are obtained by taking the 

(19) 

(20) 

partial derivatives -a/az and -alar, respectively, of the Sommerfeld 

integral. A detailed study of Equations 1-8 shows that the functions 

of Equations 19 and 20 are directly proportional to the far-field SH 

wave solution in an infinite medium excited by vertical dip-slip and 

vertical strike-slip sources, respectively. To a first order, SH 

wave displacements in a layered medium will involve similar terms. 

Thus these integrals provide a realistic test of the numerical inte-

gration techniques. The branch point at k = kS introduces a singularity 

in the real axis integration for Equation 20, but the change in variable 

k = k sin y removes the stngularity. In a layered halfspace, a 
surface wave poles can coincide with the branch point. Even though 

the change in variable may alleviate this problem, it is avoided 

numerically by taking the range of y as [0,rr/2-E], An E 0.0001 

gives good results for Equations 19 and 20 even at r = 500 km and 
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:i;req;uencies up to 10 hz. 

The integrals of Equations 19 and 20 were evaluated numerically 

using the techniques outlined in Equations 13 and 18. A value of 

6 = 3.55 km/sec was used. The results of the tests are simply out-

lined. First, the numerical solution is valid at distances, r, as 

small as one-half source depth z, for all frequencies. At smaller 

distances, numerical evaluation of Equation 17 using the Gauss-

Laguerre rule of Equation 18 breaks down due to inadequate sampling 

of the oscillating function G(~./r,w) at low frequencies; a higher 
J 

order rule would have to be used. At large distances and high 

frequencies the numerical integration of Equation 12 can fail due to 

the rapidly oscillating nature of the Hankel functions. Good re-

suIts were obtained for Equation 20 at distances up to 500 km and 

frequencies up to 10 Hz using M=lOO, 200 and 300 for the frequency 

intervals (0,1), (1,5), and (5,10) Hz, respectively. On the other 

hand, the same choices of M only yielded good results for Equation 19 

to distances of 100 km at frequencies of 10 Hz. This is due to the 

more rapid oscillation of the integrand of the real axis integral 

for Equation 19 than for Equation 20. Equation 19 really fails since 

one is trying to duplicate a z/R2 dependence numerically for 

R»z. Experience with more complicated earth models indicates that 

the size of the error in evaluating the real axis branch line inte~ 

gral for a vertical dip-slip source is acceptable, since the con-

tribution of the branch line integrals are quite small compared to 

the larger contributions of the surface wave poles. 
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It can be shown that the function g(x?w) in Equation 12 can 

be wr'itten as 

g (k,w) = i 1m f + (k,w) (21) 

since f+Ck,w) is the complex conjugate of f_Ck,w) for the SH problem 

and also for similar terms of the P-SV problem. Since g(k,w) is an 

oscillatory function, it is informative to plot 1m f+(k,w) as a func-

tion of frequency and wavenumber for various sources and earth models 

to obtain an appreciation of the nature of the integrand in Equation 

12. In the following figures GIl is kIm f+(k,w) for the vertical 

dip-slip source and G21 is 1m f+(k,w) for the vertical strike-slip 

source excitation of SH waves. 

Figures 1, 2 and 3 show normalized GIl and G21 for focal depths 

of 1, 10 and 20 km, respectively, in a homogeneous halfspace model 

given in Table 1. The horizontal axis varies from k=O to k=kS • 
N 

The functions are plotted at frequencies of 0.1, 0.5, 1.0, 5.0 and 

10.0 Hz. The singularity at k=k' is due to the branch point for the 
SN 

half space problem. 

Figures 4-6 present GIl and G21 for various depths in the single 

layer over a halfspace model of Table 1, while Figures 7~9 present 

the integrands for the four layer over a half space model of Table 1. 

The integrands of Figures 1-3 are just those of Equations 19 

and 20. It is seen that an increase in frequency or in focal 
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Table 1 

Earth Models 

d(km) a(km/sec) Sekm/sec) 

Halfspace 

6.00 3.55 

Simple Crustal Model (SCM) 

40 6.15 3.55 

8.09 4.67 

Central U. S. Model (.CUS) 

1 5.00 2.89 

9 6.10 3.52 

10 6.40 3.70 

20 6.70 3.87 

8.15 4.70 

18 

3 p(gm/cm ) 

2.8 

2.8 

2.5 

2.7 

2.9 

3.0 

3.4 
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0.10 

Fig. 1. GIl and G2l as a function of dimensionless wavenumber 
(k/k

S 
) for frequencies of 0.1, 0.5, 1.0, 5.0 and 10.0 Hz. 

The s~urce is at a depth of 1 krn in a simple halfspace. 
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Fig. 2. GIl and G21 for a source at a depth of 10 km in a Simple 
halfspace. 
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Fig. 3. GIl and G2l for a source at a depth of 20 km in a simple 
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depth c~uses the function g(k,w) to oscillate more rapidly. The 

effect of a more complicated structure is to introduce character to 

g(k,w), but the simple obs'ervations still hold. The integration 

techniques used in the program SHSPEC have proven to work well to 

distances of 500 km and frequencies of up to 4 Hz (we have not yet 

run higher frequencies routinely). 

The numerical techniques just described in this section are 

used by the computer program SHSPEC. 
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Velocity Time Histories 

The spectra computed by the program SHSPEC are combined with a 

source time function in the program SHVEL to yield a velocity time 

history. A velocity time history is computed rather than a dis-

placement time history because a discrete Fourier transform is used 

to convert spectra to time histories. Near the earthquake source, 

a final static offset is expected in the ground displacements. This 

offset cannot be handled by a discrete Fourier transform because of 

the inherent periodicity of the time series. To obtain the velocity 

time history of the ground motion, one need only convolve the impulse 

response of the medium with the velocity time history of the rupture 

process. The following two pulses are possible representations of 

this source function. 

o t<O 

tIT: O<t<T (22) 

2 - tIT T<t<2T 

o t>2T 

and 

0 t<O 

1 (t/T)2 O<t<T 
2 

21' ~2(t) -1 (t/T)2 + 2(t/T)-1 T<t<31' 
2 
1 2 2" (tiT) - 4(t/T)+8 31'<T<4T (23) 

0 t>4T 
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These pulses have been normalized such that the area under each 

pulse equals unity. The Fourier amplitude spectrum of s1 (t) 

o -2 is such that its shape can be enveloped by an f and f asymptote, 

which intersect at a corner frequency f = C1/(nT) Hz. The 
c 

Fourier amplitude spectrum of the other pulse can be enveloped by 

f o d f-3 h' h . f f an asymptotes w 1C 1ntersect at a corner requency 0 

f = l/(4.36T). 
c 

The corner frequencies are mentioned since the estimation of 

the corner frequency and seismic moment of an earthquake is current 

practice in the specification of an earthquake by seismologists 

today. Most observations of the ground motion spectra of earth­

-2 quakes indicate that the high frequency spectra varies as f • 

Thus the source pulse 8
1 

(t) might be favored. However, this choice 

is not very appealing on theoretical or numerical grounds since 

the whole-space solutions of Equation 19 and 20 would indicate 

delta function discontinuities in the acceleration time history at 

large distances, whereas the s2(t) large distance accelerations 

have only step discontinuities. Boore and Joyner (1978) provided 

a partial e?Cplanation. While s2(t) might be a good representation 

of a source time function to use for a small portion of the fault 

surface or for a faulting process involving coherent rupture, if 

one were to superimpose many s2(t) sources on the fault surface 

which "turn on" during an incoherent rupture process, the observed 

far-field spectrum will be enriched in high frequencies due to 

30 



this incoherence, In the case of incoherent rupture one might be able 

to have both finite far-.field accelerations as well as a high fre-

-2 quency spectral asymptote varying as f 

Since the input to SHSPEC specified layer velocities in units of 

km/sec, distances in units of km and densities in units of gm/cm3 , 

source velocity pulses with unit area, such as sl(t) and s2(t), will 

correspond to sources with a seismic moment of 1.OE+20 dyne-cm. 

Two time histories are presented, Gl and G2. Gl is the solu-

tion for the vertical dip-slip source and G2 is the solution for the 

vertical strike-slip source. Combining Equations 1, 2 and 8, the 

general equation for far-field displacements (those involving only 

U~(t) Gl[-2(t2t3-P2P3)cos~ +2(t l t 3- PlP3)sin¢) (24) 

2 2 2 2 . 
+ G2[-2(tlt2-PlP2)cos2¢-(t2 -tl -P2 +Pl )sln2¢} 
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Displacement and Acceleration Time Histories 

The program DSVLAC uses the velocity time history output of 

SHVEL to compute the ground displacement and acceleration time his­

tories. The numerical realization of these time histories is not as 

obvious as it seems, especially for the ground accelerations. The 

output of SHVEL consists of ground velocity time histories at discrete 

points in time. Some assumption has to be made concerning the veloc­

ity variation at times in between, prior to integration or differen­

tiation of the time series. Several approaches were considered, in­

cluding the use of cubic spline interpolation. After much thought, 

the variation of ground velocity was assumed to be linear between the 

discretely sampled values. Thus, ground displacements can be com­

puted using a simple two-point trapezoidal integration rule. 

The acceleration time history then consists of a sequence of 

step segments. While this method of presenting the acceleration time 

history may seem odd, there are certain advantages. The cubic 

spline interpolation method was discounted because the smoothing 

process introduced ripples, which were purely an artifact of the 

smoothing process, into the acceleration time histories. The use of 

linear segments for the velocity time history permits an estimate of 

the acceleration that is not obscured by a smoothing process and also 

points out the discrete nature of the ground motion synthesis. 
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Response Spectra 

The program SDSVSA uses the output of the program DSVLAC to 

compute the response spectra of the seismic traces. The input to 

SDSVSA from DSVLAC consists of the velocity time history at a given 

distance for the particular source as well as the computed maximum 

displacement, velocity and acceleration of the time history. The 

development of SDSVSA follows that of Nigam and Jennings (1969), 

with the modification that the velocity varies linearly between two 

time samples for the reasons used in discussing DSVLAC, 

The equation of motion of a single degree of freedom oscillator 

with natural frequency wand fraction of critical damping s sub-

jected to a base acceleration aCt) is 

-x + 2 
2 sWx + w x -aCt). (25) 

To find the motion x(t) in the time interval t.<t<t.+l ' the change 
1-- 1 

of variable T t-t. is introduced so that the equation of motion 
1 

becomes 

2 2 
d X(T) + 2sw dX(T) + w X(T) -aCT). (26) 

dT2 dT 

Integrating with respect to T, one obtains 

- {V(T)-V(O)} (27) 
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When vCr) is given by linear segments, then 

vet) = v(O) + ~v(O) .t 
~t 

Equation 27 now becomes 

x(o) +2Z;;wx(o)- ~~(o) .T 

(28) 

(29) 

This equation can be solved by using Laplace transform techniques. 

After some algebraic manipulation, the motion of the oscillator at 

time t i+l can be found iteratively by the relation 

X. 
1 

+ (30) 

x. 
1 

where 

all C + wI;; S 

a12 S 

a21 2 
- w S 

a22 = C -wI:;; S 

b1 = (-1 + C + wI;; S)/ w2~t 

b2 -S/~t 

C = exp(- I;;w~t) cos (wd~t) 

S = exp(-I;;w~t) sin (wd~t)/wd 
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and 

These results could also be obtained from Nigam and Jennings (1969) 

by setting their a i = a i+l • 

The response spectra are defined as 

and 

where 

SD = MAX x.(w,(;) 
1. 

SV=MAX x.(w,f;) 
1. 

SA = MAX [ Z (w,(;) ] , 

•• z = - (2(;wx. + w2x. ) 
1. 1. 

The pseudo velocity spectra is defined as 

PSV = w SD • 
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PART IV. NUMERICAL EXAMPLES 

Truncation 

A term by term inspection of Equation 1 shows that the tangential 

displacement can be thought to be made up of a far-field SH term, a 

near-field SH term, and a near-field P-SV term. Since it is much 

easier and faster to compute the SH functions than the P-SV terms, 

it is of interest to see the distance range at which a truncated 

version would provide acceptable results. To do this, a computer 

program developed by Johnson (1974) was used to compute the tan-

gential displacements at the surface of an elastic half space for a 

north-south striking right lateral strike-slip source and for a 

north-south striking vertical dip-slip source, with west side down­

thrown, at a receiver azimuth of 0
0

• A seismic moment of 3.53 E +Zl 

dyne-cm was used together with the source function sZ<t) with 

T = 0.5 sec at a depth of 10 km in a half space with ~ = 6.15 km/sec, 

B = 3.55 km/sec and 
3 

p = 2.8 gm/cm • 

Figures 10, 11 and 12 show the computed displacement, velocity 

and acceleration time histories, respectively, at distances of 10,25, 

50 and 75 km for the vertical dip-slip source. Figures 13, 14 and 15 

are the corresponding displacement, velocity and acceleration time 

histories, respectively, for the vertical strike-slip source. The 

units for displacement, velocity and acceleration are cm, cm/sec 

and cm/sec2, respectively. At each distance, the trace on the left 

36 



! 

1°] .... 
0 
I 

'" ... 

"~O] .", ... 
0 
I 

~ 

~O] .", 
0 
I 

'" o 

~O] .", 
o 
o 

I 

VERTICAL DIP SLIP 
~ 

., ,., 

-t 1°] ~ 
10 1°] J .", . ., 

N 

0 0 
I I 

~ r-
0 

-J-'~;] -J 25 '~O] ~ .,.. 
0 

0 
I I 

~ !'! 

-L-~O] ~~;] A .,., 
0 
I I 

., Q 

L~~] ~5~~] -------- . ., .", 
o 0 

o 0 
I I 

Ib.oo 2~.OO -~.oo Ib.oo -5.00 Ib.oo 

Fig. 10. Study of truncation effect for tangential displacement 
time histories for a vertical dip-slip source at a depth of 
10 km in a halfspace. Left column is complete solution, center 
column includes near and far field SH contribution, and the 
right column corresponds to the far field SH contribution at 
various distances. 

37 



VERTICAL DIP SLIP 
0 .. .. 

~·l 
· 

10 ~.l 4 ~ol ~ ~ -0 -.. -.. • • ~ 
0 0 0 
I I I 

N ~ 

~ol -\ ~O] ~ 
25 ~Ol -\ -M -N -N 

0 0 0 
I I I 

., · .. 
~·l ~ ~·l ~~~ \ -., -. "? "? 

0 0 
I I I 

~ • ! 

~Ol ~~;l ~~;l -+--II) 
0 
I I I 

-5.00 .h.oo 21i.OO -li.oo .b.oo 21i.OO -li.oo lb.oo 21i.OO 

Fig. 11 Same as Fig. 10. but for corresponding veloci.ty tiple 
histories. 

.38 



VERTICAL DIP SLIP 
II) 0 

~ol ~ ~ol i 10 ~Ol ~ .- .11) ·0 
0 0 0 

I I I 

.... 0 CD 
N ., N 

~Ol ~ ~ "] ~ 
25 ~Ol ~ ..... ·0 ·CD 

~ 
., N 

0 0 0 
I I I 

.... CD CD 

~~l 
0 0 

IL ~Ol ~~~ ~ ..... 
~ ·CD 0 0 

0 0 
I I I 

.., ... ... .., 
'" 

~~~ 1,0] ~~~ ~ . ., ., 
0 

I I I 

-k.oo Ih.oo 2\;.00 -k.oo I 2k.oo -~.Oo Ih.oo 2~.00 10.00 

Fig. 12. Same as Fig. 10, but for corresponding acceleration time 
histories. 

39 



VERTICAL STRI KE SLIP 
:!! :!! 

I/) ... 

~"] 1 ~"] 10 ~"] i V .:!! .:!! .11> ... 
0 <> <> 
I I I 

~ ~ ~ 

~"l ~"l 
25 

~"l V V V .", .... .~ -<> <> <> , , , 

., ... '" <> 

v-~;l 
<> 

~Ol 50 "(,0] . ., ---v- -;~ V 0 

<> 
I I , 

... I/) CD 
<> 

· "] 
<> 

~"l 
75 . 0] 

r~~ r ~~ .... V ~ 
<> 
I I , 

-h.oo \b.oo 2h.oo -k.oo \b.oo 2k.oo -k.oo \b.oo 2k.oo 

Fig. 13. Same as Fig. 10, but for displa.cement time histories ~Qr 
the vertical strike-slip source. 

40 



VERT ICAL STRIKE SLIP 
N r- '" ~ 

~~] ~.] 
~ 

-1 -1 
10 ~.] -1 ·N .r- -", 

~ "? .. 
0 0 0 
I I I 

;;; 

~.] 
0 

~O] -1 -1 
25 ~.] -i -- --"? 

., '·0 

0 0 
"? 
0 

I I I 

~ !:: ~ 

.~.] I ~ 0] / 
50 ~.] / ·fD -r- -fD 

0 0 
I I 0 

I 

~O] t-~J F-~J /---
0 
I I I 

-h.oo I 
10.00 21i.OO -h.oD Ib.oo 21i.OO -li.oo Ib.oo 21i.or 

Fig. 14. Truncation study for velocity time histories of a vertical 
strike-slip source. 

41 



VERTICAL STRIKE SLIP .. ~ 0 - -
~·l ~·l i i 1 0 ~·l i ..... .., 

·0 

0 0 0 
I I I 

CD CD ,.. 

~:;l 
0 0 

-i ~·l -i 25 

~J ~ .", . ., .,.. 
0 0 

0 0 
"! 

I I I 

.... 0 CD 

~"l 
... '" 

~ ~·l ~ 
50 

~·l ~ ..... II ·0 ·CD 

'" ... '" c 0 0 
I I , 

It) CD ID .. N N 

~·l t-~~ f-~~ t-·ID .. 
0 
I I , 

-~.oo 
i I 

-5.00 th.oo I 10.00 25.00 -5.00 
I 

25.00 25.00 10.00 

Fig. 15. Same as Fig. 13, but for acceleration time histories of a 
vertical strike-slip source. 

42 



corresponds to the complete solution, the center trace corresponds 

to the solution when the gr/FR term is dropped, while the trace on 

the right corresponds to the far~field SH solution obtained by using 

only the term g kJ (kr)/F in Equation 1. 
~ n-l L 

Remarkably, the complete solution (left trace) and the far-field 

solution (right trace) are very similar at distances greater than 

25 km. At nearer distances, the near-field P and SV wave contribu-

tions change the character of the signal, especially for the ground 

displacements. The center trace shows the presence of non-causal, 

non-propagating arrivals, especially for the vertical dip-slip source. 

Herrmann (1978) interpreted this as an effect of improper truncation, 

in that the non-causal arrival must be cancelled by a similar 

"arrival" in the P-SV term. The difference between the true and far-

field solution is clearly frequency dependent, with the difference 

becoming smaller at higher frequencies, as can be seen by comparing 

the displacement, velocity and acceleration time histories, or by a 

study of the wave number dependence of the terms in Equation 1. 

Similar figures were computed using T = 1.0 which indicated 

significant differences between true and far-field displacements at 

distances less than 50 km, whereas the velocity and acceleration 

time histories were reasonally close at distances as small as 25 km. 

Because of the lack of a similar complete solution for a layered 

medium problem, it is assumed that the observations made here 

concerning the adequacy of the far-field solution will still hold. 
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From this point onward only the time histori.es associated with 

far-field SH contributions will be computed. 

Contribution of Singularities 

To understand the relative importance of each term in Equation 

11, a series dis·p1acement of time histories were prepared. These are 

shown in Figures 16 and 17 for a source at a depth of 10 km in the 

Central U.S. model of Table 1 with a seismic moment of 3.53 E +22 

dyne-cm, a source time function s2(t) with T = 0.5 sec and a low pass 

filter set at 1.0 Hz. The traces on the left and right of Figure 16 

correspond to solutions at a distance of 25 km due to vertical dip'" 

slip and vertical strike-slip sources~ respectively. Solution (a) is 

just the contribution of the poles, (b) is the effect of adding the 

real axis branch line integral to the pole contribution, and (c) is 

the complete solution consisting of the pole contributions and real 

and imaginary axis branch line integrals. The pole contributions 

yield a non-causal arrival for both sources (the later arrivals are 

in fact early negative time arrivals due to the inherent periodicity 

of the discrete Fourier transform). The addition of the real axis 

branch line integral improves causality and raises signal amplitudes 

to their final levels. The branch line integral along the negative 

imaginary k-axis, affects the signal amplitude slightly while making 

the signal causal. 

Figure 17 is similar to Figure 16 except that the comparis.on 
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is made at a distance of 300 km. Surprisingly, this figure shows 

that at large distances the pole contributions describe the signal 

quite well, even the S phases. The addition of the real axis 
n 

branch line integral just improves causality, while the imaginary 

axis branch line integral has little effect because of the l/r factor 

in Equation 18. Using other values of T the waveform distortion ob-

tained at short distances using just the poles, or poles and real axis 

branch line integrals, is found to get worse as higher frequencies are 

excluded. 

An insight has been obtained on saving computer time. At short 

distances, the complete solution with poles and branch line integrals 

is required for proper description of low frequency response. At 

large distances, especially if one is not bothered by low amplitude 

non-causal arrivals, the pole contributions are all that are re-

quired for a realistic estimate of the solution. By not having to 

perform the imaginary axis branch line integral at distances greater 

than 100 km, computer time savings can be significant. Swanger and 

Boore (1978) presented some examples showing how the individual sur-

face wave modes add to form the solution. Their study also shows how 

well the pole contributions alone can fit real strong motion data. 

47 



Model Studies 

To obtain an idea of the process of wave propagation, far-field 

time histories were computed for two of the earth models given in 

Table 1. A point dislocation source with a seismic moment of 

3.53 E +22 dyne-em and a source time function s2(t) with T = 0.5 sec 

is placed at a depth of 10 km. The signals have been windowed to 

exclude all frequencies greater than 1.0 Hz. The resulting ground 

velocity time histories at various distances are given in Figure 18 

for the single layer over a half space crustal model and in Figure 19 

for the four layer over a half space crustal model. In these figures, 

the traces in column "a" correspond to a receiver at the given dis­

tance due north of a north~south striking vertical dip-slip source 

with the west side down thrown while those in column "b" correspond 

to ground motions due north of a north-south striking right lateral 

vertical strike-slip source. In Figure 18, it is seen that the first 

arrival is followed by two similar pulses of lower amplitude for the 

dip-slip source. These arrivals are the first Moho reflections due 

to downward and upward rays leaving the source. As distance in­

creases, these reflections undergo a phase change when supercritical 

reflection occurs. The subcritical, non-phase changed, reflections 

are of low amplitude relative to the supercritical reflections. The 

surface wave can be said to emerge at a distance greater than 75 kIn 

as the number of supercritical reflections in the signal increases. 

A similar effect can be seen with the vertical strike-slip source, 
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Fig. 18. Suite of far field tangential velocity time histories 
for the simple crustal model of Table 1 for a vertical 
dip-slip source (a) and for a vertical strike-slip source 
(b) as a function of distance in kilometers. 
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column "b", except that the near vertical reflect:j:.ons at short dis-

tances are not very large. This is because the vertical dip-slip 

source has a maximum in its SH radiation pattern at vertical take-off 

angles, while the verti.cal strike-slip source has a mode for vertical 

take-off angles (HeImberger, 1974). 

For a complicated structure, Figure 19, interpretation of the 

various arrivals in terms of particular ray paths is not very obvious. 

The vertical dip-slip source, column "a", shows some very distinct 

reflected phases which can be followed out to 75 lon. At larger dis.-

tances, the number of significant arrivals within a short time in-

terval becomes so large that they are not seen as distinct arrivals, 

but rather as a composite surface wave. Refracted S arrivals can be 
n 

seen emerging from the surface wave group at larger di:stances. An 

interesting point is the significant variation in the signal character 

over distances of only fifty kilometers, whereas gross properties such 

as maximum velocity only vary slightly. 

Figures 20 and 21 show the pseudo velocity res.ponse spectra Gt 

distances of 25 and 300 lon, respectively for a vertical strike slip 

source at a depth of 5 km in the central U. S. model of Table 1. A 

s.eismic moment of 5.0E +19 dyne-em, a source pulse s2(t) with 

T = 0.5 sec, and a low pass filter set at 4.0 Hz were used. The 

insert in each figure shows the computed acceleration time histories. 

Tabulated values of the output of SDSVSA corresponding to the plots, 

Figures 20 and 21, are given in Figures 22 and 23. 
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Fig. 19. Suite of far field tangential velocity time histories 
for the central U. S. model of Table 1 for a vertical dip-slip 
source (a) and for a vertical strike-slip source (b) as a 
function of distance in kilometers. 
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Fig. 20. Pseudo velocity response spectra of a vertical strike-slip 
source at a distance of 25 km for 0, 2, 5, and 10 percent 
critical damping. The inset is the acceleration time history. 
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It is interesting to note how much character is introduced into the 

response spectrum at the larger distance, which is due just to wave 

propagation effects. 

As a practical application of the theory presented, the varia-

tion of maximum velocity with distance, focal depth, and source 

duration was s-tudied. The signals were generated using a frequency 

window of 0 - I Hz, as before. To enable comparison with a simpler 

model, the single layer over a half space crustal model was used, 

and the results were compared to those for a uniform half space with 

properties of just the layer. Figure 24 shows the effect of focal 

depth. The source pulse had '[ = I sec and a seismic moment of 

3.53 E + 21 dyne~cm. The computed single layer over a halfspace 

solutions are given by the symbols, while the halfspace solutions 

are given by the solid curves. Figure 25 shows the variation with 

source pulse duration, seismic moment fixed. Several points are 

immediately apparent. First, out to distances of about 75 km the 

halfspace solution is quite good. At distances greater than 75 km 

the half space solution breaks down, especially for the vertical dip-

slip source, for which the apparent geometrical spreading changes 

-2 -1 £rom r to r This is the result of the contribution of super-

critically reflected arrivals, or equivalently, the process of sur-

face wave formation. Note the difference in apparent geometrical 

spreading between the vertical dip-slip and vertical strike-slip 

sources. Finally the variation of maximum velocity with source pulse 
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duration can be used with source sl'ectrum scaling laws to see how 

this parameter varies with the size of the earthquakes, e.g. if 

seismic moment is proportional to the cube of source pulse duration, 

"constant stress drop" scaling, an increase in seismic moment by a 

factor of 8 would yield an increase in maximum velocity by a factor 

of about 2. This may be of value in scaling strong motion. Since 

only the far-field SH term was used, the scaling at short distances 

is only approximate, 
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PART V. CONCLUSIONS 

The theory for the far-field ground motion due to dislocation 

earthquakes has been presented together with a description of the 

numerical techniques used for this realization. Some examples were 

presented to provide an ,insight to the numerical methods as well as to 

present some examples of how wave shapes are affected by propagation 

through a layered earth. 

The computer programs documented in this report should be 

useful for more detailed studies of wave generation due to complex 

earthquake rupture precesses as well as for inferring more realistic 

ground motion scaling rules than are currently being used. 
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APPENDIX A: COMPUTER PROGRAM SHSPEC 

Function 

This program computes the far-field complex Fourier spectra for 

point vertical strike-slip and vertical dip-slip earthquake sources at 

a fixed depth in a layered medium. The program is written in FORTRAN 

IV for the Honeywell 6023 digital computer at Saint Louis University. 

The programming has been kept simple to facilitate conversion to other 

computers. As it stands, the program provides good results for the 

distance range of about 5 km to 500 km for frequencies up to 10 Hz. 

Special normalization has been introduced to take into account the 

fact that the Honeywell 6023 floating point number is limited to the 

-38 +38 range 10 to 10 • 

Input 

Input is from card through File 60. A description of input 

variables is given in Table AI. 

Output 

Output is through File 61 and also through standard printer 

output using the PRINT statement. A description of printer output is 

given in Table A2. 

File Codes 

The following file codes are used for I/O functions: 

11 

12 

Mass storage file used for temporary storage 
by subroutines EXCIT and WVINT 

Mass storage file used to store Gl and G2 
solutions in frequency domain for specified 
distances. Contents of this file are used as 
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60 

61 

input by the program SHVEL. 

Card Reader 

Printer output using WRITE(61,n) statement. 

Printer output using PRINT n, statement. 

Sample Input 

Sample input data for generating the traces of Figure 19 are 

given in Table A3. 

Program Listing 

A description of the various subroutines of the program is given 

in Tab1e.A4, while a listing of the program is given in Table AS. 
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Table Al 

Input Variables . , 

Card Variable Name Columns Format Description 

1 

2 

3 

DEPTH 

FL 

FU 

DT 

N 

V~D 

D 

A 

B 

lliO 

R 

XODT 

TO 

1-10 FlO.S Focal depth in km 

11-20 FlO.S Low frequency cutoff in Hz 

21-30 FlO.S 

31-40 FlO.S 

High frequency cutoff in Hz 

Sample interval in seconds. Time 
series in N*DT seconds long. 

4l-4S IS Number of points in time series. 
Must be power of two and .LE.1024. 
Large N requires much computer time 

46-SS FlO.S Used to compute reduced travel time 
t-R/~D for shifted time axis. If 
~D.EQ.O, no reduced time used. 

1-10 FlO.S Layer thickness in km. Read Card 
2's until end of model indicated by 
D.LE.O 

11-20 FlO.S Layer P wave velocity in km/sec 

21-30 FlO.S Layer S wave velocity in km/sec 

31 40 FlO S L d . . / 3 - • ayer ens1ty 1n gm cm 

1-10 FlO.S Epicentral distance in km. Keep 
reading Card 3's until one found 
with R.LT.O, then end program and 
close files. 

11-20 FlO.S Control variable 
XOUT=O--complete solution 
XOUT=l--solution using poles and 

real axis branch line integral 
XOUT=2--solution using poles only 

21-30 FlO.S .EQ.O use VRED to plot time series 
as a function of reduced travel time 
.NE.O TO is the time shift for plot 
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Name 

Output 

FL 

FU 

DF 

Nl 

N2 

DEPTH 

FREQ 

R 

lOUT 

TO 

File 61: 

Table A2 

OutputVartables 

Descritpion 

Low frequency cutoff 

High. frequency cutoff 

Frequency interval (PF=ll (N*DT)) 

Index to indicate array position of FL 

Index to indicate array position of FU 

Focal depth in km 

Frequencies at which theoretical respons-e is. calculated 

Epicentral distance in km 

Type of output. IOUT=3~XOUT, XOUT defined in Tabel Al 

Computed time shift from input TO of VRED input 

Output File for PRINT statement 

D Layer thickness in km 

A Layer P wave velocity in kIn/sec 

B Layer S wave velocity in kIn/sec 

RHO Layer density in gm/cm 3 
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o 
1 

10. 

1.0 

9.0 

10. 

20. 

0.0 

25. 

50. 

75. 

100. 

150. 

200. 

250. 

350. 

450. 

-1.0 

1 
o 

0.0 

5.0 

6.1 

6.4 

6.7 

8.15 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2 
o 

1.0 

2.89 

3.52 

3.70 

3.87 

4.70 

Table A3 

Sample Input. 

3 
o 

0.25 

2.50 

2.70 

2.90 

3.00 

3.40 

A-S 

4 
o 

4 
5 

256 

5 
o 

6 
o 

7 
o 



Subroutine 
Name 

RSHOF 

EXCIT 

WVINT 

HANK 

lHANK 

AXlMAG 

SHCFIK 

BESMOD 

SRCMOD 

SRCLYR 

SHCOEF 

Table A4 

Subroutine Description 

Function 

Computes. the functions of Equation 2 (or given values 
o( real wavenumber k and frequency 

Computes ratios of the type gl/FL and gl/F~ for 

various values of k for each frequency and stores the 
results on File 11 for later calls by WVINT 

Performs numerical integration 

Evaluates Hankel functions H(2) (kr) 1,2 . 
Evaluates J~ H~2)(z) dz 

Performs numerical integration along negative imagi~ 
nary k-axis 

Computes ratio of the type gliFL for imaginary values: 
of wavenumber 

Computes modified Bessel function values 

Reads in earth model parameters 

Using the given focal depth, this searches for source 
layer 

Computes matrix products of Equation 3 
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SHSPIiC! PAGE 1 

C PROGRAM S~SPEC 
COMPL~X nUM1,DUM2 

Table AS 

COMMON I MOOE~ I O(15),A(15).e(15);R~C(15),MMAX 
COMMON/SOURCE/DEPTH,~MAX,OPH 
COMMON I IN, I lOUT 
DiMENSION DATA(2046>,CATA1(204e) 

C tWIS PROGRAM EVALUATES TH~ SH WAVE GENERATION BY A 
C SOURCE IN A LAYEReD M~nIUM. rOR Re~ERENC6S SEe 
c J.A.~UCSON (1969) GEQPHYS,J. vo~ 18 pp 353.310. 
C N.A.HASKELL (1964) S.S.S.A, VO~ ~4 P~ 377~39~. 
C 
C 
C DATA SHOULD BE ENTeRED IN THE rOLLOWING ORDER 
C 
C 
C 
C 
C 
C 
C 
C 

CARD ~ CARD 
,f • , •• t 

• • • • , t 

OARD 3 . . . ~ ... 

DEPTH,rL,PU,DT,N 
D,A,8~R~O 
EARTH MODEL. READ IN 
MOf'/E CARD 2 ... D.l..E,O F'OR HALFSPACE 
R,IOUT,TO 
MORE CARD 3 .. USij R.L.T.O TO END CARD 3 SEQUENCE 

C To SAVE cOMPUTeR STORAGE, INTERMEDtATij ReSU~TS ARE 
C W~ITT6N ON rILE 11. PILE 12 CONTAINS COMP~EX SPECTRA 
C AT DISTANCE R. 
C 
C R~AD IN fOCAL DEpTH, LOWER A~D UPPER fREQUENCY BOUNDS. 
C OT AND N 

R&AD(60,l) CEPTH.'L,FU,DT,N.VRED 
1 rORMAT(4r10,5.15,rl0,5) 

t~(DE~TH~LT.O.O) GO TO 9998 
WRITE(12,1) DEPTH,FL,PU,CT,N,VRED 
CALL SRCMOO . 
CALL SRCLYR 
n, = 1./CN*DT) 
N1 = fL/or 
N~ = rUin,. 
N1 = N1 + 1 
N~ :; N2 + 1 
NyQ = (N/2) + 1 
N'f'Q2 " 2 * NVQ 
WRITE(61,9) ,~,VU,O'.Nl.N2,DEPTH 

9 PORMAT(lHO,4~'L =,'10,5,5X,4H'U _.'10.5,5X,4HDP =;'10, 
15.5X,4HN1 =.I4,5X,4HN2 .,14,5x,1HDePT~ =,Pl0.2) 
W~ITE(61,2) 

2 PORMAT(lHO;39HFReQUENctes 'OR WH!cR .~SPONse COMPUTED) 
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00 100 1 ;: N1,N2 
~ReQ ~ (1·1) * 0' 
\of RITE C 61 , J) F' R e Q 

3 'ORMAT(l~ ;r10.6) 
CAl..1.. iXCITCfi'ReQ) 

100 OONTINUE 
500 ABAD(60,1) R,XOUT,TO 

C R = e~ICENTRA~ DiSTANCE 
C XOUT , 0.0 PO~ES + REAL AXIS BRANeR LINE • tMAGINAAY 
C AXIS aRANCH LINij INTEGRALS 
C XOUT = 1.0 POLES + REAL AXIS BRANC~ LINE 
C XOUT ; a.e po~es 
C To .EQ, 0 USE R6DUCEO TRAVEL TIME,OTHERWISE USE TO 

tF(~OUT,LT.O.O.ORtXOUT.GT,2,0) XOUT = 0,0 
fOUT ::;: J ," xOu T 
REWIND 11 

C R;OucEO TRAVEL TtME TIMe S~lrT 
to ;: 0.0 
fr(VR60,GT,O.O) TO = R/VR~O 
WRITE(12,601)R,tOUT,TO 

601 rORMATCil1.4,15,El1.4) 
frCi.LT,O.o) GO TO 9~98 
WRITE(61,~eO) D6PTH,R.!OUT,TO 

580 'ORMAT(lX,6HDEPTH=,F6t2~3X.2HR=,'6.2,3X,5WIOU,=.t •• 3X. 
131-110=,E11.4) 

C evALuATION or wAV6NUMBeR INTEGRA~S 
NN :!; 2 .. N 
00 250 1 ;:: 1,NN 
OATA1(J) ; 0.0 

250 OArA(1) = 0.0 
00 300 1 !II N1,N2 
~ReQ ~ (1·1) • or 
,Ae = 6,2831853 ... rAEQ • TO 
XR ; COSO'AC) 
xi ;: SINCf'AC) 
CALL WVINTCR,PRaQ,AR1,All,A R2,Al2) 
DUMl ~ CMPLX(XR,Xl) • CMPLX(AR1,A11) 
DUM2 ~ CHPLxeXR,Xl) • CMP~X(AR2,At2) 
ARl = REAL(OUM1) 
Ail = AIMAG(OUM1) 
AR2 : RIiAl.COUM2) 
AI2 = AIMAGCDUM2) 
J = 2 ... 1"1 
K :I 2 .. I 
nATA(.J) = ARi 
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OATA(IO = All 
DATAUJ) II AR2 
DATA1(K) :: A12 

300 OONTINue 
WRITE(12,600)(DATA(I),t~1,NYQ2) 
wRlTe'12,600)(DATA1(1)~t=1,NVQ2) 

600 rORMATcaE1i.4) 
GO TO 500 

9998 CONTINue 
RIWINO 12 
STOP 
I!ND 

SuBROUTINE eXCIT(FREQ) 
DiMENSION Pl(300),P2(3QO),WVN(300),WVC(300) 
eOMPL'X G1(300),G2(300) 
¢OMPLEX X1~X1P,X1M.X2.X2p,X2M.rL,rLP,PLM 
OOMPLliX EYEP I 
COMMON I MODEL I O(15)"(15),e(15)~RHO(15),MMAX 
COMMONI SPACE I al,G2,P1,P2,WVN.wve 
eVEPI :: (O.O,e3,14159a1) 

C LATeR ON ADD BMAX AND SHIN INTO MODEL 
CMAX I; i(MMAX) 
eM IN' e (1) 

OMEGA = 6.2831853*PREQ 
WVMN ~ OMEGA/CMAX 
WVMX ; OM6GA/CMIN 
fr('ReQ.EQ~O.O) BO TO 4000 

C APPROXIMATE NUMeRICAL !NTEGRATION 
C 1;ST fOR. FINeR GRlO rOR HIGHER 'REQUENCIES 
C t~IS SHOULD BE VA~lD FOR DIS'ANCES UP TO ABOUT '00 KH 
C AT fREQUENCIES ~ess THAN 10HZ, 

NGAM= 100 
t'(FReQ,G'.l.0.AND.FR6Qt~T.5.0) NGAM ~ 200 
i~('REQ.G'~$~O) NOAH = 300 
DOAM ~ 1.570196 33/NGAM 
NROOT~ NGAM ... 1 
DO 3998 II:1,NGAM 
GAM Ii! I .. OGAM 
itCl.6Q.NGAM) GAM~O.9999*1.'7079633 
WVNO = WVMN 6 SlN(GAM) 
WVNC ; WVMN * COS(GAM) 
CALL RSHOr(X1.X2,~L,OMEGA,WVNO,EXE1,EX~1) 
WVN(I) = ltJVNO 
\-Ive( I) :: ~VNC 
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C 
C 

C 

399S 

6 
4000 

4991 

4992 
4990 

ELJ = iXLl ~ EXEl 
F'ACX ;:: 0.0 
t'(~LJ.GT.-?O.) rACX , EXPCELJ) 
Xi :: Xl/F'L 
)(2 :; X2/F'L 
T1 ;:: fACX*WVNO*WVNC 
Pi(!) = AiMAG(Xl)*~l 
P2(1) :; AIMAG(X2).T1 
CONTINUE 
WRITEC11,6) OMEGA,NGAM;CGAM 
WRITe(11,~) «WVN(J),WVC(J),P1(J),P2CJ»,J=1,NGAM) 
F'ORMATCE13~6,I5,E13.6) 
CONTINUE 
NROOr = 0 
NMX IS CHOSEN FOR A 40 KM CRUSTAL MOOE~, POR SHAL~OWER 
T~ICKNESSES A PROPORT!ONATELV SMALL NMX CAN BE USED. 
NMX = 100 + (FREQ*100., 
DK = (WVMX~WVMN)/NMX 
t'(DK.LT.1.0E~8) GO TO 5001 
SEARC~ fOR ROOTS or PERIOD EQUATIOM 
C1 = WVMN + O.Ol*OK 
CALL RS~OF(Xl,X2,fL,OMEGA,Cl~ExEl,EXL1) 
DELl II REAL(F'I .. ' 
NMX1 ~ NMX + 1 
00 5000 I:;2,NMXl 
02.~ WVMN + (I-i) • OK 
C~LL RSHOF(X1,x2~rL,OMEGA,02,EXE1,SXL1) 
Qt;L2 !II REAUF'L.) . 
Ir(SIGN(1.0,OEL1)~SIGN(l,O,DEL2),GEtOtO) GO TO 4999 
NROOT = NROOT + 1 
C4 :; C2 
OEL4 ~ DEL2 
DO 4990 lI=l,5 
03 = Q.5*(C1.C4) 
tALL RSHO'(X1.X2,FL,OMEGA,C3~eXE1,EXL1) 
Df!L3 = REAL(F'L) 
rrcSIGN(1.0.DEL1).SIGN(l,O,OEL3).G;,0.0) ~O TO 4991 
OEL4 :; DEL3 
04; 03 
GO To 4992 
DELl ~ OEL3 
01 = C3 
CONTINUE 
CONTINUE 
r.3 = O.5*(Cl.+C4) 
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c 

4999 

5000 
5001 

2 
5 

5002 

CAL~ RSHOr(Xlp,X2P,f~P,OM~G4.C3·0tlADK,EJ~,eLP) 
CALL RSHOr(X1M,X2M.fLM,OMEGA,C3-0,l*nK,EJB.ELM) 
tlfJ = EJp ... e.JM 
DIi'L = ELP .. EL.t-1 
ELJ : ELM .. eJt-1 
X1P;;X1P*EXPCDfL> 
X2P;X2p6EXP(Of"L) 
F'LPI:iIF'~P*E)(P(Of"J) r,ex ;f 0.0 
f~(8LJ.GT.-70.) 'ACX = EXPCELJ) 
bf"DK ~ (RE~L(fLP)·REAL(FLM»/(2t"O~1*DK) 
orOK ~ 5,.(REA~(FLP)~REAL(FLM})/D~ 
G1(NROOT) : 0.5 .. REA~(X1P • X1M) .. EVEP! I DFDK 
G1CNROQT) : Gl(NROOT)otAC X 
G2(NROOT) = 0.5 .. REA~(X2P • X2M) * EVEPI I DPOK 
G2(NROOT) = G2(NROOT)*rACX 
WVN(NROOT) ~ C3 
C1 ; 02 
DIL1 i1! DEL2 
CONTINue 
OONTINUE . 
WAITeCl1.S) OHEGA,NROOT 
t~(NROOT.&Q.O) GO TO 5002 
WRITE(11.2) «WVN(J>,G1CJ).G2(J»,J=1.NROQT) 
F'ORt1AT(l.OE1~.6) 
rORMATCE13.¢.15) 
CONTINUE 
RETURN 
END 

SuBROUTINE WVINT(R,fREQ,AR1,AI1.AR2,AJ2) 
niMENSION Pl(300),P2(300),WVN(300);WVCC30Q) 
COMRLex G1(300).G2(300) 
OOMPL6X HO.H1,~Ol,~11,HI.SUM,SUMOISUM1,SUM2 
COMMON I SPACE / Gl,G2~P1,P2;WVN.WVC 
COMMON I MOPE~ / P(15),AA(15).BBC15).RHO(15).MMAX 
OOMMON I soURcel OEPTH~~MAX.DPH 
COMMON I tNT I lOUT 
reT = 1,/(12.5663706*BB(LHAX)*BB(~MAX) 
~iL = 3.141592653 
ARl = 0.0 
Arl = 0.0 
AI2 = 0.0 
A~2 = 0.0 
OMEGA = 6.2831853 o FREQ 
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SUMl ~ CMPLX(O.,O.) 
SUM2 ;; CMPLX(O.,Q.) 
If(FREQ.EQ.O.O) GO TO 4000 

C APPROXIMATE NUMERICA~ INTEGRATION 
C ALONG BRANCH ~INE FROM K = 0 TO K = K-BETA(MAX) 

READ(11,6) OMEGA,NK,DGAM 
REAC(11,2) «WVN(J),WVC(J),P1(J),P2(J»,J,1,NK) 

6 rORMAT(E13.6,15,E13.6) 
1~(10UT.EO.l) GO TO 4000 
WVNO :: WVN 0.) 
TOl :: WVNO*R 
CALL ~ANK(T01,1.0,H01,H11) 
SUM4 = O.5 .. Pl(1)*HOloDGAM 
SUM2 ; O.5oP2(1)oH110PGAM 
CALL IHANK(T01,H01,Hl1,SUMO) 
00 2 0 0 1 = 2, t-ll< 
11 = 1-1 
WVNO ;; WVN(I) 
TO ;; WVNooR 
CAL~ HANK(iO,1.0,HO,Hl) 
CALL IHANK(To.HO,~l,SUM) 
IT5T • 1 
~F«TO-T01).LT.Pl~) 1TST=2 
GO TO (150,160),1TST 

150 CONTINUE 
H1 • SU~-SUMO 
SLP - Wve( I1)oR 
SLP2 = SLPoSLP 
A '" PUll) 
B ;: (PU 1 )-Pi( 1U )/DGAM 
SUMl = SUM1+A*H1/SLP 
SUMO :: TO*Hl~TOlo(HI+H11) 
SUMl :: SUH1+8oSUMO/SLP2 
A :: P2(l1) 
8 :: (P2(1)~P2(11»/DGAM 
SUM2 :: SUM2+Ao(H01-HO)/SLP 
SUMO:: HI+(T01-TO)*HO 
SUM2 :: SUM2+8oSUMO/SLP2 
GO TO 170 

160 CONTINUE 
SUMl = SUM1+0.5*(Pl(1>.HO+Pl(Il).HOl),DGAM 
SUM2 :: SUM2+0.5*(P2(1)*Hl+P2(11).~tl)*DGAM 

170 CONTINUE 
HOl = HO 
Hi1 :: Ht 
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TOl :; TO 
SUMO ;: SUM 

200 CONTINUE 
SUMl • SUM1·CMPLX(O,O.~1.Q) 
SUM2 ; SUM2*CMPLX<O,O,-1.0) 

4000 CONTINUE 
C POLE CONTRINUTIONS 

READC11,5) OMEGA1,NK 
5 rORMAT(E13~6,I5) 

tfcNK.eQ.O) GO TO 399 
RSAD(11,2) (CWVN(J),Gl(J),G2tJ»,J=1,NK) 

2 ~ORMAT(lOE13.6) 
00 300 I :: 1,NK 
WVNO ;: WVN(I) 
CALL ~ANK(WVNO,R,HO,Hl) 
SUMl ; SUM1~HO~Gl'I)*WVNO 
SUM2 =. SUM2·Hl~G2(I)*WVNO 

300 CONTINUE 
399 CONTINUE 

AR1 = REAL(SUM1)~FCT 
AR2 = REALC SUM2)oFCT 
All = AIMAG(SUM1)oFCT 
A12 ;: AIMAG(SUM2)oFCT 

C NUMERlCAL I~TEGRATION ALONG tMAGINARV AXIS BRANCH LINE 
tt(IOUT,NE.3) GO TO 403 
CALL AXIMAG(CQN T1,CONT2,OMEGA,R) 
ARl = ARl - CON Tl o fCT 
AR2 = AH2 - CONT2 o fCT 

4 a 3 CONTI NUE 
RETURN 
END 

SUBROUTINE HANK(WVNO,R,HQ,Hl) 
COMPLEX HO,Hl 
REAL. JO,Jl,J1Z 
Z = WVNO*R 

100 tr(Z.GT.3.0> GO TO 200 
X ;: (Z/3. h(ZI3.) 
JO ;: 1.-X*(2.2499997-X*(112656208-XO<.3163666~X*( 

1~0444479-X*(.0039444~Xo(.0002100»1») 
J1Z = O.5-X*(.56249ge5~X*(.21093573-X·(.03954289~X.( 
1~00443319~X~(.00031761MX*(.0000110~»)) 

J1 = 2 <If J1Z 
YO = (2./3.1415927)~A~OG(O.5.Z)*JO • 0.36746691 .Xo( 
1.60559366~X·(.74350384~Xo(.25300111-X*(.04261214~X.( 
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2.00427916-X*C.00024846»»» 
V1Z = (2./3.1415927).Z.ALOG(~,5*Z'6Jl - O.636619A+X6( 

1.2212091+X*(2.1 6 82709+X*C-l.3164827+X*(.3123951+X*( 
2~.0400976+X*(.0027873»»» 

HO = CMPLX(JO,·YO) 
Hi = CMPLX(Jl,-Y1ZIZ) 
RETURN 

200 CONTINUE 
X = 3,/Z 
F'AC = 1./SaRT(Z) 
ro = ~797B8456+X*(-.00000077 + X*(-tOQ552740 + X*( 
1~.00009512+X*(.00137237+X*(~.00072805.X*(.00014476»)) 
2)) 

TO = Z - .76539816+X*C-.Q4166397+X6(-.00003954+X*( 
1~00262573+X*(-.00054125+X*(~.00029333.X6(.00013558»)) 
2 , ) 

F'1 ~ .79788456+X6(.00000156·X*C,01659667+X*(.00017105~ 
lX*(-.00249511+X*(.00113 653+X*(·,0002Q033»»)) 

T1 = Z-2.35619449+X*(.12499612+X*(~000056~O+X*( 
1 -.00637879~X*(.00074348+X*(.00079a24.X*(-.00029166») 
2 ) ) ) 

JO = FAG * Fa * COSeTO) 
Vo = rAe. Fo * SINCTO) 
J1 = FAe * Fl * COS(Tl) 
V1 = fAe * Fl * SIN(Tl) 
HO : CMPLX(JO.-YO) 
Hi = CMPLX(Jl,-Yl) 
RETURN 
END 

SUBROUTINE IHANK(X.HO,Hl,SU M) 
COMPLEX HO,Hl,SUM 
REAL IJO, IYO 
IVeX.GT.5.0) GO TO 1000 
lreX.GT.2.0) GO TO 101 
tJO=1.49457E-5+X*(.9994a05+X~(.0027178+X~(-.0884971+ 

* x*e.Q042605+Xo(.0017411»») 
GO TO 200 

101 ifeX.GT.4.0) GO TO 102 
IJO=O.1680514+x*e.6216918+X*C.3516254*x*(-.2553154. 

* X*(.0458084+x*e-.oo258Q9))))) 
Go TO 200 

102 tJO=-4.093215+X*C5.49337a+X*(~1.870851+ 
* X*'.2501106+X*(~,0114415»» 

200 tf(X.GT.O.5) GO TO 201 
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IYO=X~C-2.9a3395+X*(10.69899+X*(-30.65599+ 
* X*(48.83965+X*(-30.89071»») 

GO TO 999 
201 IF(X.GT.1.0) GO TO 20 2 

IVO~-O.0851~4B+X*(-1.649919+X*(1.878571+ 
* X*(-1.21B732+X*(.5532593+X*(~.1151309»)) 

GO TO 999 
202 IF(X.GT.3.0) GO TO 203 

iVO=-,2089732+X*C-1.081949+X*( .7960879+XO(-.1464996+ 
* X*(.0037485+X*(.OOQ5744»») 

203 iyO=.9766188+X*(-2.799556+X~(1.780798.X*(-.4238574+ 
* X*C.Q416846+X*(-.OQ13983»») 

999 CONTINUE 
SUM~CMPLX(IJO,-IVO) 
RETURN 

1000 Z=l,/X 
SO=-3.0816BE-7+Z*(.6366 825+Zo(-.0004799+ 

* Z*(-.6797933+Z*(.889303»») 
S1=.6366201+Z*C-6.88024E-5+Z*(.639624. 

* Z*(-.05Q8577+Z*(-l,689329+Z*(2~711393»))) 
SO=SO"AIMAGCHO) 
S1=S1·AIMAG(Hl) 
SUM=X*(HQ+1,570 79633*<SOoHl-S1*HO)) 
RETURN 
END 

SUBROUTINE AXIMAGCSM1,SM2,OMEGA,R) 
C T~IS PERFORMS BRANCH LINE INTEGRATION ALONG THE IMAGtN 
C iHE INTEG~ATION IS PERrORMED BY lAGUERRE 5 RU~E AND IS 
C R.GT. 0.5 H , WHERE H IS THE SOURCS DEPTH 
C TO IMPROVE THE EVALUAT!ON NOTE THAT BMODO AND BMODl AR 
C OMEGA, HENCE THlS FUNCTION CAN SE COMBINED WITH THE WE 
C AN EARLY INTIALIZATION, 

COMPLEX G1,G2 
DIMENSION X(24),W(24) 
DATA (X(I)~1=1,24)/O.02110687,0.11122305,Q.27339875, 
10.50775546~O.8144213?'l.1935599,1,645J733.2~1701~2B, 
2~.7680303,3.4394792,4.184e148.5.0044459,518ge8261' 
36.8684550,7,9138802,9.0356983,10.234558,11.511161, 
412.866265.1 4 .300688,15.815308,1 7 .411070,19.088986, 
520.850141/, (W(I),I=1,2 4)/.05303710,O.11284582, 
60.15082452,0.16279133,0.1 5185641,0.12593625,.09 419693, 
70.6407SB14E-Ol,O.39845646E-01,O.22724136E-Ol, 
80.11912235E-Ol,O.57 483106E-02,Oj25559349E w 02, 
9.10478123E-02,,39617000E-03,.13B16206ij-03. 
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A.44439761E-04,.1318U466E~04,.36033694E-05. 
B.90760433c-06, .21U49269E-06,.44918756E-07, 
C~88129729E-08,.1588~974E-081 

TWOPI = 0.63661977 
SMl = 0.0 
SM2 .: 0.0 
no 100 II = 1,2 4 
I = 2~ - 1 I 

C THE FIRST 24 TeRMS OF AN N=68 GAUSS-LAGUERRE 1NTEGRAL 
C APPROXIMATION ARe USED. THE ERROR IN DROPPING THE 
C HIGHER TERMS SHOU~D BE ~ESS THAN 1~OE-09 

TAU = X(J)/Fi 
Z = XCI) 
CALL SHCFIK(Gl,G2,OMEGA,r AU) 
CALL BESMOD(SMODQ,8MOD1,l) 
SMl = SMi + AIMAG(Gl) * RMOCO * W(1) 
SM2 = 5M2 + REALeG2) ~ SMODl * WeI) 

100 CONTINUE 
SMl = - TWOPI * SMl I CR*R) 
SM2 = TWOPI * SM2 I (R*R) 
RETURN 
END 

SUBROuTINe SHcrIK(Gl,G2,QMEGA,TAU) 
C THIS ROUTINE EVALUATES THE G1 ANn G2 COEFFICIENTS FOR 
C A PURELY IMAGINARY WAVENUMBER 

COMMON / MoDEL I D(15),A(15),B(15),RHO(15),MMAX 
COMMON/SOURCE/DEPTH,LMAX,PPH 
OOMPLEX Gl,G2 
COMPLEX EJ11,EJ21,EL11,EL12,EL21,EL22,FL,61.E2 
Ai1 : 1.0 
Ai2 = 0.0 
A21 = 0./1 
A22 = 1.0 
FOil = 1.0 
EI'l12 = 0.0 
ED21 = 0.0 
En22 ;: 1.0 
E22 = -l./cBCMMAX)*b(MMAX» 
XKB = OMEGA/B(MMAX) 
E11I= SQRT(TAUoTAU+XK8*XKB)~RHO(MMAX) 
EilR = 0.0 

C TO AVOID NUMERICA~ PROB~EMS. MATRI~ MULTIPLICATION 
C GOES FROM BOTTOM LAYER UPWARD 

MMMl = MHAX - 1 
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no 1340 K = 1,MMMl 
M = MMAX - K 
XKB = OMEGA/S(M) 
RB = SORT(TAU*TAU + XKB*xKB) 
Q : n(M) .. R8 
~ = RHO(M) .. 8(1'1) .. 8(1'1) 

IF(Ra.EO.o~O) GO TO 1401 
coSQ = COS{Q) 
SINQ = SIN(Q) 
V = SINO/(HoRB) 
Z = - H * R8 * SINQ 
GO TO 1402 

1401 V = D(M>lH 
Z = 0.0 
coso = 1.0 

1402 CONTINUE 
EA11 : Ai1 .. COSo + A12 .. Z 
EA12 : Ail .. Y + A12 * coso 
EA21 = A21 .. COSQ + A22 * Z 
EA22 = A21 .. Y + .22 .. cosa 
Ail = EA11 
A12 = EA12 
A21 = EA21 
A22 = EA22 
1.1 = L.MAX + 1 
tF(Ll.NE.M) GO TO 1340 
ED11 : All 
ED12 : A12 
ED21 = A21 
en22 = A'-2 

1340 CONTINUE 
H = RHO(LMAX) .. BCLMAX) .. B(LMAX) 
XKB = OMEGA / B(LMAX) 
R8 = SQRTCTAU*TAU + XKB*xKB) 
Q = OPH * R8 
iPCRB.EQ.O.O) GO TO 1501 
COSQ = COS(Q) 
SINQ: SIN(Q) 
V = SINO/CH*RB) 
Z =~H .. RB .. SINO 
GO TO 1502 

1501 CONTINUE 
V = OPH/H 
Z = 0.0 
CoSO = 1. 0 
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1502 CONTINUE 
Oil = (EDi1 * COSO + E012 * Z)/RHOCLMAX> 
n12 =-(ED11 * Y + ED12 * COSQ).BCLHAX)*BCLMAX) 
021 = (ED21 * COSO + E022 * Z)/RWOCLMAX) 
022 =-(eD21 * Y + ED22 * COSa'oBCLMAX)*B(LMAX) 
F.1 = CMPLXCE11R,E11I) 
E2 = CMPLX(E22,O.O) 
EJ11 = El 0 All 
EJ21 = E2 * A21 
ELll : El * 011 
EL12 = E1.. .. D12 
EL21 : E2 * 021 
EL22 = E2 -It 022 
F'L : cJl1 - EJ21 
G1 = (EL21 - EL11) / FL 
G2 = (EL22 - EL12) * CMPLX(O.O,TAU) / FL 
RETURN 
END 

SUBROUTINE BESM OO(BMODO,gMOD1.Z) 
C t~IS SUBROUTINE EVALUATES T~E FUNCTIONS 
C aMODO : Z * EXPCZ) -It KO(Z, 
C SMOOl = Z * EXP(Z) -It Kl(Z) 
C WHERE KO AND Kl ARE THE MODIF'IED B~SSEL FUNCTIONS 

OiMENSION T(11),U(11).V(11) 
DATA (T(I),1:1,11)/O,O,0.05,0.1,0.2,0,3,0.4.0.5,0.6, 

11.,1.5,2./, (U(I),I=1,11)/O.0,0.163695,O,268232. 
20.429151,0.555788 •• 66 5073,,762055.:8500425,1.144463, 
31.43731~,1.683136/,(V(I),1:1;11)/1~O,1.046523, 
41.089018,1.16667711.237547,1.303469,1~3655048, 
51.424352,1.6361 5349,1.864 74881,2,13 4941 8 / 

If(Z.GT.O,O) GO TO 100 
SMODO = 0.0 
SMOOl = 1.0 
RETURN 

100 ir(Z,GE.2,o) GO TO 200 
C IN lHIS RANGE OF FUNCTiONAL. LINEAR INTERROLATION IS 
C ALL RIGHT 

DO 150 I = 1,10 
IJ = 1 
If(Z.GT,T(I).AND.Z.~E.T(l+l') GO TO 151 

150 CONTINUE 
151 CONTINUE 

BMODO=U(IJ)+(Z-T(IJ»*(U(IJ+l)-U(lJ»/(T(IJ+1)~T(lJ» 
BMOD1=V(IJ)+(Z-T(lJ»~(V«(J+l)~V(lJ»/(T(IJ·l)-T(lJ» 
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Rt;TURN 
200 CONTlNUE 

X : 2.IZ 
BMono = SQRT(Z)*(1.25331414+X*(-.07832358+X*(.02189568 
1+~*(-.01062446+X*(.00587872+X*(·.00251540+X~(.00053208 
2»»») 

BM001 = SQRT(Z)*(1.25331414+x~(.23498619+X*(-.03655620 
1+X*(.01504268+X*(~.00780353+X*(t00325614+X*( •• 0006e245 
2»»») 
. RETURN 

END 

SUBROUTINE SRCMOD 
C READ IN EART~ MODEL 

COMMON I MODE~ / D(15),A(15),8(15),RHO(15),MMAX 
00 20 I = 1,15 
READ(6Q.l) DCI),ACl),8(1),RHOCI) 

1 f'ORMAT(4F"10.3) 
MMAX :: 1 
iFCO(I),LE.O.O) GO TO 21 

20 CONTINUE 
21 CONTINUE 

MMXl = MMAX - 1 
PRINT 2 

2 rORMAT(lHO,7X.1Hn, 9X.1HA,9X.1HB,9X,3HRHO/) 
no 400 1 :: l,HMXl 

3 rORMAT(lH ,4~10,2) 
400 PRINT 3,D(1),ACl),B(I>,RHOCI) 

PRINT 5,ACMMAX),BCMMAX),RHOCMMAX) 
5 rORMAT(lH ,10X,3~10.2/1HO) 

R~TURN 
END 

SUBROUTINE SRCLYR 
COMMON I MODEL / D(15),A(15),8(15)~RHO(15),MMAX 
COMMON/SOURCE/DEPiH,LMAX,DPH 

C LMAX : SOURCE LAYER 
C OEPTH : SOURCE DEPTH 
C OPH = HEIGHT oF" SOURCE ABOVE LMAX + 1 INTERFACE 
C LMAX :: 0 IS THE f'REE SURrACE 

OEP = 0.0 
MMX1 :: MMAx - 1 
DO 100 M = 1,MMXl 
06P = oEP + OCM) 
DPH = OEp ~ DEPTH 
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LMAX ;: H 
tP(DPH.GE.O.O) GO TO 101 

100 CONTINUE 
101 CONTINUE 

RETURN 
END 

SuBROUTINE RSHOF(GG1.GG2,fL,OMEGA,~VNO,EX6,EXL) 
COMPLEX EJ11.EJ2l,E~11.EL12,E~21,EL22,El,B2,~L,GG1,Gr,2 
CALL SHCOEF(A11,A12,A21,A22,Dl1,D12,D21,D22,El1R,El11. 

lE22,OMEGA.WVNO,EXE,EXL) 
E1 = CMPLX(El1R.Eli1) 
E2 = CMPLX(E22,O.O) 
EJ11 = El .. All 
eJ21 = E2 .. A21 
EL11 ;: El .. Dl1 
EL12 El" D12 
EL21 = E2 .. D21 
EL22 ;: E2 .. 022 
GGl = (EL2i .. E~11) 
GG2 = (EL22 - EL12) .. WVNO 
F'L : EJll - EJ21 
ReTURN 
END 

SUBROUTINE SHCOEF(Al1,A12,A21,A22,Dl1,D12,021,022,El1R 
1~Ei1I.E22,OMEGA'WVNO,EXE,EXL) 

COMMON I HODEL I D(15),A(15),B(15),RHO(15),MMAX 
COMMON ISOURCEI DEPTH,LMAX,DPH 

C SINCE THIS is WRITTEN FOR A MACHl~E wHose LARGEST 
C NUMBER 15 1,OE+39, SPEcIAL NORMALIZATION IS USED TO 
C AVOID EXPONENT OVERFLOW OR UNDER~LOW 

Ail = 1.0E-20 
A21 :: 0.0 
A12 = 0.0 
A22 = 1. OE-20 
Eni1 = 1. OE""2Q 
e012 ;:I 0.0 
En21 : 0.0 
En22 = 1.0E"'20 
ExE : 0,0 
EXL :: 0.0 
WVN02 = WVNO.WVNQ 
E22 = -1./(8(MMAX)oB(MMAX» 
XK8 :: OMEGA/BCMMAX) 
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RB = SQRT(ABS(WVN02-XKB*XKB» 
E11R = 0.0 
El11 = 0.0 
rAC = RHOCMMAX)*RB 
t~(WVNO.GT.XKa) EllR:FAC 
IrCWVNO.LT,XKB) Ell1 = FAG 

C To AVOID NUMERICAL PR08~EMS, MATRIX MULTIPLICATION 
C GOES FROM BOTTOM LAYER UPWARD 

"1MMl = MMAX - 1 
no 1340 K = l,MHMl 
M = MMAX ... K 
XKB = OMEGA/8CM) 
R9 = SQRTCABSCWVN02 - XKB~XK8» 
Q = oeM) .. RB 
~ = R~O(M).8(M)·B(M) 
JfCWVNO-XKB)1231,1221,1 209 

1231 SiNG: SINCG) 
V = SINQ/CH*RB) 
Z = -!·hRB*S I NQ 
COSQ = COSCQ) 
GO TO 1242 

1221 COSQ = 1.0 
V = D(M)/I-of 
Z = 0,0 
GO TO 1242 

1209 iV(Q.GT.5.0) GO TO 1208 
eXQP = EXPCQ) 
F;XQM = 1./EXQP 
SING = (EXQP-EXQM)/2. 
Y = SlNQ/CH*RB) 
Z = SINQ*IoI.RB 
COSQ = (EXQP+EXQM)/2, 
GO TO 1242 

1208 EXE = EXE + Q 
Z = a,5 lt H.R8 
Y = O.S/(HoRB) 
OOSQ = 0.5 

1242 CONTINUE 
EA1! = Ail.COSO + A12*Z 
EA12 = AlloY + A12.COSQ 
EA21 • A21*COSO + A22*Z 
EA22 = A21.Y + A22*COSQ 
Ail = EAll 
412 = EA12 
A21 = EA21 
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A22 = EA22 
Ll = \..MAX+1 
IfCL1.NE.M) GO TO 1340 
elCL = EXE 
e011 :: A11 
e012 I A12 
er,21 = A21 
En22 I A22 

1340 CONTINUE 
H = R~0<LMAX)*8(LMAX)~B(LMAX' 
XKB = OMEGA/8(LMAX) 
RS :: SQRTCABS(WVN02-XKS*X KB» 
Q = OPH * RB 
If(WVNO-X~B)1131,1121,1111 

1131 SINQ :: SIN(C) 
V = SINO/CHoR8) 
Z :: -1oI*RS*sINGl 
coSQ :: COS(O) 
GO TO 1142 

1121 dose = 1.0 
V = OPH/H 
Z = 0.0 
GO TO 1142 

1111 tF(~.Gl.5,0) GO TO 11 0a 
EXQP = EXP(Q) 
EXQM :: 1./EXQP 
SINQ :: (EXQP-EXOM)/2. 
Y = SINQ/CHoRB) , 
Z = SlNQ*~*RB 
COSQ ; (EXQP+EXCM)/2. 
GO TO 1142 

1108 EXL = EXL + Q 
Z = H*RB*o~5 
Y = O.5/(H*RB) 
coSO:: 0.5 

1142 CONTINUE 
n11 = (EDi1*COSQ + E012*Z)/RHOCLMAX) 
012 = -(ED11*V + E012*COSO)*BCLMAX)*BCLHAX) 
021 = (E021*COSC + ED22*Z)/RHO(~MAX) 
022 = -CED21*Y + ED22*COSC)*CB(\..MAX)*B(LMAX') 
R~TURN 
END 
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APPENDIX B: COMPUTER PROGRAM SHVEL 

Function 

This program performs the inverse Fourier transform of Equation 

9, using the source velocity pulse s2(t) of Equation 23. The source 

pulse, its Fourier amplitude spectrum and the filtered source pulse 

are plotted as output. The output of SHSPEC is read in on File 12, 

the pulse parameters are read from card on File 60, printer output is 

on File 61, CALCOMP off-line plots are on File 10, and the velocity 

time histories are on File 20 for use by the program DSVLAC. 

The card input is very simple and is given below rather in a 

table: 

Card Variable Name Columns Format 

1 TL 1-10 FlO.5 

XJ.10M 11-20 ElO.3 

Description 

The pulse parameter T of 
Equation 23. 

A scaling factor used to adjust 
source spectrum level. Gl and 
G2 are output from SHSPECfor 
a seismic moment of 1.OE+20 
dyne-em since the area under 
s2(t) is unity. XJ.I0M permits 

the use of another moment as 
well as the adjustment for 
focal mechanism. XJ.10M is the 
desired seismic moment times 
the terms in the square brackets 
of Equation 24. XJ.10M.LT.l is 
interpreted as XJ.10M=1.OE+20 

(More Card l's are read until one with TL.LE.O is found, which causes 
program termination and closing of files). To generate Figure 19, 

TL=0.5 and XJ.10M=7.06E+22 were used (seismic moment of 3.53E+22 dyne­
em and a focal mechanism factor of 2.0). 
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The printer output of SHVEL i.s mos.t1y- diagnostic. Yile 61 

gives the values of TL, DT, and XMOM (DT is rea.d from :File 12), 

Under the system standard printer output (),RINT statement), 

YMAX and YMTN are the maximum and minimum amplitudes of each time 

plot; R, lOUT and TSHIFT are the parameters. R, IOUT and TO written 

on File 12 by the program SHSPEC. 

A description of the subrQutines is given in Table B1. The 

program listing is given in Table B2. 



Subroutine 
Name 

PULSE 

FOUR 

SEISPLT 

SPPLT 

ALOGAXES 

Table BI 

Subroutine Description 

Function 

Defines the source pulse of Equation 23. Other 
normalized source pulses can be used by rewriting this 
subroutine. 

Performs numerical approximation to the Fourier inte­
gral by using a fast Fourier transform. 

Sets up a CALCOMP plot of ground motion time histories. 
Other plotters can be .used by rewriting this subroutine. 

Sets up log-log CALCOMP plot of Fourier amplitude 
spectra. 

Sets up log-log axes for SPPLT. 
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Table B2 
SHVEL PAGE 1 

C PROGRAM SHVEL 
DIMENSION DATA(204S>,X(lC26),Y(1026),OATAS(1026) 
DIMENSION DATA1(2048) 
OiMENSION rBUf(iOOO> 

c iNPUT DA TA 
C 
c CARP 1 TL, XMOM 
C TL IS SOURCE PULSE PARAMETER, XMOM IS SEISMlC MOMENT 
C tN DYNE-eM. IF XMOM=O PROGRAM DE'AOLTS TO 1.0E+2Q O-CM 
c •..•. MORE CARD 1 - USE T~.LT.O TO END CARD 1 sEauENCE 

CAL~ PLOTSCIBUF,1000,10) 
9998 CONTINUE 

~EWINO 12 
RiAOC12,1) DEPTH,fL,FU,DT,N,VRED 
NVC = N/2 + 1 
Ny02 II: 2-1tNyQ 
OF' = 1./eN.DT> 
Ni = fL/Dr 
N2 ;: rU/Dr 
REAO(60,111) TL,XMOM 

1 rORMAT(4F10.5,y5,Fl0.5) 
11 FORMAT(Fl0.5,2I5,2Fl0.5) 

111 FORMAT(Fl0.5,El0.3) 
NS = 2 
WRITE(20,11)TL,NS,N,DT,DEPTH 
irCTL.LE.O:O) GO TO 9999 
WRIT~(61,4) TL,DT,XMOM 

4 'ORHAT(lHO,4HTL =,F10,5,5X,4HDT =,'10,5,5X,4HHOM=, 
1!'HO.3) 

XMOM = XMOM I 1.0E20 
ttexMOM.LT.l.0E-20) XMOM = 1.0 
OALL PULSEeXty,N,DT,T~) 
d~LL SEISPLT(X,Y,N,O.O;O,6HINPUT 

C PLOT SOURCE PULSE AND SPECTRA 
00 200 1 :: l,N 
J = 2 ... I - 1 
K = 2 ... I 
OATA(J) = yCI) 

200 OATA(K) = 0.0 
CALL fOUR(DATA,N,-l,DT,Df) 
00 205 1 = 1,NyQ 
j = 2 ... 1-1 
K = 2 ... I 
tF(1.GE.N1. AND.I.LE.N2) GO TO 205 
OATAeJ) ;0.0 
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DATA(K) = 0.0 
205 OONTINUE 

CALL SPPLT(DATA,X,Y,NYQ,nf,6H SPEC) 
DO 206 1 = 1,NyC2 

206 OATASel) : XMOM * DATA(1) 
CALL POUR(DATA,N,+l,OT~Dr) 
00 210 I : 1,N 
J = 2 .. I .:. 1 
XCI) = (1 .. 1) * DT 
VCI) = DATA<J) 

210 CONTINUE 
C ~LOT fILTERED SOURCE PULSE 

CiLL SEISPLT(X,Y,N,O.O;O,6H ftLT ) 
9997 CONTINUE 

R&ADC12,601)R,IOUT,TO 
601 fORMAT(El1~4,15'E11.4) 

WRITEC2Q.601) R,tOUT,TO 
tr(R.LT.O.O) GO TO 9998 
PRINT 5,R,IOUT,TO 

5 rORMAT(lHO,4H R =.FB.2,6H lOUT =,I3,5X,10H TSHIFT =. 
1'8.2) 

REAO(12,600) (DATA(1),I=1,NY~2) 
R&AD(12,600)(DATA1(1).i=l,NYQ2) 

600 rORMAT(8El1.4) 
00 700 1 : 1,NVC 
J = 2* I - 1 
K = 2 * I 
AR1 = DATA(J) 
A11 = DATA(K) 
AR2 = DATA1(J) 
Ai2 = DATA1(K) 
OATA(J) = DATAS(J)*ARl ~ DATASCK)*A11 
DATA(K) = OATAS(K)*AR1 + DATASeJ)*AJl 
DiTA1CJ) : DATAS(J)*A R2 - DATAS(K)*AI2 
OATA1CK) : DATAS(K)*AR2 + DATAS(J)*A12 
t~(l.EQ.l) GO TO 700 
ii ;; N+ 2 .. I 
JJ = 2 .. n - 1 
KK = 2 .. II 
DATA(JJ) ~ DATA(J) 
O~TA(KK) :. DATA(K) 
DATA1CJJ) = DAT A1(J) 
OATA1(KK) = - DATA1(K) 

700 CONTINUE 
303 CONTINUE 
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CALL FOUR(OATA,N,+l,DT,Or) 
CALL FOURCDATA1,N,+1,DT,DF) 
DO 400 1 :: l,N 
J::2*I-l 
)«(1) :: DATA(J) 
Y ( I' :; D A TAl (.J ) 

400 CONTINUE 
WRITE(20,600)(X(I),I=1,N, 
WRITE(20,600)(Y(I),1::1,N) 
GO TO 9997 

9999 CONTINUE' 
CALL PLOTC1 2 .O,O,O,999) 
STOP 
END 

SUBROUTINE PULSE(T,F,N,DT,TL) 
DiMENSION TC1>,F(1) 
ri = 0.0 
T2 :: Tl + TL. 
T3 = T2 + TL 
T4 = T3 + TL. 
T!5 = 14 + TL 
no 100 I = l,N 
r(i) :: (I~l) .. DT 
Y = T<I> 
Z=V-H. 
F' ( I,) = o. 0 
iF(Y.GT.Tl) GO TO 101 
GO TO 100 

101 i~(Y.GT.T2) GO TO 102 
FeI) :: (Z/TL)o(Z/TL).O.5 
GO TO 100 

102 irCY.GT,T3) GO TO 103 
reI) = - (Z/TL)O(Z/TL)oO,5 + 2.0*(Z/TL.) - l~O 
GO TO 100 

103 J~(Y.GT.T4) GO TO 104 
r(l) = - CZ/TL)O(Z/TL)*O.5 + 2.0*(Z/TL) - 1~ 
GO TO 100 

104 It(Y.GT.T5) GO TO 105 
reI) :: CZ/TL)*(Z/TL) 0 0,5 .4.0 .. (Z/TL> + 8.0 
GO TO 100 

105 reI) ill' 0.0 
100 CONTINUE 

C AREA OF' PULSE NORMALIZED TO UNITY 
00 200 I ;: 1,N 
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200 ~(I) ~ FCI) !(2.oTL) 
RETURN 
END 

SUBROUTINE fOUR(DATA,NN,ISIG~,DT,Df) 
C THE COOLEY~TOOKEY FAST FOURIER TRANSfORM IN USASy 
C BASIC FORTRAN TRANSFORM(J)=SUM<DATk(!)*W*t<I-l)(J-1». 
C W~ERE I AND J RUN FROM 1 TO ~N AND W=EXPC)SlGN.2. PI* 
C SQRT(~l)/NN). nATA IS A ONE~nlMENSION AL GOMPLEX ARRAY 
e CI.E •• THE REAL AND IMAGINARV PARTS OF DATA ARE 
e LOCATED IMMEDIATELY ADJACENT IN STORAGE, SUCH AS 
C FORTRAN IV PLACES THEM) WHose LENGTH NN IS A POWER OF 
C TWO, ISIGN IS +1 OR -1; GIVI~G THE SIGN OF THE 
C TRANSfORM. TRANSfORM VALUES ARE RETURNED IN ARRAY 
e DATA, REPLACING 'HE INPUT DATA. T~E TIHE 15 PROPQR. 
e TIONA~ TO N*L002(N), RATHER THAN TRE USUA~ N**2 
C RMS RESOLUTION ERROR 6EING BOUNDen By 6*SQRT(I)* 
C LOG2<NN)*2**C-B), WHERE B IS THE NUMBER OF BITS IN THE 
C rLOATING POINT FRACTION. PROGRAM AUTOMATICALLY TAKES 
C INTO ACCOUNT OIMENSIONA~!TV 

niMENSION DATA(l) 
N = 2 * NN 
If(DT.EQ.O,O) DT = 1./(NN*DF) 
Ir(Pf.EQ.O~O) DF = 1./(NN-DT) 
!F(OT.NE.(NNoDf» Of : 1./CNNoDT) 
J : 1 
00 5 1:1,N,2 
ir(I-J)1,2,2 

1 TEMPR = OATA(J) 
T;MPt = DATAeJ+i) 
DATA(J) = DATA(1) 
OATACJ+l):DATACI+l) 
PATAel) = TEMPR 
OATA(I+1) = TEMPI 

2 ~ = N/2 
3 fr(J-M) 5.5,4 
4 J = J~H 

M ~ M/2 
t~~M-2)5,3,3 

5 J=J+M 
MMAx = 2 

6 trcMMAX-N) 7,10,10 
7 iSTEP= 2 *MMAX 

T~ETA = 6.2e3185307/r~OAT(ISIGN·MMAX) 
SiNT~~SlN(THETA/2.) 
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WSTPR=-2.*SINTH*SlNTH 
wSTPI=SlN(THETA) 
WR=1.0 
wI=o.O 
no 9 M=1,MMAX,2 
Do 8 I=M,~,ISTEP 
J=I+MMAX 
TEMPR~WR*DATA(J)-wt*nATA(J+1) 
TEMPI=WR*DATA(J+l)+WloDATA(J) 
OATAeJ)=DATACl)-TEMPR 
OATA(J+1)=DATA(I+l)~rEMpr 
OATA(1)=OATACI)+TEMPR 

8 DATAC1+1) = DATA(l+l)+TEMPI 
i'EMPR = WR 
WR = WR*WSTPR-Wl*~STPl + WR 

9 wi ~ WI*WSTPR+TEMPR*WSTPI + WI 
MMAX :: ISTEP 
GO TO 6 

10 ¢ONTINUE 
tr(ISIGN.LT.O) GO TO 1002 

C rREQUENCY TO TIME DOMAiN 
DO 1001 1111 :: 1,N 

1001 OATAClIl!) = DATActlll) .. Df 
RETURN 

1002 CONTINUE 
C TiME TO FREQUENCY DOMAIN 

00 1003 1111 = 1,N 
1003 OATAClIII) :: OATA(IIII) .. Dr 

RIHURN 
END 

SUBROUTINE SEISPLT(X,Y,N,OIS~,ID,SYM) 
t~ARACTER SVM 
niMENSION X(i),Y(l) 
CALL PL Or(O,Q,-11.0,·3) 
CALL PLOT(O,0,2.Q.-3) 
"MIN II 1.0E't36 
"'MAX = -1.0E+38 
00 100 I = 1,N 
IF(YCl),GT.YMAX) YMAX = yet) 
!r(yC1).LT~YMIN) VMIN = Y(t> 

100 CONTINUE 
fr(ID.GT.O) PRINT 1,YMAX,YMIN,DIST 
tFCID.EQ.O) PRINT 2,VMAX,YMIN 

1 fORMiT(lH ,6HYMAX =,E10.3,10H Y~lN = ,610.3,3X. 
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16~DlST = ,F6.i) 
2 rORMAT(lH ,6HYMAX =,El0.3.10H VMI~ = ,il0.3) 

ir(ABS(YMIN).GT.YMAX) VMAX = ASS(YMIN) 
XfN+1) = ... 5,0 
X(N+2) = 15, 
Y(N+1) = ... YMAX 
y(N+2) = 2. * yMAX 
t~LL AXISCQ,25,O.Q,lOHT - X/4,67 ,-10,5.0,9Q.Q,X(N+1) 

1'; X (N + 2) ) 
C~LL AXIS(O,O,-O.25,1H ,1,1.0,leO~O.Y(N+l',Y(~+2l) 
YCN.2) = ~ Y(N+2) 
CALLLINECY,X,N,l,O,O) 
if(lO,GT.O) CAL~ NUM8ER(-O.7S,4,5,O.1.,DIST,90.0,-1> 
CALL SVMBOL(-1,O,-1,5,O.14,SVM,Q.O;+6) 
CALL PLOTC3,O,O.O,-3) 
R~TURN 
END 

SUBROUTINE SPPLTCOATA,X,V,NP,Cr,SYM) 
C T~IS PLOTS AMPLITUDE SPECTRA ON 2 ~ 3 CYC~E LOG-LOG 
C SCALE 

DiMENSION OATA(1),Y(1),X(1) 
C~ARACTER TTLX(2).TTLY(2) 
C~ARACTER SYM 
CALL PLOTCO,O,-11.0,·3) 
CALL PLOT(O.O,2.0,-3) 
XMIN :: 0.1 
XMAX :: 10. 
YMAX = 1.Ce"38 
J = 0 

C T~E ZERO rREQUeNCY POINT IS NOT PLOTTED 
00 5700 I : 2.NP 
j = J + 1 
X(J) : (I-i) * Dr 
tF(X(J),LT,XMIN) X(J) = XMIN 
tr(X(J).GT~XMAX) X(J) = XMAX 
K:2"'I~1 

L = 2 * I 
V(J) = SCRT(ABS(DATACK>*DATACK) + nATACL)IOATACL)) 
tFCY(J).GT.YMAX) YMAX : V(J) 

5700 CONTINUE 
Vy = ALOG10<VMAX) 
LV = YY 
VY=LY 
!~(YVtGT.~Y) YY = LY + 1 
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YMIN = 10.**('1'1 - 3.) 
'1MAX = 10.**VV 

N : J 
DO 5701 I : 1.N 
ir('1(I).LT.YMIN> '1(1) = YMIN 

5701 CONTINUE 
XAXLEN = 3.732 
VAXI..EN = 5.598 
DELTAX = 2./XAXLEN 
DELTAY = 3./YAXLEN 
Xi = ALOG10eXMIN) 
NOCX = 2 
~o CY ;; 3 
Vi ;; '1Y - NOCY 
TTLX(1)=6HFREQ ( 
TTLX(2) = 6HHZ) 
TTLY(l) = 6~AMP (C 
TTLY(2) = 6HM-SEC) 
M'fX = 12 
MTV = 12 
CALL ALOGAXES(XAXL.EN,YAXLEN,NOCX,NOCy,TTLX,TTLy,MTX, 

lMTV.X1,Vl,DELTAX,DELTAY) 
DO 5703 I = ldv 
VCl) = ALOG10(Y(I) 

5703 XCI) = ALOG10(X(t» 
XCN+l) = Xl 
X(N+2) = DELTAX 
Y(N+1) = '11 
Y(N+2) = DELTAy 
CALL LINE(X,y,N,l,O,O) 
CALL SYM80L(O.O'~1.O,O.14,SVM,O~o,+6) 
CALL PLOT(10.0,O.o,-3) 
RIHURN 
END 

SuBROUTINE ALOGAXES(XAX~EN,YAXLEN,NoCX,NOey,TTLX,TTLY. 
lM1X,MTY,Xl,Yl,DELTAX,DEI.TA'1) 

CHARACTER TTLX(1),TTLY(1) 
SLT = O,02*VAXLEN 
SST = 0.01 * YAXLEN 
SP = -O.06oYAXLEN 
SS ;; O,035*YAXLEN 
SSP = 5P + 55 - 0.06 
TTLP = -O,11*YAXLEN • 0.1 
STTL = O.035*VAXLEN 
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XNUM : 1 
YL = Y1 
VU = Y1 + ANOey 
IF'(ABSCYL).GE.l0 •• OR. ABS(YIj).GE,10. )XNUM = XNUM +1, 
rF"CABSCYL).GE.l00 •• 0R. ARS(VU).GE.100.)XNI;JM = XNUM +1. 
Ir(Y1.LT.O) XNUM = XNUM + 1.0 
CALL PLOTe-SLT,O.O,2) 
CALI.. PLOTCo.O,-SLT,3) 
CALL PLOTCO,O,O.O,2) 
XPO : Xl 
YPO : Yi 
iF(NOCX.EQ,O) GO TO 4 
ANoex = NOCX 
rACTX = XAXLEN/ANOCX 
CALI.. SYMBOL(~,6~SS,SPISS,2H10,OtO,2) 
CALL NUMBER(999.,SSP,O.6oSS,Xl,O.O;-1) 
CALL PLOTeO,O,O.O,3) 
D~ :5 J = l,NOCX 
no 2 I = 1,10 
)( = t 
x = A~OG10(X) .FACTX + (J-1)oFACTX 
IF(1.EQ.1)GO TO 2 
CALL PLOTeX.O,O,2) 
CALL PLOT(X,-SST,2) 

2 CALL PLOTeX,O.O,3) 
CALL PLOTCX,-SLT,2) 
tALL SYMBOL(X-.6*SS,SP,SS,2H10,O.O~2) 
XPO = xPO + 1. 0 
CALL NUMBERe999.,SSP,O.6o5S,XPO.O.O.-1) 

:5 CALL PLOT(X,O.o,3) 
xi'L : MTX 
XTL = (XAXLEN-XTL*STTL)/2,O 
CALL SYMBOL(XTL,TTLP,STTL,TTLX,O.O,HTX) 
GO TO 6 

4 tALL AXIS(O,O,O.O.TTLX,-MTX,XAXLEN;O.O,X1,DELTAX) 
6 CALL PLOTCO,O,O.O,3) 

rr(NOCY.EG.O) GO TO 10 
ANCeY = NOCY 
SP ~ SP - (XNUM - 1,5> * 0.5 0 55 
iTLP p TTLP - eXNUM-1.,*O,5*SS 
FACTY = YAXLEN/ANOCY 
CALL SYMBOLCSP-O.4,-O.5 o SS,SS,2H10;O.O,2) 
CAL~ NUMBER(999.,.5*SS~.06,.6.SS,Y1,O.O,-1) 
CALL PLOTCO.O,O.Q,3) 
00 9 J = 1,NOCY 
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00 8 1 = 1,,10 
V = I 
V = ALOG10(V) * rACTV + (J-l)*FACTY 
!f(l.EQ.l)GO TO 8 
CALL PLOTCO.Q,Y,2) 
CALL PLOT(-SST,Y,2) 

8 CALL PLOT(O.O,V,3) 
CALL PLaTC~SLT,Y,2' 
CALL SYMBOL(SP-.4,Y-.5*SS,SS,2H10,O,O,2) 
VPO = YPO + 1 
CALL NUM8ER(999.,Y+.5*SS-,06't6*SS,YPO,O.O,~1) 

9 CALL PLOTCO.O,Y,3) 
YTL=MTY 
VTL = (VAXLEN-yTL*STTI..)/2.0 
CALL SYMBOL(TTLP-.2,YTL,STTL,TTl..y,~O.,MTY) 

R£;;TURN 
10 CALL AXlS(O.0,O,Q,TTI,.Y,MTY,YAXLEN,90.,Yl,OELTAY) 

R~TUR~ 
END 
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APPENDIX C; COMPUTER PROGRAM DSVLAC 

Function 

This self-contained program takes the velocity time series com-

puted by the program SHVEL, plots the displacement, velocity and 

acceleration time histories and also prepares an output file for use 

by the program SDSVSA. Input is from File 20, generated by SHVEL. 

CALCOMP output for off-line plotting is on File 10. File 21 contains 

data for use by the program SDSVSA. Printer output is through the 

PRINT statement and consists of the following for each source pulse: 

Line 1 

Line 2 

Line 3 

TL,NS,N,DT,DEPTH where the variables areas described 
for SHSPEC and SHVEL, except that NS indicates the 
number of focal mechanisms for each distance (NS=2 
here since G1 and G2 traces are plotted) 

R, lOUT, TO 

SYM, YMAX, YMIN, R (tabulation of trace extrema. 
Dl is G1 displacement, D2 is G2 displacement, V1 is 
Gl velocity, A1 is G1 acceleration history, etc.) 

Line 3 repeats 3*NS times.. 

The subroutines are only three: SEISPLT plots the time traces; 

DISP calculates displacement time histories by trapezoidal rule; and 

ACCL calculates acceleration time histories by assuming linear velocity 

segments. 

The program DSVLAC is given in Table C1. 
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Table Cl 

C PROGRAM DSVLAC 
C T~lS lAKES VELOCITIES GENERATED 8Y SHVEL AND COMPUTES 
C AND PLOTS ALL THREE 

DIMENSION IEUF(lOOO) 
DIMENSION V(1026),D(2050),T(2050) 
C~ARACTER IP(2),IV(2).IA(2) 
10(1) = 6H D1 
10(2) = 6H D2 
iV(1) = 6H Vl 
iV(2) = 6H V2 
IA(1) = 6H A1 
iA(2) = 611 A2 
REWIND 20 
RE~nND 21 
CALL PLOTS(18UF,1000,10) 

1 FORMAT(Fl0.5,2I5,2rl0~5) 
600 rORMAT(8El1,4) 
601 fORMAT(El1,4,I5,El1,4) 

9998 CONTINUE 
READ(20,1)TL,NS,N,DT,PEPTH 
WRITE(21,1) T~,NS,N,OT,OEPTH 
tfCTL.LE.O.O) GO TO 9999 
PRINT 1,TL,NS,N,DT,DEPTH 

9997 CONTINUE 
REAO(20,601) R,IOUT,TO 
WRITE(21,601)R,IOUT,TO 
tF(R.LT,1.0) GO TO 9998 
F'RINT 601, R,lOUT,TO 
DO 9996 L = 1,NS 
READ(20,600) (V<l),l=l,N) 
CALL DISP(V ,DT,N,T,D) 
CALL SEISPLTCT,D,N,R,l,ID(L),DMAX) 
CALL SEISPLT(T,V,N,R,l,IV(L),VMAX) 
CALL AeCLeV,DT,N,M,T,O) 
CALL SEISPLT(T,D,H,R,l,IA(L),AMAX) 
WRITE(21,604) AMAX,VMAX,DMAX 

604 rORMAT(3E11,4) 
WRITE(21,600) (V<y), l=l,N) 

9996 CONTINUE 
GO TO 9997 

9999 CONTINUE: 
CALL PLOT(1 2 ,O,O.O,999) 
STOP 
END 

SU8RoUTIN~ SEISPlT(X,Y,N,DTST,lD,SYM,YMAX) 
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CHARACTER SYM 
DIMENSION X(l),Y(l) 
CALL PLOTCO,O,-11.0,-3) 
CALL PLOTCO,O,2.5,-3) 
YMIN = 1.0E+38 
YMAX = -1.0E+38 
DO 100 I :l,N 
trCY(l).GT.YMAX) VMAX = V(I) 
trCYCI),LT:VMIN) VMIN = V(I) 

100 CONTINUE 
it(lb,GT.O) PRINT 1,SYM,YMAX,YMIN,OIST 
t~CID.EQ.O) PRINT 2,yMAX,Y MIN 

1 tORMAT(lH ,A6,6HVMAX =,E10.3.10H VMIN: ,El0.3,3X, 
16~DIST =,F6,1) 

2 FORMAT(l~ ,6HVMAX =,El0.3,10H YMIN = ,610.3) 
i,CABSCYMIN).GT.YMAX) VMAX = A8S(Y~lN) 
X(N+1) = -5,0 
XCN<t-2) = 15. 
Y(N+1) = .. YMAX 
YCN+2) = 2. ~ VMAX 
CALL AXISCo.25,O.O,10HT - X/4,67 ,-10,5.0,90.0,X(~+1) 

1'; )( ( N + 2 ) ) 
CALL AXISCO.O,-O.25,lH ,1,1.0,1eo~o,Y(N+l),V(N+2» 
V(N+2) = - YCN+2) 
CALL LINECV,X,N,l,O,O) 
l~(IO.GT.O) CALL NUMBER(-U.75,4.5,o.14,DlST,90.0,-1) 
CALL SVMBOL(-1.0,-1.5,O.14,SVM.O.O;+6) 
CALL PLOTC3.0,O.O,·3) 
RETURf.J 
END 

SUBROUTINE DtSP(V,DT,N,T,O) 
DIMENSION V(l},T(l),O(l) 
0(1) 1\ 0.0 
SUM=O.O 
DO 100 1 = 2,N 
T(I) ~ (!~1) ~ DT 
SUM = SUM + 0.5 ~ DT <1$0 (ve l).V( 1-,1») 
o CI) : SUM 

100 CONTINUE 
RETURN 
END 

SUBROUTINE ACCL(V,DT,N,M,T,A) 
DIMENSION V(1),T(1),A<1) 
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~ = 2ttN 
NMl = N - 1 no 100 I :: 1,NMl 
Olr = (V(I+l)-V(I»/DT 
J = 2*1 - 1 
K = 2 * I 
TCJ) :: (I-i) * DT 
TCK) :: I * OT 
AtJ) ; DtF" 
A(K) ;; OIF' 

100 CONTINUE 
orr = (Vel) - v(N»/DT 
J = 2*N - 1 
K = 2*N 
T(J) :: (N"'lhDT 
TCK) :: N*DT 
A(J) ;: OIF 
A(K) ;J Olf 
RI!TURN 
eND 



APPEND IX D; COMPUTER l?ROGRAM SDSYSA 

Function 

This program used the output of DSVLAC to compute the response 

spectra of each. trace using Equations 30 and 31. The input is on file 

21 generated by the program DSVLAC. Off-line CALCQMP graphic output 

is on File 10. Printer output is through the use of the PRINT state­

ment. The output consists of a plot 01; the response spectrum as' 

well as a listing of the response spectrum values, including SD, SV, 

SA, PSV and the Fourier spectrum FS, for damping values of 0, 2, 5 and 

10 percent critical and oscillator periods from DT to 100 sec (it 

is meaningless to compute the response for periods less than the sam ... 

pIing interval). 

The subroutines are MOTION which performs the computations for 

each input time history, SVLOG which performs the logarithmic plot 

and AMATRIX which.computes the matrix elements of Equation 30. 

The program listing is given in Table Dl. 
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C PROGRAM SD,SV,SA,PSV,FS 
DIMENSION VEL(1024),TMAX(3) 
PIMENSION IBUF(1000) 
C~ARAeTER SYM(2) 

c 

CALL PLOTS(lBUF'1000,~O) 
REWIND 21 
SyM'l)= 6HGl 
SYM(2)= 6HG2 

100 READ(21,1000) TL,NS,N,DT,DEPT~ 
ire T~.LE.O,O ) GO TO 300 
tALL AMATRIX(N,DT) 

105 CONTINUE 
READ(~1,1100) R,IOUT,To 
if( R.Ll.O.O ) GO TO 100 
00 200 Il=l,NS 
READ(21,1~OO) (TMAX(!),1=1,3) 
READ(21,1300) (VEL(1),t=1,N) 
CALL MOTION(VEL,TMAX,SyMC11),R,DEPTH) 

200 CONTINUE 
GO TO 105 

300 CALL PLOT(10.0,O.O,999) 
1000 rORMATCfl0.',2l5,2Fl0.5) 
1100 rORMAT(El1~4,I5'El1.4) 
1200 'F'ORMAT(3El1,4) 
1300 rORMAT(BE11,4) 

STOP 
END 

SUBROUTINE MOTION(VEL.TMAX,SYM,R,OEPTH) 

C THIS PROGRAM TAKES THE VELOClTY GENERATED AND FINDS 
C SO,SV,SA.PSV,rS BY THE MOoIFIED NIGAM~JENNINGS METHOD 
C THE IN~UT VELOCiTY GRID POINTS ARE CONNECTED BY LINEA~ 
C SEGMENT 
C 
C VEL = VELOCITY GENERATED, US~D AS INPUT 
C SYM • NAME OF THE INPUT VE~OCITY 
C R = EPICENTER OISTANT 
C DEPTH; SOURCE DEPTH 
C 

DiMENSION VEL(1),TMAX(1) 
DiMENSION SD(49,4),SV(49,4),SA(49,4),PSV(49,4),FS(49) 
COMMON/ABCOEP/A11(49,4),A12(49,4),A21(49,4),A22(4 9;4) 

* ,Bl(49,4),B2(49,4)~PFRIOD(49),KNnT(49) 
* ,KN1(49),DAMP(4),~ 
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C~ARACTER SVM,E*153,r(102),G(3) 
00 200 11=L,49 
NOT : KNDT<IU 
N1 ; KNl <11> 
tREQ :; 6.28316S/PERIOO(I1) 
T4 ; FREO-F'REQ 
DO 20D 12=1,4 
T5 ; 2 •• F'~EQ*OAHP(12) 
f.)MAX III O. 
VMAX = O. 
AMAX ;: o. 
xi ;: 0. 
Vi = O. 

C THE MAIN 00 ~OOP 
00 100 l=l,Nl 
J = Cl+NDT-l)/NDT 
DVEL ~ (VEL(J+l)~VE~(J»/NDT 
X = Al1(Il~I2)*Xl+A12(11,12)*Vl+Blell.12)*DVEL 
V = A~1(11,12)*Xl+A22(11,l2)oVl.B2(11.12)*DVEL 
Xl = X 
Vi = V 
A :; T4 0X+T50V 
XABS I: A8SeX) 
VABS :; ABS(V) 
AABS = ABs(A, 
iF( DMAX.LT.XABS) DMAX = XABS 
Ir( VMAX.LT,VABS) VMAX = VABS 
IF( AMAX.LT.AABS) AMAX = AABS 

100 CONTINUE 
iF( 12.EQ.l) FS(11) = SCRT(T4*XoX·V*V) 
SO(U,12) :; D~AX 
8V(I1,12) :; VMAx 
SAC Ii, 12) = AMAX 

PSV(I1,12) :; FREQ*DMAX 
200 CONTINUE 

tALL SYLOG(PSY,SVM,R) 
G(l) = 6H AMAX= 
G(2) I: 6H VMAX= 
0(3) :; 6H DIHX= 
PRINT 100e, SYM,R,OEPTHdCG(t),TMA)(Cl»d=1,3) 
P~INT 1080,(OAMP(l)d=b4) 
00 30D 1=L.,49 
eNconEcE,1100) FS(I),SD(I,l),SV(!.l),SA(l.l),PSV(I,l) 

~ ,SD(1,2),SV(Y.2),SA(I.2),PSV(1,2) 
* ,SD(I,3),SV(I,3),SA(I.3),PSV(I,3) 
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* DECODE( E.120Q ) f 
PRI~T 1300,(PERIODCI).r> 

300 ~ONTtNUE 
1000 rORMAT(lHl.111151X,A6,2 X,3H(R=,F7 t 2,3H KM J 8H DEPTH: 

1 ,F6.2,4H KM)114 9X,3(A6,E9.2,lX» 
1060 rORMAT(/34X,4(5HOAMP=,r4.~,15X)/14X,6HPER!OD,3X'2HFS, 

* 4(4X,2HSD,4X,2HSV,4X,2HSA.3X,3~PSV') 
1100 rORMAT(17E9.2) 
1200 PORMAT(17(A1,lX,3Al,1X,Al,1X,Al» 
1300 roRMAT(13X,F6.2,lX,102Al) 

ReTURN 
END 

SUBROUTINE SVLOG(SVP,SYM,R) 
C 
C PLOT PSVpPERIOP ON LOG~LOG SCALE 
C 

OiMENSION SVP(49,4) 
DIMENSION PSV(49,4),FS(51),FP(51) 
CHARACTER SYM 
tOMMONI PERLOG / PERtOD1(51)~L 
CYCLE = 1.84 
NOCX = 3 
NOCY : 4 
CALL PlOT(O,,~11.,~3) 
CALI.. PlOT(O.,2.,-3) 
'fMIN :: 1.E+38 
00 400 11=L.49 
no 400 12=114 
T = SVPCI1.t2) 
PSV(I1,I~) = AlOG10(T) 
T = PSV( 11, 12) 
iF( T,lT.YMIN) YHIN = T 

400 CONTINUE 
00 450 1=2,9 
T = I 

450 ~S(I) = ALOG10C T).CYCLE 
XLEN = NOCX.CYClE 
YLEN = NOCY*CYCLE 
seG = O.Ol*XlEN 
SIZE = O.027*XlEN 
SIZE1 = O.6*SlZE 
I..YMIN = YMIN-1. 
1,( YMIN.GT,O. ) lYMIN = lYMIN+l 
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DO aoo 111:1,2 
i r ( I1.EQ.2 ) GO TO 490 
11 = j • 

T2 = O. 
T3 = 0.09 
T4 - 0.0 15 -Noe = NOCY 
POWER = LYMIN"'l 
~o TO 500 

490 '1'1 = o • 
"2 = 1. 
'1'3 = 0.022 
14 = 0.04 
Nee = NOCX 
POWER = -2. 

500 xo = -T3*XLEN 
VO = -T4*Xl..EN 
VOl = YO+O.62*SlZE 
~JOCl II NOe+l 
no 600 l=l,NOCl 
Xi = T2*(1-1)*CYCLE 
vi = T1*(1-1)*CYC~E 
CALL PLOTeX1,Yl,3) 
)(2 = Xl+XO 
V2 = Yl+YO 
CALL NUMB~R(X2,Y2,SIZE,10"O.,-1) 
POWER = powER+l, 
V2 :: Yl+YOl 
CALL NUM8ER(999"Y2,SlZE1,POWER,O.,-1) 
CALL PLOT()(1.Yl,3) 
)(2 = T2°X1+Tl*XLEN 
Y2 = 11*Yl+r2*YLEN 
CALL PLOT(X2,Y2,2) 

600 CONTINUE 
CALL PLOT(O •• O.,3) 
DO 700 12=1,2 
51 ; C!2-1)*(Tl*XLEN+T2*VLEN) 
52 = C3,-2.*I2)*SEG 
00 700 I=l.NOC 
53 :; (I "'1 )*CYCLE 
00 700 J=2,9 
Xi = ll*S1+T2*(tS<J)+S3) 
Yi = T2*Sl+Tl*(FS(J)+S3) 
CALL PLOT(X1,Yl,3) 
)(2 = Xl+Tl.S2 
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V2 ;: Yl+T2 .. S2 
CALL PLOTeX2,Y2,2) 

700 CONTINUE 
CAL~ PLOT(0.,O.,3) 

800 CONTINUe 
SjZE • O.035*XLEN 
CALL SYM80L(O,30*XLEN,-O.11.X~EN,SlZE,12HPERIOD (SEC), 

10.0112) 
CALL PLOT(O,Q,O.O,3) 
CALL SYMBOL(-O,13*X~EN,O.45*X~EN,SIZE.12HPSV (eM/SEC), 

190.0,12) 
CALL PLOTCO.O,O.O,3) 
Xi ;: O.30*XL.EN 
vi ;: "O.23 .. XLEN 
CALL SVM80L(Xl,Yl,SIZE,SVM,O •• 6) 
CALL SYMBOL(999.,Yl,SlZE,2HR=,O.,2) 
CALL NUM8ER(999.,Y1,SJZE,R,O.,-1) 
tALL SYMBOL(999.,Y1,SIZe,2HKM,O.,2) 
CALL PLOT(O.,O.,3) 
K1 PI 50"L 
F'P(Kl.U I: 11"1-
rpCK1.2) ; 1./CYCLE 
rS(Kl"'1) 1= I..VMIN 
rS(Kl.2) ;: 1./CYCLE 
no 900 J;:1,4 
00 890 1=1,.,49 
K ;: r·1-L 
F'P(K) = PERIOD1CI) 
rS<lo = PSVCI,J) 

890 OONTINUE 
900 CALL lINE(rp,FS,Kl,l,O,O) 

OALL PLOT(10 •• 0.,~3) 
RETURN 
END 

SUBROUTINE AMATRIX(NO.OTO) 
C 
C NO ; NUMBER OF GRID POINTS 
C nTO = TIME INTERNA~ USED IN SAMPLING THE INPUT VEL 
C 

COMMON/ABCOEF/A11(49,4),A12(49,4),A21(49,4),A22(49,4) 
.. ,81(49,4),82C49.4)~PERIOD(49),KNnT(49) 

* ,KN1(49),PAMP(4),L 
COMMON/ PERI..OG I PERIODt(;l),~l 
DAMP(1) = 0, 
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OAHP(2) = 0.02 
OAMP(3) = 0.05 
nAMP(4) = 0,1 
J=O 
PER10D(1) ;: 0.1 
no 90 11=1.3 
~DD = 0.02*10.**(11-1.) 
00 80 12=1,5 
J ;: J·1 

80 PERIOOeJ+l) : PERI0PtJ)+AOD 
ADD = 2.5*ADO 
00 85 12=6,11 
J = J+l 

85 PERIOO(J+l) : pERIOOeJ)+ADD 
AnD;: 2.*ADO 
no 90 12=12.16 
J = J"l 

90 PERIODeJ+1) = PERIOOCJ)+AOD 
TNYG ~ 2.oDTO 
DO 92 1=1,49 
T : pERIOOCI) 
!rCT.GE,TNYG) GO TO 94 

92 CONTINUE 
94 L :; 1 

L1 : ~ 
DO 95 I=L,49 
i' ;: PERIOOCl) 

95 P'RIOD1(Y) = ALOG10CT) 
bo 100 11=L,49 

C fIND THE PROPER TIME INTERVE~ 
OTl = PERIODCl1)/lO. 
NOT = OTO/DT1+1. 
DT = OTO/NOT 
N = (NO~l)*NOT+l 
N1 : N-l 
tREQ ; 6.283185/PERIOPCll) 
KNl ( 11) : Nl 
KNOT(lU : NOT 
00 100 12=1.4 

C FINO THE MATRIX A,B USED IN CA~CULAfING x,V 
SQRT1; SQRT(1."DAMP(I~)*OAMP(12» 
WD = FREQ*SQR Tl 
WOT ;; we.Of 
11 - ·FREQ.DAMP(!2)*DT 
T2 = DAMP(t2)/SQRTl 
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E)(P1 ;; EXpeT1) 
SiN1 :;: SIN(WDT) 
0051 :;: caSCWDT) 
T3 ; -1.+EXP1~(COS1+T2*StNl) 
"4 • FREO*FREQ 
A11(I1,12) = EXPlo(T2*SINl+COS1) 
A12(Il,l2) : EXP1*5lNt/WD 
A21(11,12) ; ~rReQ*~Xpl*SlN1/saRTl 
A22(Il,12) = EXP1*(COS1~T2*S!Nl) 
91(11.12) ; T3/(T4*OT) 
92(11.12) = ~EXpl*SINl/WDT 

100 CONTINUE 
RETURN 
END 
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