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FOREWORD 

This report was prepared by Mr. Renner B. Hofmann, consulting 
seismologist of Sacramento, California, under Contract No. DACW39-
72-C-0032. It is part of ongoing work at the U. S. Army Engineer 
Waterways Experiment Station (WES) in Engineering Study 561, Geological 
and Seismological Evaluations in Earthguake Engineering. It is the 
third of what will be a series of state-of-the-art papers on method
ologies for determining the severity of bedrock motions during 
earthquakes. 

The work was directed by Dr. E. L. Krinitzsky, Chief, Engineering 
Geology Research Facility, Soils and Pavements Laboratory (S&PL). Gen
eral guidance was provided by the following S&PL personnel: Messrs. J. P. 
Sale, Chief; S. J. Johnson, Special Assistant; and W. B. Steinriede,Jr., 
Acting Chief, Engineering Geology Division. 

Directors of the WES during the conduct of this study and the 
preparation and publication of this report were BG E. D. Peixotto, 
CE, and COL G. H. Hilt, CE. Technical Director was Mr. F. R. Brown. 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurements used in this report can be converted to 
metric units as follows: 

MultiEl:.t B:.t To Obtain 

inches 2.54 centimeters 

feet 0.3048 meters 

miles 1.609344 kilometers 
dynes 0.00001 newtons 

bars 0.00001 newtons per square meter 
pounds o.45359237 kilograms 

pounds per square inch 0.070307 kilograms per square 
centimeter 

ix 



SUMMARY 

Accelerations of o.4g to over l.Og from earthquakes of magnitudes 
4.5 to 6.5 have been recorded near their sources. In practice, design 
earthquake procedures extrapolate recorded data, usually to within a 
few miles of the source fault. The bases for these extrapolations either 
are purely statistical or are contingent upon assumed time functions of 

.fault displacement. When modified to account for fault dislocation, 
curves of maximum acceleration at a predominant period versus magnitude 
and depth adequately predict peak accelerations near the source as well 
as at a distance. 

Peak accelerations occur only during a fraction of the duration of 
high-amplitude shaking and attenuate more rapidly with distance than the 
general level of high accelerations. Peak accelerations at 10 Hz appear 
to be limited by the effective stress locking a fault just prior to the 
time of rupture. Peaks up to 2.0g may or may not occur and are essen
tially independent of magnitude. 

Topography, absorption, and transmission of seismic energy through 
sedimentary layers are shown to have frequency- and distance-dependent 
effects on the resulting shaking at the surface.. Duration of shaking and 
distortions of the surface in areas of sedimentary cover are also shown 
to be important considerations in the specification of design earthqu!kes. 
Inverse digital filtering is recommended as a method to incorporate the 
desired characteristics into real or synthetic strong-motion seismograms 
to represent the expected shaking at a particular site. 

Spectra of design earthquakes should be smooth to ensure that the 
natural frequency of a particular structure or structural element does 
not correspond to a fortuitous trough in the spectra of a particular 
design earthquake. Fault length may be used to estimate the maximum 
possib-le rupture- length and hence- potentia~1 magnitude M~ Wllere geodetiC 
measurements of regular fault slip on faults such as the San Andreas are 
available, potential magnitudes can be calculated as a function of time. 
Such calculations indicate a potential M = 8.1 earthquake near San 
Francisco and M = 8.4 near the Los Angeles area at this time (1974). 
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STATE-OF-THE-ART FOR ASSESSING EARTHQUAKE HAZARDS 

IN THE UNITED STATES 

FACTORS IN THE SPECIFICATION OF GROUND 
MOTIONS FOR DESIGN EARTHQUAKES IN CALIFORNIA 

PART I: INTRODUCTION 

1. California earthquakes, especially in recent years, have been 

probably measured as accurately and completely as earthquakes any-

where in the world. As a consequence of the numerous well-measured 

earthquakes, a considerable amount of data has been amassed which has 

attracted the attention of several highly qualified seismologists. Many 

interesting studies based on these data have been performed and described 

in technical papers or journals. However, while there have indeed been 

many studies made, these studies have been severely handicapped by a 

sparsity of data taken near the source, or focus, of the earthquakes. 

The principal reason for the lack of such data has been the small quantities 

of instrumentation capable of measuring ground-motion characteristics 

near the source. The almost total lack of near-source data to date has 

forced seismologists to make very broad extrapolations from data usually 

at relatively large distances from the source and to rely heavily on em

pirical methods in attempts to establish interrelations among the various 

parameters of ground motion in an earthquake. 

2. The installation of adequate strong-motion instrumentation 

already has begun in California (and elsewhere) and undoubtedly one day 

valuable near-source data will be forthcoming and used to enhance 

earthquake knowledge. However, that day is not JF:et at_ hand._ 

3. As a first step toward development of methods for the more 

confident design of structures against earthquakes, the U. S. Arrey- Corps 

of Engineers required that a state-of-the-art investigation be made into 

present knowledge of earthquake char.acteristics. This report is a 

significant contribution to that state-of-the-art investigation. In it 
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a review is performed in which examination is made of the bases and 

rationale for assessing the principal factors in earthquake ground motion. 

Although the review pertains specifically to California, the consider

ations are generally applicable to other areas as well. 
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PART II: SPECIFICATION OF MAXIMUM MAGNITUDE 

4. A basic parameter required for the specification of a design 

earthquake, i~e., the largest earthquake that can be expected to occur 

in a given region, is the maximum magnitude of the earthquake. In this 

part of the report, empirical relations for estimating maximum magni

tude on the basis of fault rupture length and of accumulated strain are 

discussed, followed by the author's estimate of maximum magnitudes to 

be expected in the California area. 

Fault Rupture Length-Maximum Magnitude Relations 

5. Observed data reveal that there is a rough relationship between 

the magnitudes of earthquakes and the lengths of the ruptures of faults 

accompanying the earthquakes. Since the length of a fault limits the 

length of rupture that can occur along that fault, it may be deduced 

that the length of a fault can be used to estimate the maximum magnitude 

of an earthquake that can be generated by that fault. However, it should 

be recognized that such an estimate is necessarily crude since other 

factors, such as effective stresses locking the fault prior to the earth

quake or the magnitude of stresses released during the earthquake, may 

overshadow the influence of fault length per se. It is not uncommon, 

for example, for earthquakes of the same magnitude to occur along faults 

of widely different lengths. 

6. Fig. 1 is a plot of length of surface rupture (logarithmic) 

versus earthquake magnitude. Two sets of data are shown on this back

ground. The first set represents six earthquakes (Algermissen, 1969) 

which occurred along the same fault, while the second set (Ambrasey3 and 

Tchalenko, 1968) comprises 31 earthquakes in separate, worldwide loca

tions. Algermissen reported that he selected six earthquakes along the 

same fault for this particular presentation (shown as closed circles 

in fig. 1) rather than a larger number of earthquakes in the same general 

area {California and Nevada), since "the six were all from the San 

Andreas system and ••• inspection of the available data suggested a 
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different rupture length-magnitude r~lationship for the San Andreas 

fault system ••• " A straight line (on semi-log paper) adequately rep

resents the Algermissen data. Only the straight line of best fit is 

shown for the widely scatteredAmbraseys...!;L'chalenko data; however, the 

limits of the data are shown by a dashed line. It is of interest to 

note that if one accepts the upper bound of the Ambraseys-Tchalenko 

data as being roughly coincident with the Algermissen line, then it can 

be said that the Ambraseys-Tchalenko data also encompass the Algermissen 

data. 

7. While both sets of data are considered to be comparatively 

reliable, it must be remembered that they represent data derived from 

faults that were not always exposed in an optimum manner. Thus the 

rupture length-magnitude relations should be used with caution. For 

conservative estimates of magnitudes of earthquakes along isolated small 

faults, regardless of apparent fault movement, the lower bound of the 

Ambraseys-Tchalenko data should be used. 

8. Other similar relationships based on worldwide data have been 

constructed by Bonilla (Wiegel, 1970). Bonilla and Buchanan (1970) dis

cuss many of the problems inherent in constructing single-line rupture 
• 

length versus magnitude curves. Bonilla reported that strike-slip 

faulting produces such curves that are more reliable than for other types 

of faulting. 

9. The length of rupture is presently determined almost solely by 

human visual observation. The precision of such observations is influenc

ed by the amount and kind of soil cover over the fault, the amount of 

fault branching, and the fault zone width. A large fault zone like the 

San Andreas may- be as much as two miTes wide.* The reasons for such 

widths are (see fig. 2): 

* This and following discussions are derived from many sources; either 
British and SI units are used as they occur in the literature. A 
table is given on page ix for conversion of British units to SI units. 
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SOIL PRISM MAY 
DEFORM 

PLASTICALLY--;::==:=:::::;;;:---..... 

GEODETIC LENGTH 
MEASUREMENT 

ACROSS VALLEY 

Fig. 2. Deformation of soil prism over fault 

a. Eons of time in which one side of the fault ground past 
the other, producing a wide, easily erodible zone of 
crushed rock. 

b. ·Rapid surface erosion of the zone of crushed rock along 
the fault zone, producing a deep valley • 

.£.• Soil from the sides of the valley (which are sometimes 
mountain ranges as in the case of the San Andreas fault) 
washing down to fill the valley floor, covering the 
ri~ in hard rock below. 

d. Continued movement of the fault which causes plastic 
deformation of the soil and soil fractures, some of the 
latter extending to the surface. 

10. One or more of the soil fractures may be predominant at a 

given time but accurate estimates of movement on the fault beneath can be 

made _only _by _spanning -the -entire vall-ey. If the valley i-s -wide enough, 

some strain in the solid rock may be included unintentionally in the · 

measurement of slip. However, if only one soil crack is monitored for 

movement, the a.mount observed is likely to be much less than the total 

occurring. The plastic accommodation of soil to strain induced from 

slip on an underlying fault can completely mask any movement to a casual 



observer on the surface. Thus most observations of rupture length and 

amount of displacement are less than that actually occurring. The amount 
less is a function of soil characteristics and thickness and is probably 

impossible to estimate. 

11. Virtually all fault rupture length versus magnitude graphs 
have been constructed from visual observations because geodetic measure
ments are seldom available before and after an earthquake. Further, 

such curves are usually constructed from observations on many different 
kinds of faults, and those constrained to a single fault system have 
fewer points than desirable. Most published curves fall within the 
dashed lines indicated in fig. 1. 

12. The 1952, magnitude M = 7.7, Tehachapi shock occurred on the 
White Wolf fault. This fault is not more than 80 km long, unless it is 
considered an extension of the Kern Canyon fault. The length of fault 
rupture was reported to be about 65 km, although the rupture was not a 
simple, single break. For M = 7.7, the Algermissen curve indicates a 
rupture length of over 200 km, whereas the lower bound of the Ambraseys
Tchalenko data indicates about 50 km. The 1971 San Fernando earthquake 
of M = 6.6 displayed a rupture length of something like 5 to 10 km, 

from figures by Bonilla et al. (1971) and Kamb et al. (1971). This is within 
the lower range of the Ambraseys-Tchalenko data, but approximately 85 km 

is indicated by the Algermissen curve. Both of these earthquakes are in 
a segment of the San Andreas zone that has been locked for over 100 years. 
Adjacent segments of the fault have moved an average of two in. per year, 
indicating the accumulation of about 19 ~ of strain by 1972, more than 
was released in hard rock during the 1906 San Francisco earthquake, 

15 ft (although 20 ft was measured where soft soil, because of its 
inertia, apparently continued to slide horizontally relative to the 
foundation rock another five ft). 

13. Fault movements for the 1952 and 1971 shocks were not clearly 
definable but were certainly not predominantly strike slip. The pre
dominant movement was reverse dip slip, the kind of movement one might 
expect in a compressively stressed area. It is reasonable to assume at 
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this point that faults not parallel to the San Andreas, or those which 

show possible reverse fault movement, may generate higher magnitudes 

with shorter rupture lengths such as in locked portions of the San Andreas 

zone. The San Andreas itself, or other faults nearly parallel and not 

indicating a history of reverse faulting, can be assumed to produce a 

rupture length versus magnitude relation like Algermissen's or like the 

upper bound of the 1968 Ambraseys-Tchalenko data. 

14. The San Andreas is fully long enough to support a maximum 

earthquake. How big is maximum? No earthquake reported by the u. s. 
Coast and Geodetic Survey (USC&GS) or in Gutenberg and Richter's (1954) 

"Seismicity of the Earth" has exceeded M = 8.7 anywhere in the world. 

Richter (1958) suggests that two shocks formerly reported as 8.6 and 8.5, 

in Ecuador-Columbia in 1906 and in Sanriku, Japan in 1933, respectively, 

may actually have been 8.9. Brune (1970) has suggested that the 1964 

Alaska earthquake may have been 8.7 rather than 8.4 as reported. The 

problem is a question of whether the conventional method of measuring 

seismic waves to obtain the Richter magnitude applies to very large 

shocks. If the magnitude-energy relationship for near-maximum earth

quakes is to be the same as for less-than-maximum earthquakes, special 

long-period instruments and a different magnitude formula may have to 

be used. The question is probably academic from the engineering stand

point and is discussed here only to inform the reader of progress in this 

area. Traditionally, consultants have recommended that the maximum 

"credible" earthquake on the San Andreas fault or closely associated 

faults would be no more than 8.3. The reasoning given is that instru

mental recordings (available only since about the turn of the century) 

have not indicated a larger shock in California and that historic earth

quakes in California appear not to have been much, if any, larger than 

the 1906 San Francisco shock of M = 8.3 (Algermissen, 1969b, p 15). 
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Strain Accumulation-Maximum Magnitude Relations 

15. Another approach to the problem of specifying maximum mag

nitudes for the San Andreas fault considers the measured strain accumu

lation (displacement) rate (fig. 3, from Hofmann, 1970). Measured rates 

of strain accumulation over the width of the San Andreas zone are about 
I 

two in. per year. This agrees well with past rates inferred from the age 

of split geological units and the amount they have been horizontally 

displaced (summarized well by Iacopi, 1964, in "Earthquake Country"). 

Dr. Robert Wallace of the U. s. Geological Survey has shown that move

ment rates for some periods of past geologic time may have been as low 

as one-half in./yr but that two in./yr is within the accuracy of the 

estimates. The near two in./yr rate for the past few decades is well 

established from geodetic measurements (Nason in Miller et al., 1970, 

and Hofmann et al., 1968). 

16. The magnitude of the largest possible potential earthquake 

in the San Francisco area can be calculated assuming that the 1906 San 

Francisco shock removed all but a small residual strain from the segment 

of the fault on which displacement was observed. Through the year 1972, 

computation shows a total accumulated strain of 11 ft (66 yr x 

2 in./yr = 132 in. = 11 ft). From fig. 3 it can be seen that 11 ft of 

strain, if released at once, would cause a shock of about magnitude 8.1. 

17. From another point of view, an earthquake in the San Francisco 

area in 1838 is regarded by some (Wood and Heck, 1966) to have been as, 

large as the 1906 shock. Only one credible report of effects on the 

scene is known and it suggests a very large shock. If this shock was in 

the M = 8+ range and it is assumed that all strain was eliminated on the 

fault, then 68 yr of strain accumulated between 1838 and 1906. Since 

15 ft of strain was relieved in 1906, then the rate of strain between 

1838 and 1906 must have been 2.64 in./yr (15 ft x 12 in./ft + 68 yr = 
2.64 in./yr). This is a greater rate of strain accumulation than indicat

ed by current geodetic measurements in the immediate vicinity of the San 

Andreas zone. This value is not necessarily ruled out by geodetic 
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measurements because it is reasonable to expect that some strain 

accumulates at large distances from the fault zone. Accepting this 

value, in 1972 accumulated strain was 14.5 ft [2.64 in./yr x (1972-1906) 

yr t 12 in./ft = 14.5 ft]. Fig. 3 indicates M equals approximately 8.3 

for 14.5 ft. This obviously suggests there is a possibility that enough 

strain has already accumulated in the San Francisco area to produce the 

equivalent of the 1906 shock. Some seismologists tend to discredit the 

one report of the 1838 shock as a probable exaggeration, implying that 

a lesser shock would not necessarily have cleared the San Andreas of all 

accumulated strain at that time and hence that a strain accumulation 

rate of 2 in./yr or less could have produced the 1906 shock. 

18. The preceding line of thought also can be pursued in the 

locked portion of the San Andreas fault east of Los Angeles where the 

last big shock occurred in 1857. In this case, by 1972, 19.2 ft of 

strain can be computed to have accumulated ~1972-1857) x 2 f 12 = 19.2], 

representing potential magnitude of greater than 8.4. At 2.64 in./yr, 

25.3 ft of strain would have accumulated, resulting in an even higher 

potential magnitude. 

Estimate of Maximum Magnitude 

19. There seems to be no logical reason to suppose that the San 

Andreas fault could not produce a maximum magnitude earthquake. However, 

some investigators have theorized that because of higher overburden 

pressures on faults extending to greater depths than strike-slip faults 

like the San Andreas, such faults should- support higher-maximum magni:.. 

tudes. There are insufficient data to resolve this problem. Most 8.7 

shocks were shallow (<35 km) and on compressive-failure type faults. 

Most of the world's earthquake-generating faults, however, are of a 

compressive failure type. Hence the probability of an 8.7 magnitude 

shock occurring on a strike-slip fault during the 75 yr or so of instru

mental recording is low. Consequently, the possibility that an 8.7 magni

tude earthquake can occur on a strike-slip fault like the San Andreas 

is not obviated. 
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20. No earthquakes larger than 8.7 have been measured anywhere 

in the world, as determined with the most commonly used definition of 

the magnitude scale. Certainly, if larger shocks do occur, many of 

them should be evident according to the Gutenberg and Richter magnitude 

versus number-of-shocks relationship. As Richter (1958) states, a 

magnitude 9 should occur about every 10 years. In approximately 

75 years of record (during which time magnitudes for such large shocks 

can be determined from instrumental records), there would thus be 

7 or 8 of them. A proportionately large number of shocks with magni

tudes between 8.7 and 9.0 would also be expected, but this has not been 

the case. Consequently, it can be said within the limits of present 

ability to confidently determine magnitudes that 8.7 is the maximum 

possible. However, 8.3, or more likely 8.1, is the best estimate for 

the maximum magnitude on the San Andreas Fault in Northern California 

at this point in time. (See paragraphs 16 and 17.) 

21. If, for example, a design earthquake is to be specified for 

a structure with a useful life of 100 yr and no earthquake occurs in 

this interval, the maximum potential earthquake will increase to over 

8.6, assuming the strain accumulation rate continues at about two in./yr. 

The probability of the fault remaining locked this long is very low. 

Consequently M = 8.3 would be the best estimate for the current maximum 

design earthquake in this area. 
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PART III: DETERMINATION OF GROUKD-SHAKING 
CHARACTERISTICS 

General 

22. Maximum peak acceleration A , maximum general.level of accel
p 

eration A ,duration D 1 , and frequency spectra are the principal ground-
fil g 

shaking characteristics of earthquakes to be determined. Relative parti-

cle motion also may be important in the response of some structures. 

Surface layering has a profound effect on particle motion, depending on 

the distance from the source and the angle of incidence of body waves. 

This is further discussed in par. 91-98. 
23. Until about 1963, estimates of acceleration versus distance 

or magnitude were derived principally from the works of Benioff or 

Gutenberg and Richter. Since then, strong motions from recent earth

quakes (Parkfield, 1966, and San Fernando, 1971) have provided near

source data which were not previously available. These data indicated 

that assumptions made in the early work needed modification for close 

distances. Fig. 4, a chart from Gutenberg and Richter (1956), was devel

oped from strong-motion records and teleseismic records. The latter were 

corrected theoretically for distance to provide near-source acceleration 

values. When compared to strong-motion records now available, the curve 

provides values of acceleration that are generally too low. 

Acceleration 

24. In the following paragraphs, literature concerning accelera

tion versus magnitude is reviewed and curves adopted which accommodate 

the recent records from Parkfield and San Fernando. 

•25. There are many curves used to estimate maximum acceleration. 

They are derived from available strong-motion records. With the excep

tion of Parkfield, 1966, M = 5.6, and San Fernando, 1971, M = 6.5, there 

are no significant records at distances from the epicenter of an earth

quake of less than about 6.5 km and only one or two less than about 17 km. 
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There are still no recorded data for earthquakes of magnitude 8 or 

greater except what can be inferred from sensitive instruments thousands 

of kilometers away. Several methods are used to construct the curves: 

.!!• Plot the data on a maximum acceleration versus distance 
graph and put a best straight or curved line through them. 
Extrapolate to close distances and high magnitudes. 
(To extrapolate to high magnitudes, add higher magnitude 
curves of maximum acceleration versus distance to a 
family of such curves drawn from available data for 
several magnitudes.) 

b. Choose a theoretical formula which can be tested using 
reasonable assumptions and which will produce a curve 
through available data. 

c. Average several curves constructed by other investigators 
who used methods a or b. 

26. Often the data show considerable scatter. A wide range of 

permissible straight or curved lines can be drawn through the data. The 

scatter can be attributed to the nature of sediments beneath the record

ing station, the azimuth with respect to the earthquake source, the 

inhomogeneities in locking stress along a fault, the type of fault, the 

amount of stress drop, and the band pass of the recording instrument. 

There are too ma~y variables to select subsets of data points that are 

of adequate size to confidently separate all effects. If bedrock accel

erations are important to the investigator, he may weight his curve in 

favor of data points taken on bedrock but he cannot hope to produce a 

comprehensive relation without also including data taken on sediments. 

27. Pertinent curves are contained in the references listed below. 

The indicated methods used in obtaining the curves are described in par. 

25. 

Method Source 

a K. Kanai, 1966, "Improved empirical formula for the characteris
tics of strong earthquake motion," Proc. Japan Earthquake Symp, 
Tokyo, Japn. 

a L. Esteva and E. Rosenbluth, 1963, "Espectros Temblores a 
Distancias Moderadas y Grandes, 11 Proc. Chilean Conf. Seis. and 
Earthquake Eng., vol 1, Univ. Chile. 

continued 
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Method Source 

a W. K. Cloud and V. Perez, 1970, "Strong motion ••• records and 
acceleration," Proc. 4th World Conf. Earthquake Eng., Chile. 

b H. Benioff, 1962, "Ground movement in the vicinity of the fault," 
unpublished report to Chief Eng. Calif. Dept. Water Resources, 
Nov. 19, 1962. 

b G. W. Housner, "Intensity of earthquake ground shaking near the 
causative fault," Proc. 3rd World Conf. Earthquake Eng., 1965. 
New Zealand. 

b J. Krishna, "Seismic data for the design of structures," Proc. 
2nd World Conf. Earthquake Eng., 1960, Japan. 

a and b B. Gutenberg and C. F. Richter, 1956, Earthquake magnitude, 
intensity, energy, and accelerations," Bull. Seis. Soc., vol 46, 
n 2, p 105. 

c D. M. Boore and R. A. Page, 1972, "Acceleration near faulting in 
moderate-size earthquakes, 11 in press. 

c H. B. Seed, I. M. Idress, and F. W. Kiefer, 1969, "Characteris
tics of rock motion during earthquakes," Jour. Soil Mech. and 
Fndtn. Div. ASCE, vol 95 SM 5. 

28. Boore and Page (1972) have sketched many of these curves 

together and found that differences are usually not great within the 

range of available data. The extrapolations to close distances and high 

magnitudes, however, are varied. 

29. The four curves based partially on theory (those of Gutenberg 

and Richter, Benioff, Housner, and Krishna) are considered further. If 

the theory or assumptions can be adjusted to fit the new data and not 

produce a worse fit to the old data, better estimates may result. Each 

author's definition of terms is used in summarizing his respective 

procedure in the following paragraphs. 

Gutenberg and Richter (1942 and 1956) 

30. The Gutenberg and Richter papers are important because they 

relate maximum acceleration to the energy released by earthquakes of 

different magnitudes. The energy estimates have been used and modified 

by many geophysicists and are considered reasonably accurate. In the 

first paper (1942), equations relating maximum acceleration to magnitude 

are developed directly. In the second paper (1956), the equations are 
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restated in terms of amplitude over period and modified with new observed 

data. Maximum accelerations can be derived from the updated equations 

and approximate results are presented by the authors. 

31. The papers are primarily concerned with magnitudes and energy 

accelerations. Period, duration, and wave amplitude at the source are 

determined but not as the primary purpose of the papers. The 1942 paper 

contains 40 equations with over 22 variables. Many of the equations 

result from empirical curve fitting to strong-motion and teleseismic 

data. 

paper. 

32. The central equation is developed theoretically in the 1942 
It relat·es energy E to the earthquake shaking duration t , 

0 

vibration amplitude A , and vibration period T • The subscript "o" 
0 0 

refers to parameters at the source. Other parameters are depth of focus 

h, density of crustal material p, and shear-wave velocity v. The equa

tion assumes the energy emanates from a point source. 

3 2 2 E = 3TI h vt p(A /T ) 
0 0 0 

33. Fig. 5 illustrates the position of a once straight-line fence 

during an earthquake. The elastic wave as shown by deformation of the 

fence is transient. The fence would normally not appear wavy after the 

elastic wave had ceased, but the ends of the fence would remain dis

placed by the amount of the fault throw. For M = 8, fault throw might 

equal 3 meters and A equal 5 cm. The wavelength of the shear wave is 
0 

termed A. The propagation velocity of the shear wave is usually labeled 

a; in the crust of the earth, it is usually near 3 km/sec. It would be 

the speed at which a particular ripple in the fence propagated away 

from the fault. T is the time a ripple in the fence propagates one 
0 

wavelength away from the fault. It is also the time required for a 

point on the fence to oscillate from one extreme to the other and return 

to its initial position. If T = o.6 sec and 8 = 3 km/sec, then T = 
0 0 

B~r , and A = BT = 0. 6 sec x 3 km/ sec = 1. 8 km. The distance be-sec o 

tween waves in the fence would be very large, about a mile. 
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Fig. 5. Fault throw, wavelength, and wave amplitude 
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34. If the distance between posts in the fence were 20 ft, the 

wavelength sketched is about 50 ft or about 1500 cm. If t3 equals 
;\ 15 m 

300,000 cm/sec, then T0 is equal to a or .., 3000 m/sec = 0.005 sec, repre-

senting a vibration frequency of 200 Hz. Ripples in rows of trees have 

been reported with a wavelength near 20 ft (Warne, 1933), but the cause 

was not high-frequency vibration, but rather very low-shear velocities 

in surface sediments. Beneath the sediments in hard rock, the velocity 

was near 3 km/sec. If no low-velocity sedi~ents are at the surface, the 

consequent long wavelengths make such wave propagation difficult for a 

human to perceive visually, but the propagation is measured by seismo

graphs. 

35. 
2 

Acceleration at the fault, a = A .!!.2!__ = 
o o T2 

0 

5 39.4 = 197 
o.62 0.36 

= 

2 547.2 cm/sec = 0.56g. This figure does not agree with Gutenberg and 

Richter's o.8g for M = 8 at the source, but the acceleration from the 

heave of the fault has not been added. The 0.8g figure is a compro

mise with results from the energy equation which should reflect accel

erations from the fault heave as well. 

36. 

in fig. 6. 
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Fig. 6. Duration versus magnitude 
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In the 1956 paper T was not plotted; instead, log (A /T ) -0.8(M-l) 0 0 0 

was plotted against magnitude. 

represent averages, in fig. 7. 
and shown in fig. 8. 

Data scatter is very large. The circles 

A /T versus M is derived from fig. 7 
0 0 

0.4 

,..... 0.2 
I 

:::;! 0 ...... 
«> 
0 -o.z I ....... 
1-0 

-0.4 ' 0 
< - -0.6 
~ 
0 
_J -0.8 

-1.0 

NOTE: AFTER GUTENBERG AND RICHTER (1956) 
0 

0 

Ao 
LOG To =0.76+0.91M-0.027M2 

3 4 5 6 7 
MAGNITUDE 

Fig. 7. Log (A0 /T0 ) -0.8(M-l) versus magnitude 

100 

u 
w 
Cl) 10 ' ~ 
u 

"' ,..... 
~ 

' -!! 
~ 

0.1 

0,01 L-..L.~L-~--..l.__~--..1.__~--'~~---~--' 
l 

MAGNITUDE 

Fig. 8. A IT versus magnitude 
0 '.) 

20 

8 8.7 



37. An empirical plot of acceleration versus magnitude and a 

formula to fit the data were prepared in 1956. In the 1942 paper, accel

eration was the principal variable used in the energy calculations. In 

1956, however, A/T was the principal variable and the a versus M and the 
0 

T versus M curves were prepared only for comparison purposes. The lat
o 

ter two curves are shown in summary fig. 9. The formula for the best-fit 

curve to the a versus M plot is log a = -2.1 + o.81M - 0.027M2 which 
0 0 

yields a = 447 cm/sec2 for M = 8. This value is the result of extrapo 
olation of observed data only. 

38. If acceleration is determined from energy relationships, not 

predicated on this curve, .a somewhat different answer is obtained. First 

an expression for T must be derived from the 1956 equations. Again, 
0 

because a =A 4n2 , it is possible to derive T from A and (A /T ) using o o""""T! o o o o 
T0 = ~ x ~n2 • ~paring the reader algebraic details, this can be put 

0 0 
in log form and the empirical equation developed for A0 /T0 substituted. 

The result is: log T = O.lM - 1.1. For M = 8, log T = 0.8 - 1.1 = 
0 0 

-0.3 and T = 0.5 sec. For M = 8.5, log T = 0.85 - 1.1 = -0.25 and 
0 0 

T = 0.56 sec. 
0 

39. This is apparently unsatisfactory to the authors for unstated 

reasons because they use T = 1 ± for M = 8.5 in their summary. Formula 
0 

results, however, match their summary statement for M = 7 and below. 

40. In 1942 an empirical formula was devised to determine Richter 

magnitudes from strong-motion instruments. From this and the empirical 

fit to observed accelerations, a formula for T was devised. In 1956 an 
0 

empirical curve "for T from strong-motion records was plotted and extrap-o 
olated (see fig. 9); but because A/Twas the new variable, this curve 

was not used directly to develop the energy equation. For higher magni

tudes, T values resulting from this formula were considered too low by 
0 

the authors, who increased the value in their summary. Arguments for 

this and other adjustments are extremely involved. The authors simply 

present them as a matter of judgment. Longer periods are possible and 

may well depend on local effective stress which should govern the energy 

available to accelerate one side of the fault past the other. 
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l11. De Noyer (1963) demonstrated lower fault propagation veloci

ties, in crack-propagation-model experiments in glass plates, where 

strains were locally low. He attributed the lower propagation velocities 

to a local lack of available strain energy. This reasoning is also 

applicable to other parameters of faulting, e.g., acceleration. For 

example, a strike-slip fault may not be locked at a particular location 

but is blocked from movement because of locking at some distance away. 

At the locked portion effective stresses will be high; acceleration will 

be high; and T will be minimal. At the adjacent nonlocked portion, 
0 

available energy will be less, acceleration will be lowe~ and the period 

of vibration T may be longer. An example can be seen in a photograph 
0 

in Reid (1969) depicting a cement walkway to an apparently undamaged 

house near Olema, California. The walkway was displaced 15 ft during 

the 1906 earthquake. However a few miles away at the Doda ranch, a water 

tank was reported to have been thrown in the air 5 ft and was demolished 

when it fell to the ground. (The action of the water tank corresponds 

to the locked portion of the fault). 

42. Returning to the energy equation E = 3n3h2vt p(A /T ); 
0 0 0 

a substitution may be made to eliminate A and introduce acceleration. 
0 

It is known from basic physical laws that a= (4n2A)/T2 , then a2 = 

16n4 (A2/T2 ) A2 
and transposing, = 

T2 T2 
a ~T2 

a2T2 
----r and substituting, 
16nLI' 

3o 2 3 12 22 2 E E = 3n 4 h vpt = ~ x - h vpt T a , or a = 2 2 
16n ° 16 n ° 0 0 0.06h vpt T 

0 0 

43. Estimates of values for depth h, shear-wave velocity v, and 

density p of rocks in the earth's crust can be made. The thickness of 

crust in coastal California is about 20 km. The average depth of energy 

radiating from the fault plane, if it extends from the base of the crust 

to the surface, is then about 10 km. Shear-wave velocities at this 

depth are about 3 km/sec and densities about 2.7 gm/cm3• Substituting 

these values and including a factor 1015 to convert km to cm in several 
2 E E of the terms, a = = 
o 0.06(10) 2 3 x 2.7 X lo15t T 48.6t T 1015 

0 0 0 0 
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For M = 8, the values given in Gutenberg and Richter's summary for t 
0 

and T are 10.4 sec 
0 

and 0.5 sec, respectively. The resulting equation 
Eo.s 2 E E and a = = a = 

0 48.6 (10.4)(0.5) x 1015 253 x 1015 ' 0 5.03 x 108 

44. A range of accelerations can be computed using the M versus 

E relationships published in recent years. M = 8 is used as an example 

in the following table. 

Author Date 

Gutenberg and Richter 1956 

Richter 1958 

Gutenberg and Richter 1958 

King and Knopoff 1969 

a - [(13.8 to 40) x lo22J 0 •
5 -

0 - 5.03 x 108 -

E for M = 8 Formula for Log E 

1.38 x 1023 9.4 + 2.14M - o.054if 

2.5 x 1023 11.4 + l.5M 

3.5 x 1023 9.9 + l.9M -

4.o x 1023 10 + 1. 7M 

(3.72 to 6.33) x 1011 = 

5.03 x 108 

0.024M2 

(0.74 to 1.26) x 103 cm/sec2 = o.76g to l.29g. 

is: 

45. For magnitudes larger than 8, Gutenberg and Richter's arbitrary 

change in average T (see par. 39) results in little or no increase in 
0 

acceleration over those for M = 7. However, because fault displacement 

increases with magnitude, an increase in acceleration should be expected. 

Consequently, retention of the set of formulas without arbitrary modifica

tion is recommended. In the unmodified form, there is good agreement 

between parameters. If the formula is corrected (as developed later in 

this report) by distributing _energies _along ~a large fault zone, accelera

tions are similar to those extrapolated from observed data without the 

necessity of arbitrarily modifying T for higher magnitudes. 
0 

46. The data summarized in Gutenberg and Richter (1956) are 

plotted in fig. 9. These estimates are all derived from extrapolations 

of large amounts of data corrected for distance, using observed attenu

ation figures. Except for wave period and maximum acceleration, the 

values also agree well with those derivable from the most recent estimates 
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of E versus M. The acceleration values given in Gutenberg and Richter's 

summary are close to those derived from these formulas and h = 16 km, 

providing that accelerations derived from the formulas result from total 

energy being distributed over the fault zone rather than using the 

assumption of a point source. The summary accelerations or those modi

fied from the formulas seem to agree with those observed or implied from 

behavior of structures in great earthquakes, a maximum on the order of 

one or two g but not tens of g. 

Benioff (1962) 

47. Benioff, as chairman of the California Department of Water 

Resources Consulting Board for Earthquakes Analysis, provided the follow

ing guideline to be used in design of the California Water Project. He 

assumed that: 

a. Slip on the San Andreas during the 1906 San Francisco 
earthquake was 21 ft; 10.5 ft of movement for each side. 

b. 6 -4 Shear strain at the fault was .3 x 10 • 

48. He specified that the fling displacement Y in cm diminished 

away from the fault in a manner specified by the equation: 

4 -1( -6) Y = 19 cot 3.25 x 10 x 

where x is the perpendicular distance from the fault in km. 

49. He defined shear stress a as follows: 

a= (6.3 x 10-4)/(1 + O.llx2 ) 

He did not state from whence these equations were derived. ~resumably 

they are a reasonable fit to the 1906 San Francisco data as derived by 

H. F. Reid (1910, reprinted 1969). 

50. Benioff assumed that the fault slip takes place as a function 

of time, that function being a pulse of~a cr1t1caIIy damped sinusoidal 

oscillation as defined by the formula: 

Y = A(l + wt)e-wt 

with the origin of coordinates taken in the original unstrained condition. 

In this equation, he defined 

A= one-half the initial offset = 10.5 ft= 305 cm 

w = 2rr/T 

T = the period of the oscillation (the time for the disturbance 
to take place) = 5 sec 
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51. At the time slip begins, t = O, the displacement = A, and the 

acceleration Y = Aw2e-wt, (e-wt is variable. Its maximwn = 1) 
0 

52. Substituting the assumed initial values: 

2 2 2 Y = 305 cm x 4TI /25 sec = 480 cm/sec or about 0.5g. 
0 

53. Benioff stated that for points away from the fault, the dis-

placement, and consequent acceleration, decreased as woul.d result from 

using the equation in par. 48. Although he defined shear strain, he 

did not find a need to use it. It is an important factor, however, and 

should be kept in mind. He further stated that up to a distance of 

12 miles, oscillatory movements are preswned to increase although the 

unidirectional heave of the fault is decreasing and consequently no 

attenuation should be assumed. 

54. A problem with this curve, of course, is that peak accelera

tions of 0.5g were observed in the Parkfield (1966) M = 5.6 earthquake 

(not an M = 8.3 earthquake) and l.25g was observed about 3 km from the 

fault for an M = 6.5 earthquake (San Fernando 1971). If Benioff's pulse 

were not that of a damped sinusoid but of some other shape, perhaps the 

observed data could be satisfied. It is possible that the initial condi

tions postulated were not exactly met during the 1906 earthquake. This 

will be discussed further after a review of work of other investigators. 

55. Benioff used Gutenberg and Richter's 1956 curve for attenua

tion with distance. He recommended that the curve be modified to main

tain the maximum acceleration he computed, at distances up to 12 miles 

from the fault. Seed (1970) interpreted this to mean that the attenua

tion curve should be shifted to the right about 12 miles. This would 

have the effect of lifting the curve for acceleration above the data for 

most distances farther than 12 miles. Benioff assumed the peak acceler

ation to be 0.5g for M = 8.3, fig. 10. Seed's interpretation would make 

the curve more conservative for distances of usual concern to engineers 

and presumably would apply to higher magnitudes in general. 

Housner (1265) 

56. Here, peak acceleration data were used from records at dis-

tances of 3 or 4 miles and greater and magnitudes less than 7, except 

26 



z 
0 
I< · 
a:: .... 
..J 

\.oollll~..,...- ASSUMPTION FOR M = 8.3 AND 
AMAX = O.Sg BEN/OFF (1962) 

"'-,.__-+- INTERPRETATION OF BEN/OFF'S 
MODIFICATION, SEED (1970) 

~ zol-~~~~~~-\-~--\---+-~~~~~~~~~~f--~~~~~~~~~-t~~~~~~~~~---, 
CJ 
< 
:I 
:::> 
:I 
x 
< 
~ 1ol--.~~~~~~-~~~~~~~~~~~---1f--~~~~~~~~-r-~~~~~~~-=i 
1-
z .... 
CJ 
a: .... 
Q. 

NOTE: FROM GUTENBERG 
AND RICl·ffER (1956). 

2L..~~~~~~--~~~...L~~~~~~~~~-:-,0~0:-~~~~~~~~--:-,s~o~~~~~~~~~-;;.200 0 50 

EPICENTRAL DISTANCE, Km 

Fig. 10. Percent maximum acceleration versus epicentral distance 



for two points at 60 miles (which corresponded to magnitudes greater 

than 7), to plot a three-dimensional set of curves for magnitude, distance, 

and acceleration. Additional strong-motion data, collected since the 

Gutenberg and Richter 1956 paper, allowed some discrimination in plotting 

empirical curves. The problem, again, is to define the limiting acceler

ation close to the source. If that could be defined, the empirical 

curves developed at lower magnitudes and longer distances could be ad

justed to fit and some idea would be had of what to expect near the 

epicenters of very large shocks. This is done theoretically. 

57. First a pulse shape is assumed at the fault. Again, the 

1906 M = 8.3 San Francisco earthquake (fig. 11) is being discussed. 

Housner 1 s mathematics used to define this pulse shape follows. Acceler

ation at any point in time t' is defined: 

U = A1 si~(nt/t1 ) 

= -A2 sin( nt 1 /t2) 

(O<t <t1 ) 

(O<t 1 <t2 ) 

where A1 is the maximum acceleration occurring during a time t 1 • 

58. He defined velocity: 
• 
U =[(A1t/n) (1 - cos (nt/t1 )] (O<t<t1 ) 

59. Housner stated that at t = t , the velocity must be zero. 
0 

This required that: 

Al tl = A2t2 

60. He defined the maximum velocity: . 
U = (2A1t 1 )/n 
max 

bl. He further defined displacement: 

U = (A1t 1/n) + Ut - (t1/n) sin (nt/t1 )] 

= (A1t 12)hr + (2A1t 1t 1 )/n - (A2t 2 )/n(t' 

(O<t<t1 ) 

(t2/n) sin (nt 1 /t2 )] 

for (O<t 1 <t2 ) 

62. As with Benioff, Housner required that the maximum displace-

ment L be 10.5 ft at t = t • Dropping the time-variant second term 
0 
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whose maximwn is 1.0 results in: A1t 1= nL/t0 for (O<t<t1 ), the high 

amplitude part of the pulse. He pointed out that no nwnerical values 

have been assigned to U , velocity, t , and A1t 1• However, if any of max o 
them can be defined, the others can be found. 

DI SPLACEt.AENT u I 

~-~--t 

Fig. 11. Housner 1s earthqua.~e source pulse 

63. Housner supposed that a shear wave is initiated at the fault 

and that it propagates perpendicularly away with a velocity c, defined 

as 10,000 ft/sec. 

64. The particle velocity of such a shear wave is defined: 

U = yC, an approximation of U 
s max 

where y is the shear strain. Substituting in the prior equation, he 

found: 

and 

A1t 1 = (n/2)yc 

t 0 = (21)/(yC). 
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65. He then used a value of y derived from geodetic measurements 

of widely spaced discrete points from 1.5 to 4 miles from the San Andreas 

fault after'the 1906 San Francisco earthquake. The value he chose from 

those measured is 0.0002. The values of L and C being known, t can be 
0 

calculated as a function of y. 

A1t 1 = (3·;4 )(0.0002 x 10,000) or A1t 1 = 3.1 ft/sec. 

66. Housner commented that various authors had used different 

values for shear strain and that different values of t 0 would necessarily 

be a consequence. He listed the following, choosing the second entry, 

as a matter of judgment without explanation. 

0.0001 
0.0002 
0.0003 
0.0004 

t 0 , sec 

20 
10 
6.7 
5 

67. These results differ from those of Benioff, who thought that 
. -4 

a value of strain of 6.3 x 10 and a t of 5 sec were appropriate. The 
0 

geodetic data used by Housner are too coarse to accurately define shear 

strain so the value given serves only as an estimate of its order of 

magnitude. Probably any of the values in the table in par. 66 would not 

appear to be unreasonable. Long-period seismic instruments show a very 

high spectral peak for P-waves at a period of about 6 sec (for large 

earthquakes recorded at a distance). This suggests, in a rough way, that 

the source dislocation time for large earthquakes typically requires a 

period of time near 6 sec. The exact relationship between the spectral 

peak for P-waves and the source dislocation time is a function of the 

real pulse shape. If Benioff 1 s assumed values for shear strain are used 

and substituted in Housner's formula, an alternate value, A,T, = 6.2 
i i 

ft/sec,is obtained, which will be used later. 

68. Proceeding with Housner's analysis, A1 is the maximum accelera

tion, t 1 the time taken for the initial acceleration pulse to occur, and 

t the time required to complete the fault displacement. He defined 0 . 

A1t 1 as approximately the area of the pulse (refer to fig. 11). If the 

duration, t 1 , of this initial pulse is assumed to be 0.2 sec, substitution 
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may be made in ~t1 = 3.1 ft/sec resulting in 15.5 ft/sec 2 or about 

o.5g. As a consequence, Housner stated that acceleration greater than 

o.5g would be unlikely to occur in California. He then placed a 

limiting theoretical point on his plot of strong-motion data points 

of o.5g at zero distance for M = 8.3, He then drew his curves, fig. 12, 

to present a roughly parallel appearance. 

69. Considering the alternative value of A1t 1 for M = 8.3, derived 

from the shear strain and pulse duration estimates of Benioff, a value 

Of l.6g for T = 0.2 sec results. This would permit accelerations similar 
0 

to the l.25g pulse observed at San Fernando for M = 6.5. For example, 

if the maximum acceleration at M= 8.3 is really l.6g at a 0.2-sec 

period, the value from fig. 12 for M = 6.5 would be 35/50 or about 

0.7 of 1.6 = l.l9g. The San Fernando pulse showed some frequency compo

nents higher than 0.2 sec which would increase the peak acceleration 

recorded. Consequently the l.25g recorded and the l.19g predicted by 

this alternate set of curves are in good agreement. Unfortunately, this 

alteration also raises accelerations for more distant sites to unaccept

able levels. 

" Z O.A 
0 

so 60 70 80 

DISTANCE TO FAULT, MILES 

Fig. 12. Maximum acceleration versus distance 
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70. The San Fernando pulse was produced by compressional failure, 

not strike-slip motion; so the shear-wave equation might not necessarily 

be considered a good approximation. Trifunac (1972) pointed out, however, 

that even in such a case, the P-wave spectrum has lower values than the 

S-wave spectrum. Thus, the maximum acceleration would still probably be 

a function of shear propagation but a high azimuthal dependence to the 

source could be expected. Another approach has been taken by Brune which 

may help add definition to the problem. 

Brune's maximum acceleration estimate 

71. Brune (1970) also considered a propagating shear pulse. His 

pulse propagated from a circular dislocation within the strike-slip fault 

plane. He gave the initial time function for the pulse as: a(x,t) = 
crH(t - x/S), where His the Heaviside step function, cr is the effective 

stress, t is time, B is the shear velocity in the earth, and x is 

distance. 

72. He also defined u as the displacement occurring on the fault 

plane and µ as rigidity. The effective stress cr is defined as the 

approximate maximum stress drop which is derived from other work as being 

about 100 bars or 108 dynes/ cm2• This is the key to his analysis. The 

Greek letter µ is taken to be 3 x 1011 dynes/cm2 and S, as before, is 

equivalent to about 3 km/sec or 3 x 105 cm/sec. He gave the tangential 

displacement as: 

u = (cr/µ)St for t>O and u = 0 for t<O 

73~ He stated that this function defined the displacement to " ••• 

increase linearly with time until the effects of the boundaries of the 

dislocation at distance r reach the observation point and stop the 

linear increase in displacement." 

~---- .... ----
..-t 
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Velocity under these circumstances has a high initial value. 

~ = (cr/µ )S 

C ............... _____ _ 
... t 

t. 

74. This velocity remains constant until the displacement is 

complete. Substituting the assumed constants yields an initial particle 

velocity of 100 cm/sec. At the time of publication, the highest particle 

velocity observed was 76 cm/sec for the 1966 M = 5.6 Parkfield shock. 

Since then, Trifunac (1972) reported a peak velocity of 115 cm/sec for 

the 1971 M = 6.5 San Fernando earthquake. (In his conclusion, Trifunac 

agreed that the effective stress for the main shock was near 100 bars, 

with about 60 bars being released during the earthquake.) Brune believes 

that maximum effective stresses are on the order of 100 bars with the 

implication that the data of other authors do not eliminate the possibil

ity that they could locally reach about 400 bars. The maximum particle 

velocity is a function of maximum effective stress in this analysis. 

75. Brune then assumed that the rupture propagates along the 

fault. The rupture velocity is generally considered to be bounded by 

about 0.9 times the shear velocity for materials with Poisson's ratio 

near 0.25 (typical of rock material) (Knopoff and Gilbert, 1959, and 

Mansinha, 1964). Rupture velocity is assumed approximately equal to the 

shear velocity in this analysis. 
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76. He assumed a small mass of dimension one unit of length deep; 

a dimension vAt along the fault; and a: dimension SA1 perpendicular to 

the fault. This mass is accelerated by a force a x 1 x vAt at the fault 

surface. The acceleration of the mass is given by: 

~ = force/mass= 2a/pSAt 

In the limit, he pointed out, u can approach infinity but for any finite 

size of mass and finite frequency, it does not. "For example, if a 

volume 0.3 km in dimension (At = 0.1, frequency:! 10 Hz) and a = 100 bars," 

[(and apparently taking p = 3 gm/cm1J "we have: 

~(10 Hz) = a2 x 10-5 = 2g." 

77. Alternatively, Brune estimated the maximum acceleration con-

sidering a band of frequencies from zero to a cutoff frequency 

gave the following formulation: 

w • s He 

78. 

u( t) :l ~ /ws 1 iwtd 
2n - -z e w 

µ -w w 
:s 

.. 1 a Jws u( t) = 21T ~ 
eiwtdw 

-w s 
1 a sin.wst 

) = -~w ( w t 1T µ s 
s 

For 10 Hz and a = 100 bars, 

.. l a [2n ( 10) ( sinWs t >] 
u=-.::.e wt 

1T µ s 

substituting w = 2nf, 

(Terms in the inner set of 
parentheses are oscillatory 
with a maximum of 1.0) 

8 2 
= 2 x 10 aynes/cm x 3 x 105 cm/sec x 10 x l/sec 

3 x 1011 dynes/cm2 

= 2000 cm/sec2 = 2g 

79. Brune also pointed out that the maximum frequency is limited 

at distances very far from the fault because the spectrum is modified by 

the propagation directivity factor (described by Ben-Menahem, 1961). 

Brune stated that the maximum contribution to the displacement at a point 

x distant from the fault is the result of the contribution from the near

est segment of the fault whose length is also x, " ••• over which a stress 
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pulse is propagating with velocity v is applied." The propagation 

directivity factor implies that high-frequency accelerations will be 

reduced for frequencies above approximately (wx)/2v = n/2 or w = nv/x. 

"If we consider an observation point at distance x = 0.2 km from the 

dislocation surface, with v = 3 km/sec, this gives w = 45 or f = 8 Hz." 

80. Brune concluded that the near-source spectrum is independent 

of source size and directly related to effective stress. If effective 

stress reaches 1000 bars as suggested by some authors (Trifunac, 1972), 

accelerations of lOg at 10 Hz next to the fault surface could occur. 

Such high effective stresses are likely to occur only at depth. Conse

quently, considering the attenuation indicated by the propagation direc

tivity factor, by the time such high acceleration pulses propagated to 

the surface, they would be substantially reduced. Recent applications 

of directivity functions such as that by Khattri (1972) suggest that the 

method may eventually be used to narrow the range of possible source 

pulse functions of earthquakes. 

81. ·concluding Brune 1 s estimate of the maximum acceleration, 

it appears that 2g at 10 Hz is a reasonable estimate for the near-field 

acceleration regardless of source size. Although there is some theoret

ical dependence on pulse shape, it does not seem obvious that the effect 

would be great. 

Krishna's energy analysis 

82. Jai Krishna ( 1960) proposed a method to determine accele1·ations 

as a function of magnitude and epicentral distance that uses formulas 

he attributed to Gutenberg and Richter. The formulas are: 

where E is energy in ergs, and M is the Richter magnitude, and 

a= C(E) 0•33t;(n2 + h2) 

(1956} 

{1942) 

where a is acceleration in g, C is a proportionality factor to be 

determined, h is focal depth of the earthquake, and D is the epicentral 

distance. 
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83. Krishna set the right hand side of the first equation equal 

to A. He used A for simplicity in computations. It follows. 

A = log lO E or E = lOA 

84. He then used El Centro data to determine C; if D = 30 miles, 

M = 7.1, a= 0.33g, and h is assumed to be 15 miles. Although C can 

be found explicitly through simple substitution, Krishna leaves the 

equation in the form below for computational ease: 

a= 24.75h 100.33(A - 21.87) 
D2 + h2 

85. The adequacy of the proportionality was tested by substituting 

M and D for various strong-motion records and comparing the computed 

with the calculated acceleration. He found fair agreement with some 

exceptions. The results show a slight bias; however, the bias was so 

small that he did not attempt to correct for it. 

86. Krishna's curves are shown in fig. 13. Both the Parkfield 

and San Fernando data fit well when corrected for depth. However, i.f the 

numerous relationships between damage intensity and maximum acceleration 

are used, e.g., as summarized by Coulter, Waldron and Devine (1973) in 

fig. l~, 1906 San Francisco intensity observations a few miles from the 

fault are a poor fit. The equivalent accelerations from these intensi

ties are a better fit to Housner' s curve for M = 8. Krishna's curves · 

differ from Benioff's and Housner's in that they show increasing ac~el

erat.ions as zero epicentral distance is approached, rather than a level

ing off at o. 5g. Although all investigators who have tried to corr:::late 

maximum acceleration with damage intensity have warned that other factors 

apparently strongly affect the relationship, Krishna's curve for M ~ 8 

seems too far off. This will be discussed further, later in this r~port. 

87. The graph, fig. 13, was prepared for a particular earthquake 

depth. An equation is given to correct accelerations from this graph 

for other earthquake depths. The correcting equation is derived algebra

ically from the Gutenberg and Richter equation used to compute the graph. 

The equation implies peculiar changes of acceleration with changes in 

the depth of the energy source. The master equation from Gutenberg and 
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Richter (1942) was derived from equations for: 

a. Predominant period versus magnitude. 

E_. Duration of shaking versus magnitude. 

c. The theoretical energy equation. 

d. .An equation relating the distance between damage 
intensity contours and source depth. 

200 
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z 
~ 
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0 80 

NOTE: FROM KRISHNA (1910), 

TO CORRECT FOR OTHER DEPTHS 
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TION ev: 

1i o2+1s2 -x-........ -
15 0 2+.,z 

6.0 8.5 7.0 7.5 8.0 

MAGNITUDE 

Fig. 13. Distance-magnitude-acce-leration
curves for depth h = 15 miles 

8.5 

88. The fourth equation (d) is well known and supported by many 

observations. It imparts acceleration versus source depth characteris

tics to the master equation, however, which may differ from the expected. 

89. The equation of the correction factor to be multiplied times 

acceleration values on the graph of 

h c = -- x 

15 

fig. 13 is: 

D2 + 152 

D2 + h2 
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where 15 miles is the source depth for which fig. 13 is designed; h is 

the new earthquake depth; and D is the distance from the epicenter. 

90. At zero distance from the fault, the factor becomes: 

c = ..1L x 152 = l2. 
15 h2 h 

So for any h greater than 15 miles, the acceleration is proportionately 

reduced as expected. But for large distances compared to the source 

depths being considered, the term 

o2 + 152 h 
~~~~approaches unity or C + ~-

D2 + h2 15 

Under these circumstances, an increase in depth increases acceleration. 

This consequence of empirical equations bears further discussion in 

terms of what happens to seismic waves according to the well-known 

theoretical equations governing energy transmission as a function of 

angle of incidence. 

91. The sketch below shows wave paths from earthquake sources (X) 

at two different depths, traveling upward, impinging on a surface layer, 

and continuing to the surface. 

92. The ray path for a 10-km depth is shorter and the angle of 

incidence large. The ray path for a 40-km depth is longer but the angle 

of incidence is only a few degrees. Angle of incidence i is measured 

as shown in the following sketch: 
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P, • µ, d 

93. Considering only SH waves, which contain the highest spectral 

amplitudes near the source, the theoretical energy of the wave leaving 

the interface (E) is about the same as the energy of the incident wave 

impinging from below (E. ) for all angles except those from about 75 inc 
to 90 degrees. See fig. 15 from Ewing, Jardetsky, and Press (1957) after 

Gutenberg. S\L-and P-waves behave in about the same manner. Thus, 

shallow ray paths that graze the underside of a near-surface layer do 

not transmit much energy through the layer but if the ray path approaches 

the surficial layer vertically, or close to it, most of the energy is 

transmitted. 

94. This concept alone could account for the peculiar variability 

of acceleration with source depth. Where depth is small compared to 

distance, most of the incident wave energy is reflected from, not trans

mitted through, crustal or sedimentary layers. There are other compli

cating factors. For example, SY-waves impinging on the free surface are 

reflected and almost completely converted to P-(compressional) waves at 

angles of incidence near 30 degrees. See fig. 16 from Ewing et al. (1957). 

As seen in fig. 16, as the angle of incidence is changed, the fraction 

of reflected energy converted to another wave type is also changed. 

P-waves double in amplitude at a free surface. The amplitude increase 

for shear waves is more complex at the free surface but less than 

double the original amplitude. 
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95. Several sets of equations have been developed to produce 

angle-of-incidence versus energy ratio curves for the incident, trans

mitted, reflected, and converted waves. Sets of curves derived from 

Zoeppritz equations for P and SV reflections, refractions, and their 

conversions are available in McC-amey et al. (1962 r and in Costain et al. 

(1963). These sets of curves are for amplitude ratios resulting from 

waves reflected downward from the bottom of a crustal layer. The crustal 

layer is assumed to have various velocity contrasts with the subjacent 

material. Very near the surface, other rigidity,· density, and Poisson's 

ratio values can occur in nature besides those used in these computations. 
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96. The principal interest is in transmitted waves, so this par
ticular set of curves can be used only to infer the presence of high
level transmitted waves or their conversion when the reflections and 
refractions indicate low amplitudes. Computational programs suitable 
for transmitted waves are available but have not been routinely used. 
The usual analysis, for example, of the effect of soil layers on acceler
ations uses the approximation of vertical (zero degrees) incidence. In 

an unpublished study for the AEC by the Environmental Research Corporation, 

Murphy et al. (1970) showed angles of incidence near 30 degrees. This, 
as would be expected from fig. 15, produces results similar to the usu

ally assumed zero-degree angle of incidence. 

97. There is also the simple matter of the bending of seismic 
rays at each layer interface. The usual increase in velocity with depth 
causes the ray path of the seismic waves to curve. The curvature makes 
the wave paths longer and subject to increased geometric and absorptive 

attenuations as pointed out by Wiggins (1964). 
98. The amount of ray-path curvature towards vertical incidence 

depends on the thickness and properties of layers and on the length of 
the wave. Long-period waves, generated by larger earthquakes, have 
longer lengths and are caused to curve only by very thick layers. Short
period waves are influenced by thinner layers. Hence, the assumption of 
angles of incidence other than zero is probably meaningful only for 
large shallow shocks. However, such situations are likely to be the 
most critical for engineering projects. A deep shock produces a smaller 
angle of incidence than a shallow one at the same epicenter. Consequent

ly curvature lengthens ray paths by a greater percent for shallow shocks 
than deeper ones. 

99. When planning for such a circums-tance- (e-.g., at moderate

distances from the San Andreas fault), an analysis using Zoeppritz 
equations for actual angles of incidence might sharpen estimates of 

acceleration. 

100. Returning to the Gutenberg and Richter (1942) equations used 
by Krishna, it can be seen that a simple approximation incorporated from 
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an empirical factor accounts, in a general way, for a very complex 

physical problem. Complications arising from this approximation are 

further discussed in the Summary. 

Boore and Page (1972) 

101. This analysis is interesting because it reflects the present 

USGS attitude toward specification of acceleration for design. It is 

based on several sets of close-in, strong-motion records not previously 

available for small to moderate shocks. These are San Fernando 1971, 

M = 6.5; 

M = 4.7, 
-1.8 to r 

Parkfield 1966, M = 5.6; and a series at Matsushiro, Japan, 
4 -1.4 .9, and 5.1. Boore and Page found attenuation rates of r 

(much higher than previous publications indicate for close data). 

102. Boore and Page found their curves and the attenuation curves 

of other investigators to be similar at distances greater than 30 km. 

This suggests that AP diminishes to the level of Agl at about 30 km. 

This merging of A to the level of A 1 was noted by Morrison, Hofmann, 
p g 

and Wolfe (1966) for the M = 5.6, 1966 Parkfield earthquake. Fig. 17 

accommodates a generalized attenuation rate for A based on these data. 
p 

Boore and Page also found a leveling off at 5 km or so from the fanlt. 

Although this latter effect is not well substantiated, it could be 

attributed to the effect of geometry. Their graphs were of epicent.ral 

distance versus peak accelerations. If hypocentral distances were used, 

their graphs would not show leveling off of accelerations to the degree 

that they presently do. Their high attenuation rates are also predicted 

by the Krishna curves at close distances. The USGS line of thought is 

that accelerations like the 0.33g at El Centro are well documented for 

distances of several miles from the fault (for M = 7.1). If these steep 

attenuation curves are valid, then very high accelerations indeed must 

occur at the fault. Their anal_ysis is _in _line with what wnulrl. be expect

ed from theory. 

103. However, from the application standpoint, at distances where 

AP is higher than Agl' these peaks occur during less than 20 percent of 

the total duration of high accelerations. The effect of extrapolating 

for large earthquakes using the Boore and Page curves could be modified 
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by consideration of hypocentral distance rather than epicentral distance. 

The fact that the small earthquakes they used in their analysis must 

have an average depth of source of at least 2.5 km would account for the 

leveling off at short distances which they have observed. Larger earth

quakes must have even greater average depths of source, so this leveling 

off of accelerations near the epicenter would extend to somewhat larger 

distances for such shocks. The effect of the high accelerations indi

cated by their curves may not be as drastic in design as might be 

anticipated, because of their short duration. 

0 SAN FERNANDO 1971; M=6.5 
A MATSUSHIRO 1966; M=4.71 4.9, 5. I 
0 PARKFIELD 1966; M=S.6 

0 NOTE: FROM BOORE AND 1.0 
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Summary of maximum acceleration curves 

104. Two basic approaches have been made, those in which a fault 

displacement pulse shape is assumed and those in which the consequence 

of the energy of earthquakes is calculated. Three assumed pulse shapes 

were used by different authors, with various assumptions regarding 

initial conditions, to define maximum possible accelerations as a func

tion of magnitude. Other authors have used the energy equation, pri

marily a consequence of the work of Gutenberg and Richter. A summary of 

maximum-acceleration curve considerations used by the several investi

gators follows. 

105. Benioff. Benioff assumed the displacement at the fault was 

in the form of a simple sinusoidal pulse taking place over a period of 

6 -4 five sec. He also assumed a shear strain of .3 x 10 at the fault 

but did not make use of it except perhaps that a period of five sec 

could reasonably be expected with this value. He found A = 0.5g max 
for the San Francisco 1906 shock, M = 8.3. Although Benioff did not 

discuss frequency, each differentiation of a transient sinusoidal pulse 

reduced its period by one-half. A displacement pulse of five sec n.ust 

be differentiated twice to yield acceieration, resulting in a period a 

little over one sec. 

106. Housner. Housner assumed a more complex pulse shape and 

used the shear-wave formula. He assumed the shear-wave velocity to be 

10,000 ft/sec, the shear strain to be 2 x 10-4, the time of dislocation 

to be 10 sec, and the duration of the acceleration pulse to be 0.2 sec. 

He also found that A = 0.5g (at 0.2 sec) for the 1906 San Francisco max 
earthquake, M = 8.3. 

107. -Brune. -Brune calculated maximum acceleration asswn.ing a 

Heaviside step-function pulse shape from two points of view. Both re

quire the effective stress to be about 100 bars, which seems reasonable 

from other data. He assumed that rigidity in the faulted region is 

3 x io11 dynes/cm and shear-wave propagation velocity is about 3 km/sec 

at the source. Using the shear-wave equation, he found A = 2g at max 
10 Hz (t = 0.1 sec) at the fault dislocation surface, independent of 

0 
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magnitude. He performed a second calculation for spectra, assuming 

frequencies are generated in the band 0 to 10 Hz. His results were again 

2g. 

108. Gutenberg and Richter. Gutenberg and Richter (1942 and 1956) 

used both records of strong motion and those of distant earthquakes re

corded on more sensitive instruments to determine the energy of earth

quakes. The Gutenberg-Richter results have been discussed, used, and 

revised by geophysicists for nearly 30 years. Although minor modifica

tions have been suggested, their work is a basic standard. A by-product 

of their work is an estimate of maximum acceleration. The values for 

large shocks remain well over one g for larger magnitudes for any reason

able range of assumed or extrapolated initial conditions at the fault. 

109. Krishna. Krishna (1960) used an expression for acceleration 

versus Mand depth, derived from Gutenberg and Richter's work. He 

adjusted a constant coefficient to produce curves that fit a set of 

strong-motion records of principal concern to engineers. Results fit 

well except that accelerations as a function of distance were too high 

to correlate with observed damage intensities for the M = 8.3, 1906 San 

Francisco earthquake. The curves do accommodate the M = 5.6, 1966 

Parkfield acceleration of 0.5g and the M = 6.5, 1971 San Fernando 

acceleration of l.25g. 

110. Other investigators. Other authors have summarized, averaged, 

or modified the above works, sometimes adding new data to produce curves 

to be used in design (Seed et al., Cloud et al., Boore and Page, Hibbard 

and Schneider, etc). Some, including Gutenberg and Richter, Hershberger, 

Cornwell, etc, have developed curves for maximum damage intensity versus 

acceleration and magnitude. Although there is wide scatter in plots of 

intensity versus acceleration, average estimates of maximum acceleration 

should generally be in accord with observed intensity data. Agreement 

certainly should result for smaller earthquakes for which a larger number 

of observations are available. 
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Recommendations concerning peak accelerations 

111. Consider first the Gutenberg and Richter equation used by 

Krishna to find acceleration as a function of distance and depth, second 

equation, par. 82. An explanation of the unsatisfactorily high acceler

ations for M = 8.3 is that energy is dissipated all along a long strike

slip fault but the equations assume a point source. Accelerations 

contributed by locations on the fault distant from the point of observa

tion contribute little to the maximum acceleration observed at that point. 

The propagation directivity factor could be used to spell out what this 

effect is, although its frequency-dependent terms make this a complex 

development. 

112. A very crude estimate can be made in the following way, 

keeping in mind that the effect is somewhat more severe for higher fre

quencies. The directivity function, in essence, limits the amount of 

energy that can contribute to maximum acceleration to that from a segment 

of the fault of length x, where x is also the distance from the fault to 

the observation point, fig. 18. If apportionment can be made of the 

energy of a large earthquake to segments whose length is equal to the 

distance of the observation point from the fault, then the curves may 

be recomputed. At distances greater than the rupture length, the curves 

would be unchanged. 

Fig. 18. Fraction of st.rike-slip dislocation area 
that contributes to maximum acceleration 
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113. Reid (1969) calculated work done in the 1906 San Francisco 

earthquake. He used the area of the fault plane, estimated at 20-km 

depth times 435-km length, and multiplied it by one-half the average slip, 

about 4 meters, and multiplied this by his estimate of the force 

(1,450 lb/in. 2 ). The result, 1.75 x 1024 ergs, is of the same order as 

the estimate of Gutenberg and Richter (1956) for M = 8.3. 

114. The same reasoning can be followed and the fault divided into 

segments centered over the epicenter. The product of the average fault 

slip in the segment and the length of the segment, divided by the total 

average fault slip times the total length, will be an estimate of the 

fraction of energy attributable to the segment (assuming the velocity of 

movement is constant for all segments). Using geodetic data where 

possible from Reid (1969), the displacements as a function of distance 

along the fault are approximately as sketched in fig. 19. The average 

displacement versus fault segment length is tabulated below. 

Segment Distance Average Product % L % E 
Length on Surface Displacement of Distance 
for h = miles ft x Displace-
15 miles ment 

18 10 15.0 150 3 5 
25 20 14.9 288 1 10 
33 3Q 14.8 444 11 15 
43 40 14.7 588 14 20 
52 50 14.6 730 18 25 
62 60 14.5 870 22 30 
72 70 14.5 1,015 25 36 
81 80 14.4 1,152 29 41 

100 100 14.2 1,420 37 50 
150 i4.o 2,100- )) 74· 
200 12.0 2,400 74 85 
270 10.4 2,808 100 100 

115. Fig. 20 is a graph of percent fault length (or perpendicular 

distance on the surface from the fault) versus percent total energy. A 

corrected curve is also shown for the assumption that the fault is at a 

depth of 15 miles. 
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116. Corrections to Krishna's curves for the directivity factor 

can be made using the fault lengths versus magnitude data from fig. l 

and the curve of fig. 20. This assumes that all strike-slip faulting 

will exhibit about the same tapering of displacement along the fault as 

was measured during the 1906 San Francisco earthquake. Any reasonable 

deviation from this will not change the curves very much. 

117. Because Krishna's basic equation was derived from Gutenberg 

and Richter's 1942 data, a check was made to determine if the 1956 

revision and more recent E versus M relationships would result in a 

significant change. The exponent in the original equation (second 

equation, par. 82) was 0.33, approximated by one-third. It changes to 

0.27. Later E versus M relationships compensate for the reduced co

efficient to a degree. Corrections were applied to introduce the 1956 

and later relationships but the effect was not large. 

118. Corrected curves, modified by the factor to account for the 

long linear aspect of strike-slip faulting and reinterpreted as dis

cussed in the following paragraphs are shown in fig. 21. 

119. A different set of curves, e.g., steeply dipping reverse 

faults, fig. 21, can be prepared where compressive-failure type faulting 

is expected. (See fig. 22.) This can be roughly performed by using 

fault lengths indicated by the lower bound of Ambraseys and Tchalenko's 

data, fig. 1. A comprehensive study of available strong-motion records 

categorized by types of causative faulting might sharpen this approach. 

Accelerations from compressive-failure type faults will be higher than 

for strike-slip faults because of the more compact nature of the slip 

surface. However, where large earthq_uakes are possible_ on_ such- faults,

the average depth of the slip surface is likely to be greater than f'or 

strike-slip faults. The added depth increases hypocentral distance and 

thus tends to modify the amount of increased acceleration to be expected 

at the fault. For low-angle thrust faulting, however, even shallower 

depths than for strike-slip faulting may be possible under some circum

stances. No modification would be expected and accelerations could be 

unusually high. 
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Fig. 22. Fraction of compressional-failure type 
fault dislocation area that contributes 
to maximum acceleration 

120. Calculation of Krishna's curves with corrections for fault 

length are extremely cumbersome with a simple hand calculator. Conse

quently the corrections made here are approximations which may be inexact 

by as much as 20 percent. The corrected curves are remarkably like 

Housner 1 s except that accelerations are not bounded by a 0.5g limit. 

M = 8.3, for example, shows l.Og at zero distance at the center of the 

fault slip. This is a satisfying figure considering_ the following frDm

Lawson ( 1969) : 

South of Ft. Ross at the Dada Ranch (p 182), a ranch hand, 
who was out-of-doors at the time, stated that he saw" ••• the 
water tank thrown vertically upward about 5 feet and then fall 
in ruins." Mr. Dada's daughter stated, "that she was standing 
in the kitchen at the time of the shock, and was lifted verti
cally from the floor more than once, in each case alighting on 
her feet. 11 At Sea view, probably 1. 5 miles from the fault, 
the shock is described by Mr. Morgan, the occupant of the only 
house there, " as very violent. In a room with 2 beds, one 
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moved across the room north to south, the other was lifted from 
the floor." The lack of extremely high frequencies is evidenced 
by the fact that no window glass had been shattered or even 
cracked in the Dada house. 

121. Krishna's curves could be re-interpreted as follows: 

Gutenberg and Richter (1956) and Krishna assumed hypocentral depths were 

about 16 and 24 km, respectively. The crust of the earth is about 20 km 

thick in coastal California. The average depth of the fault plane is 

therefore limited to about 10 km. Consequently, these curves can be 

considered to represent accelerations from an average source depth of 

10 km and the correction factor h can be revised to reflect this. Such 

a revision causes the San Fernando data to be underestimated, if hypo

central depth is used; but not by very much if average depth of the 

fault plane is used (0.5 x 13 km= 6.5 km). The Gutenberg and Richter 

equations consider only the average or predominant period of vibration. 

Real strong motions may also have short-period contributions at 10 Hz 

of up to 2g as shown by Brune. These probably increased the maximum 

acceleration for the San Fernando, 1971, data. Thus, the revised curves, 

fig. 21, are for long-period vibrations in keeping both with observa

tions and theory. Development of a separate attenuation curve for the 

high-frequency end of the strong-motion spectrum could be made from 

absorption curves under development from studies of atomic blast effects. 

These are not generally available in the literature. Most of those that 

are available have been developed for exploration seismology or non

destructive testing of materials and apply only to frequencies higher 

than the range of interest. Hamilton (1972) and Strick (1967) have de

rived formulae for the range of interest which fit observed data but 

they are difficult to explain in terms of physical mechanism. 

122. Krishna uses an epicentral distance of 30 miles for the 

El Centro seismogram to estimate the coefficient in the equation for 

acceleration. At the time he wrote the paper, distance from causative 

fault was not generally available (but it is always less than epicentral 

or hypocentral distance). A more accurate way to use the data is to 

assume that the distance scale of the curve applies to distance from the 

causative fault and adjust the scale accordingly. An approximation 
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of this effect is incorporated in the revised curves. It reduces peak 

accelerations by a factor representing the difference in acceleration 

at 30 km, the epicentral distance assumed by Krishna for the ~l Centro 

shock, compared to y km, the distance of the El Centro strong-motion 

seismograph from the causative fault. The fit of existing strong-motion 

data will probably be about the same regardless of which set of defini

tions is used. Seattle data which were anomalously low on Krishna's 

original curves should now fit better because the shock was moderately 

deep and the new definition of depth would make it relatively deeper 

(and hence, more distant). 

123. Another factor concerning these curves was previously noted, 

i.e., the peculiar effect of the depth correction factor which incorpo

rates the observed consequences of a changing angle of incidence for 

deeper-than-normal shocks. The observed increase in acceleration near 

the fault with decreasing source depth is acceptable. However, the de

crease in acceleration at some distance with a decrease in source depth 

does not seem well verified by observations. 

124. The difficulty is traceable to the data and definitions used 

in developing the depth factor. Most of the earthquakes used by 

Gutenberg and Richter in developing the equation were assumed to have 

hypocentral depths (that depth where fault slip begins) near 15 km. 

Because crustal thickness in most of California is near 20 km, the aver

age depth of source would, however, be no greater than 10 km. Large 

differences in acceleration versus distance were observed for consider

ably deeper-than-normal earthquakes and the depth correction equation 

was designed to accommodate these- diffe-rences. 

125. Very shallow shocks were generally not separated from those 

listed for a 15-km depth at the time the equation was developed. However, 

many studies in the past few years show that the average depth of fault 

dislocation for small and moderate earthquakes is near the surface, as 

at Parkfield, 1966, and San Fernando, 1971. The graph of fig. 21 is 

modified in fig. 23 to reflect the higher accelerations theoretically 

possible near the source for shallow shocks. Accelerations at a distance 
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from the fault, however, are not decreased for very shallow earthquakes 

as the equation would indicate. This graph has peak accelerations similar 

to those recently extrapolated from San Fernando, 1971, and other data 

by Schnable and Seed (1973) for distances greater than 2 miles, fig. 24. 
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126. The average depth of magnitude 8 and larger earthquak~ 

sources is put at 10 km (one-half the depth to the base of the crust in 

California). The possible average depth of source is assumed proportion

ately shallower for lesser magnitudes. For M = 5.0, the average source 
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depth is assumed to be 2.5 km as inferred from studies of the 1966 

Parkfield earthquake. 

127. Fig. 23 should be used for specifications of design earth

quakes on strike-slip faulting in California. If in a particular area 

smaller magnitude earthquakes have an average source depth greater than 

that indicated on the graph, peak accelerations close to the fault will 

be less than indicated. Unfortunately, adequate sensitive instrumenta

tion has not been operated in most parts of the U. s. to determine if 

source depths are greater than in California. Fig. 23 represents the 

most severe accelerations, at the predominant periods indicated, that 

are likely to occur on strike-slip faults in California. (In addition, 

accelerations at 10 Hz of up to 2g may or may not occur close to the 

fault for any damaging-level earthquake.) Fig. 25, for compressional

type faulting, illustrates more severe acceleration. For areas where 

earthquakes, particularly small ones, have not been observed to occur 

near the surface, less severe accelerations will occur. 

128. Some acceptable basis for selecting design-earthquake param

eters must be used for today's structures. For expected magnitudes up 

to about 7 at distances greater than 16 km, available curves for peak 

acceleration are similar and can be accepted with a reasonable degree 

of confidence. Peak accelerations for all but the largest shocks are 

probably limited to near l.Og at the surface, except under circumstances 

of extraordinary effective stress. The few examples of extremely high 

accelerations observed are usually comprised of a few high peaks with 

the balance of high accelerations closer to the root mean square (RMS) 

average. 

129. -nesign earthquakes -shuul-d be -specified to indic-at-e thin 

property. That is, use Housner or Benioff curves, showing a leveling 

off at about o.5g for Agl for the durations specified, and require, in 

addition, that peak accelerations be specified as indicated on the curves 

modified from Krishna with tentative durations of 20 percent of the total. 

An attempt to estimate a functional relationship rather than using a 

fixed 20 percent factor has been made in USGS Circular 672, which specifies 
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ground motion for the Trans-Alaska Pipeline. A chart, derived primarily 

from 1971 San Fernando strong-motion records, lists an estimated number 

of pulses at various acceleration levels for expected earthquakes at 

particular Alaskan sites. 

130. In addition, up to 2g may be expected at 10 Hz where effec

tive stresses are high. These can be assumed to attenuate following the 

curve of Benioff, the rules of Strick (1967) or the Boore and Page (1972) 
-1.8 r attenuation factor. See the section concerning attenuation, 

par. 164-170. 

131. These specifications will make the usual procedure of modi

fying existing strong-motion seismograms by changing the time and a.mp

li tude scales more difficult. Complex digital increase filtering may be 

required. 

Particle velocity 

132. Observation of the high accelerations occurring in the 1971 

San Fernando earthquake has resulted in discussions among engineers and 

seismologists concerning whether such accelerations are of concern in 
1 design if they occur at high frequencies (f = frequency = T). From basic 

physical laws, 

a = w2A = 4n2r 2A or 4n2(A/T2 ) 

v = wA = 2nfA or 2~(A/T) 

133. Total energy ET is the sum of potential and kinetic energy, 

Ep and Ek, respectively. These quantities may be defined: 

~ = l/2mv2 = l/2m4~2 (A2/T2 ) 

E = l/2KA2 
p 

where m = mass and K = equivalent spring constant. 

134. Therefore, 

135. Since ET = Ek + Ep' and over a period of time which is long 

compared to the period of seismic waves, Ek = Ep' ET is often approximated 

by 2Ek or 2Ep. This assumes that no energy is lost from internal damping. 
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Thus, total energy may be defined as: 

2 2 2 2 ET = mv or 4n m(A /T ) 

where m is "the mass of the oscillating rock. 

136. If potential energy is used, the equivalent spring constant 
K or elasticity of the rock in situ must be known. Both m and K can 
be only crudely estimated. We can summarize, however: 

a cc A/T2 

v cc A/T 

E cc v2 or (A/T) 2 

137. Studies by Crandell (1949) and others, s'..l.IllI!l~rized and extrap
olated by Neumann (1958), are contained in fig. 26. Crandell's "E. R. 
6-Danger" and "E. R. 3-Safe" lines are based on experience with "building" 

2 2 2 structures to 1949. The E. R. lines are of equal (a/f) or 4n v or v. 
The E. R. 6 line represents a particle velocity of about 12 cm/sec. The 
E. R. 3 line represents a particle velocity of about 8 cm/sec. The terms 
"safe" and "danger" both refer to the destruction of buildings and not 
to damage of a general nature short of failure. 

138. Velocity, or more specifically v2 , is sometimes said to be a 
better indication of damage than acceleration because it is more directly 
related to energy. All three quantities are functions of ground ampli
tude and vibration period. 

139. The best use made of these quantities depends on the 
sophistication of the design procedure and what is being designed. Per
haps the earliest intimation of the possibility of using such a limita
tion for design is in Benioff (1934). It also follows.from the single
number "Engineering Intens-ity" proposed- by- Blume- (1970)-. Blume 1s single 
number is proportional to the average 5 percent damped pseudo-relative 
velocity spectra value, which is roughly proportional to the smoothed 
ground velocity spectra. Wiggins (1964) also discusses the relationship 
of particle velocity and damage intensity. 

140. Accelerations in excess of l.Og may pose special problems, 
however, which require further research before accepting a fixed velocity 
value above which no ~amage may be assumed regardless of acceleration. 
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Vertical acceleration of one g or more implies possible total loss 

of strength in granular materials. Such losses, even for time spans as 

brief as 0.05 sec or less, could result in considerable deformation 

with a sufficient number of cycles of repetition. Such pulse repetition 

analysis was carried out for a California Water Project power plant 

located on the side of a hill. Even at 0.5g repeated lateral load, the 

plant would theoretically become dislodged. Consequently a keel-like 

foundation was designed to increase resisting forces. 

141. Clearly, high accelerations at very high frequencies produce 

little energy and consequently are not of as serious concern as lower 

accelerations at lower frequencies, which are higher in energy content. 

Crandell 1s criteria based primarily on damage to moderate-size buildings, 

gives some idea of where this limit of concern should be. However, much 

of the data, particularly for high frequencies, were derived from effects 

on plaster and other components of personal dwellings. Such data may 

not be appropriate for earth embankments, high-rise buildings, or nuclear 

power plants. Also the functioning of relatively small but possibly 

critical mechanical and electrical parts in nuclear or other plants and 

hydro-control systems may be strongly affected by higher frequency 

accelerations. This is an area of potentially fruitful research. 

142. Extremely high, very local accelerations (several g's) 

caused by fault breakage of very competent rock could occur at frequencies 

of 20 to 40 Hz. Hence, the comment by some that there is no upper limit 

for accelerations. Such accelerations may be important for the design 

of electrical and mechanical components (for example, in a power gen

erating plant) but might be of little concern in design of most civil 

structures. Crandell's E. R. 6 line suggests that for civil structures, 

accelerations at 10 Hz would have to be in excess of o.75g before they 

reach the "danger level." 

143. Such generalized rules may be derivable for certain classes 

of structures. Detailed studies using sophisticated finite element 

codes, carefully checked to be sure that filtering has not been already 

programmed into the code, should be made first. Results should be care

fully tested against experience and published for general critique before 
being adopted. 
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Duration of Shaking 

144. The classic work of Gutenberg and Richter, already summarized, 

is shown on a larger scale in fig. 27. The average line through the data 

underestimates the responses from the El Centro 1940 earthquake and the 

Alaska 1964 earthquake. The El Centro event has been shown by Trifunac 

and Brune (1970) to be a series of several earthquakes; hence, the 

anomalous duration. Steinbrugge, in the phonograph record accompanying 

his text in Wood (1964), estimated maximum duration of heavy shaking at 

45 sec for the 1964 M = 8.4 Alaska earthquake. In the text, p 5, 

Steinbrugge mentions reports of durations from 1.5 to 3 minutes. In 

large earthquakes the strongest shaking may come close to fitting the 

Gutenberg-Richter graph so defined. However, smaller, but still damaging, 

level accelerations may continue for a period beyond the duration of 

"maximum shaking.·~ Studies by Seed (1968) indicate some Alaskan soil 

failures would require 2 minutes of significant shaking. 

145. Durations commonly are longer for strong-motion (or sensitive) 

seismic records produced by instruments on soft material. Mexico City 

accelerograms are typical in this respect. If computer programs are 

used to define the effect of soil response on input accelerograms, they 

should be checked to determine if the particular program also adjusts 

duration of shaking. 

146. A theoretical duration curve for strike-slip faulting in 

California can be constructed assuming a rupture propagation velocity 

of about 3.5 km/sec (which may be a little high). The limit in velocity 

for crack propagation is thou£ht to be less than shear velocity in an 

elastic medium with normal Poisson's ratios (Mansinha, 1964; Knopoff 

and Gilbert, 1959, p 168; Savage, 1965, p 268); although De Noyer (1963) 
demonstrated higher velocities in certain glass plates with Poisson's 

ratio unspecified. 

147. The limiting duration curve, assuming that rupture began in 

the middle of the known fault break and progressed both ways, is shown 

as a thin black line in fig. 27. Some argue that such an analysis is 
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not valid, because by the time faulting progressed to the end of the 

rupture zone, displacements there would be so far away that the vibra

tions would scarcely be felt at the point where rupture originated. 

Fig 28a depicts this argument. Vertical rupture progressing along a 

long linear fault is illustrated because the concept is more readily . . 

understood in such a model. However, the same effects apply to strike

slip faulting. In model a, the initial rupture almost instantaneously 

reaches its full displacement value at the origin and then propagates 

towards the ends of the fault. In model b only part of the total dis

placement occurs initially; as stress is relieved by the progressive 
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rupture, displacement increases all along the rupture zone. The thin 

line in fig. 27 corresponds to model b. There are no measurements of 

this aspect of faulting at this time but the model b concept seems to 

fit durations of large earthquakes better than the model a hypothesis. 

For hard rock and strike-slip faulting, the author believes the modifi

cation (in fig. 27) indicated by the heavy dashed line to be adequate. 

a. 

REFERENCE LINE ______ I ______ iilli 
~~~ ~ 

b. 

Fig. 28. Alternative models for progressive fault rupture 

148. The time for initial fault heave is not the only constraint 

on vibration duration. Internal damping, mass, and elastic constants 

of rock material will also affect duration of strong shaking. Theoret

ical analyses of this type are difficult to find in the literature and 

none is reviewed here. Housner (1956) has published an empirical curve 

for duration, fig. 29. The Gutenberg and Richter (1956) curve is sketch

ed in fig. 29 as a single thin line. The 1964 Alaska earthquake with a 
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duration of 45 sec fits this curve. Newspaper accounts of the San 

Francisco 1906 earthquake also place its duration of shaking at about 

45 sec. 
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Fig. 29. Duration of strong shaking 

149. Esteva and Rosenblueth (1963) published a magnitude versus 

duration formula: s = .15e0•74M + 0.3R where s is duration in seconds 
0 0 

and R is focal (hypocentral) distance in kilometers. The first term was 

derived from one-half of. Gutenberg and Richter's (1956) expression 

log t ~ -1.4 + 0.32M (f±g-. 6). The second- term was oased on their own 
0 

observations. Presumably their expression fitted their data better than 

the 1956 formula, but no data points were shown. Because sediments pro

long shaking and because most recorded duration data are taken on sedi

ments, the Gutenberg and Richter curve, modified to accept the 1964 

Alaska and 1906 San Francisco reports, should be adequate for base rock 

shaking durations. If a very conservative design is desired, the 

theoretical (upper) line in fig. 27 may be used. 



Freguency Dependence 

150. Several authors have discussed theoretically derived pseudo

velocity spectra with magnitude, distance, and soil layering as variables. 

Their analyses are not easily interpreted, however, in terms of the be

havior of acceleration spectra on hard rock. 

151. At acceleration levels low enough that soil maintains a 

linear elastic behavior, surface-wave propagation may completely alter 

the graphs presented. Attenuation becomes two dimensional where large 

areas are overlain by sediment. Radiating energy is trapped in the 

layers, causing attenuation with distance to be reduced and duration to 

be increased. 

152. Figueroa (1960) provided a table of strong-motion predominant 

periods taken on rock as a function of distance, and Seed (1970) plotted 

the data, fig. 30. Figueroa's data are from several shocks between 

M = 7 and 7.8 and some smaller. He stated that period increases with 

distance, increasing magnitude, and with decreasing hardness of rock 

at the recording site. Seed considers periods constant to 50 km as 

suggested by Gutenberg and Richter (1956). If ~he line drawn through 

Figueroa's data is extended to zero distance, a predominant period of 

about 0.2 sec is obtained. A cursory examination of the 1971 San Fernando 

Pacoima dam record indicates about 0.25 sec. 

153. Trifunac (1972) shows spectra for several small a~ershocks 

with periods from about O.l to 0.3 sec at distances less than 18 km and 

magnitudes from 4.3 to 5.5. Seed (1969 and 1970) approximates period

magnitude-distance curves by using Gutenberg and Richter's constant 

period to 50 km and Figueroa's curve for M = 7. He then spaces other 

lines, starting with Gutenberg and Richter's values at the source, par

allel to Figueroa's, fig. 31. Benioff (1962) also presented atten~ation 

curves as a function of frequency and distance, fig. 32. 

154. Jenschke et al. (1965) discussed the technical problems of 

obtaining spectra from strong-motion seismograms. He observed that 

accuracy was difficult to obtain because of their nonstationarity 
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(change in frequency content as a function of time, see Amin et al., 

1968) and the relatively sharply peaked phase spectra from Fourier 

analysis. This was probably caused, or contributed to, by the short 

duration of the records. The mathematics requires an infinitely long 

record for perfect spectra. The shorter the record, the less accurate 

will be the spectra. Consequently, Jenschke et al. used the spectral 

response method to determine the frequency corresponding to spectral 

peaks in the records. To "... eliminate rapid fluctuations in the 

spectra," he used a 20 percent damping ratio. These AA or peak 

absolute acceleration spectra represent the peak accelerations reached 

by a 20 percent damped pendulum, with the stated natural frequency, sub

jected to the base motion of the strong-motion earthquake. He defined 

the frequency at which the peak acceleration occurred as the PSF (peak 

spectral frequency) and plotted the PSF as a function of distance. The 

magnitudes he used ranged from 5.3 to 7.7, averaging 6.9. Peak acceler

ation occurred at periods from 0.1 to 0.5 sec corresponding to distances 

of 12 to 54 km. These are also sketched in fig. 30. The seismograms 

were not separated according to the foundation material type on which 

they were recorded. Results show higher frequency spectral peaks near 

the source rather than no change to 50 km, a result to be expected con

sidering the work of Brune. The fact that faulting more frequently 

extends to the surface in California may be the reason for some higher 

frequencies near the epicenter than those found by Figueroa. 

155. The near-field spectrum formula 

n(w) ae 1 
= - ( 2+ 2)0.5 µ W W T 

such as shown by Brune (1970) could be used as a basis for generating 

acceleration spectral approximations that are a function of fault di

mension where approximately T = f~ Magnitude is also a function of T, 

depending to some degree on the type of faulting. This equation assumes 

a modified Heaviside unit step function as the source pulse. The spectra 

would be modified if different pulses were used. The near-field spectra 

would apply where the distance of the site to the source was not large 
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compared to the source size. At greater distances, a far-field spectrwn 

could be used, e.g., ~1(wB = [R8¢J £§._ f F ( e:) 2 
1 

2 , where [R8¢] 
µ w + a. 

is the RMS average of the radiation patte~n. (See Brune, 1970, for 

definition of terms.) Published estimates of such patterns could be used 

to modify spectral estimates where faulting patterns are well known in the 

vicinity of the site. This would require some computation effort. 

_156. Kanai (1966) developed a semi-empirical equation to develop 

spectra as a function of distance and magnitude. However, the spectra 

are contingent on the resonance of the ground (surface layering) and 

hence are not particularly helpful in specifying bedrock spectra. 

157. The high frequencies possible as a consequence of Brune 1 s 

near-field spectral formula suggest that, at least for larger earthquakes, 

two spectral peaks should occur. Liu and Jhaveri (1969) have pointed 

out several bi-modal strong-motion spectra (Golden Gate Park, 1957) 
that show peaks near 0.3 and 0.1 sec. They demonstrate means of 

simulating such bi-modal spectral characteristics in synthetic design 

earthquakes. 

158. Increasing interest is being shown in the effect on hard

rock acceleration spectra of magnitude and distance. Most investig~tors 

proceed directly to velocity spectra, also including soil effects which 

often dominate definitions of on-site spectra (Wiggins, 1964; Liu et al., 

1969; and Levy et al., 1968). Use of these and similar techniques may 

be applicable in deriving hard-rock accelerograms from those recorded 

on a considerable thickness of sediment. 

159. The inverse of such processes, as described by Seed et al. 

(1969), would be helpful to determine bedrock acceleration from strong

motion seismograms recorded on sediment. 

160. There are too few acceleration spectra of strong-motion 

seismograms available in the accessible literature to develop adequate 

suites of such spectra for hard rock and various soil layering conditions. 

For the present, assumption can be made of a spectral peak near that 

indicated by Figueroa's chart as a function of distance, plus a secondary 

peak at about 10 Hz for sites very close to the fault. Such peaks have 
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been observed with perhaps 80 percent of the power spectral density in 

the principal peak. Clearly additional spectral analyses of close-in 

records onhard rock could be made to improve estimates of characteristics 

of the short-period, secondary spectral peak when it occurs. The spectral 

peak is also a function of magnitude. ~pectral dependence on distance 

and magnitude has not been adequately investigated. However, as an 

interim measure, the approximation of Seed without leveling off at short 

distances (for average conditions) may be used for a hard-rock site. 

161. Values of maximum magnitude for smaller faults are read from 

the upper bound of fig. 1 corresponding to strike-slip faulting and in

creased by 0.5 to account for possible fault extension beyond the known 

length. See par. 14 through 21 for the rationale concerning maximum 

magnitude on the San Andreas fault. It is both a time- and place

dependent function, AP and Agl are obtained from fig. 21; TAp and TAgl 

from fig. 30 using the dashed lines at close distances for hard rock. 

If the site is much beyond 20 km from the fault, TAp will usually be 

the same as TAgl· Close to the fault, AP may be governed by effective 

stress. Under such circumstances, TAp will be specified using fig. 30 

as before, but there may or may not be a secondary spectral peak as 

high as 2g near 10 Hz, which may be attenuated with distance using 

fig. 32. Duration of Agl can be obtained from fig. 27. Duration of 

A and A at 10 Hz is limited to about 20 percent of the duration of 
p p 

Agl' 
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PART IV: SITE AND PATH FACTORS 

·~2. Geologic conditions at the site of interest and along the 

path >f propagation of an earthquake have a profound effect on the de

tail characteristics of ground motion and on the intensity of the earth

·~Uakt at the site of interest. Some of the important site and path 

~;-ins) terations are discussed briefly in this part of the report under 

the headings, Effect of Irregular Topography, Attenuation by Absorption, 

ana ·.round Waves. 

Effect of Irregular Topography 

163. Following the 1971 San Fernando earthquake, there was con

siderable interest in the possible focusing of seismic waves by topo

~rapny. An analytical treatment by Boore (1972) appears to have some 

generalized application and certainly illustrates a method for more de

taij ed analysis of engineering sites in mountainous areas. The analysis, 

using finite-difference calculations, indicates that acceleration ampli

fications near 100 percent can occur for wavelengths as small as one-

nal f the width of an idealized mountain and that amplifications of 25 

percent may occur for wavelengths six times as long as one-half the base 

~f the mountain. 

164. One of the Boore 1 s models is illustrated in fig. 33. The 

veloc~ty of 500 meters per sec assumed by Boore in drawing fig. 33 is 

reasonable for surficial material. In highly competent rock, waveleng-~hs 

wouid increase, resulting in a compressing of the illustrated frequency 

scat-- towards the left. Thus for more competent material with higher 

seismic velocities, the topographic amplification factor would be reduced 

fur vibration frequencies of concern in the design of most civil struc

tures. Conversely, for material with lower velocity, the frequency 

Sl'ale is expanded to the right and high amplification may apply at lower 

frequencies of great concern in the design of civil structures. 
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Attenuation by Absorption 
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164. The subject of a~tenuation by absorption is one of consider

able uncertainty for frequencies of seismic interest. Few investigators 

have felt sufficient confidence to make other than hypothetical 
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statements on the subject. Gutenberg and Richter (1942), for example, 
-2Kh state, "Suppose absorption (is) represented by a facto! e , where K 

is the coefficient of absorption." They further state that K is of the 
-4 ( ) order of 10 /km h, according to Bullen, represents distance • This 

implies no frequency dependence. Bullen (1953) says, "When friction is 

not too great, its presence ••• entails the presence in amplitudes of 

real exponential factors diminishing as t increases ••• ,"where t 

represents wave period. 

165. Ewing, Jardetsky, and Press (1957) give the formula for a 

Voigt solid (thought to adequately represent crystalline rocks) as • = 
nf/Qc where • is the absorption coefficient and Q is the specific 

absorption coefficient (also called specific dissipation function) for 

a particular material and set of environmental conditions. 

166. Bolt (1972) states, "Suppose the attenuation is proportional 

to an exponential law, exp(-wd/2cQ)." With such a supposition he states 

that 10-Hz S-waves traveling 10 km would diminish by a factor of 0.5, 

but those of 4 Hz only by a factor of 0.8, thus implying that an atten

uation rate ratio of 1.6 might be possible for the stated conditions. 

He further suggests that for materials of a low Q, like sediments, the 

difference in attenuation as a function of frequency might be accentuated. 

167. Birch (1942) reports l/Q = 170 x 10-5 for diabase rock, 

Hamilton (1972) reports l/Q = 300 to 400 x 10-5 for certain marine sedi

ments. Strick (1967) _indicates a range in attenuation rate (between l 

and 10 Hz) of about 10 to 16 for solid materials, or a ratio of atten

uation rates (using a linear interpolation for 10 to 4 Hz) of about 

1.3 times. Until recently most investigators have found little frequency 

dependence for • at seismic frequencies. 

168. Part of the problem is the partitioning of energy of seismic 

waves impinging on layers (discussed in par. 91-98). 1'his effect is 

likely to be more profound than a slightly frequency-dependent absorption 

coefficient. Thus, field data have not been considered satisfactory 

for determination of attenuation by absorption for seismic frequencies. 
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169. From a practical standpoint, however, a thorough analysis 

of the San Fernando strong-motion data could provide some insight into 

this problem. A large scatter would be expected. Frankly, no o.ne knows 

the exact form of the attenuation coefficient equation at seismic 

frequencies. Benioff's approximation may be used, fig. 32, but it is 

probably too conservative for 10 Hz. As a conditional expedient, A 

may be considered to attenuate at r-1 •8, as indicated by Boore andpPage 

(1972), fig. 17 of this report. The distance r appears to be best 

defined as the focal distance beginning at the average depth of the dis

rupted fault area. Such a general rule for attenuation of A at 10 Hz 
p 

should be used only to obtain a preliminary figure. A thorough analysis 

of absorption and scattering by layers should be made for each site. 

170. Strick 1s work could be put in a form more easily used for 

engineering purposes. Behavior of Q for frequencies of vibration of 

concern in strong-motion phenomena deserves much more attention than it 

has received to date. 

Ground Waves 

171. Visible undulations of the ground have been reported for 

many high-magnitude earthquakes. Their reported amplitudes are from 

several inches to several feet with wavelengths of several tens to several 

hundreds of feet. Reid (1969) discusses a list of 22 such observations 

during the 1906 San Francisco earthquake. They were also reported for 

the Charleston earthquake of 1886. Such undulations may contribute to 

the high damage levels observed on soft soil under certain circumstances. 

172. The cause of such waves has not been adequately investigated 

from a theoretical standpoint. Some investigators, particularly in the 

U. S., have expressed doubt that such waves exist, attributing them to 

psychological aberrations caused by human disorientation from shaking. 

European inyestigators generally tend to take the phenomenon for granted. 

Photographs of such waves "frozen" in the surface after an earthquake 

have appeared in the Russian literature. This suggests that at the time 

of occurrence, the earth was not behaving as an ordinary elastic material. 
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173. Several aspects of this problem suggest directions for further 

investigation concerning the possible types of wave propagation which 

might explain Rayleigh waves. 

Rayleigh waves 

174. These waves may be Rayleigh waves. Gilbert and Laster (1962) 

have shown the Rayleigh waves may begin immediately at the source. 

Their conclusions are a result of their thorough and general mathematical 

approach to the problem. Other mathematical approximations adequately 

describe the formation of Rayleigh waves at a distance but do not do so 

near the source. Some investigators have consequently assumed that 

Rayleigh waves occur only at t distance. This logic, however, now seems 

open to question. 

175. Some surface sediments often have extremely low seismic 

velocities; for example, the case described by Keller (1954). Under 

such circumstances, very high amplitudes accur at very low group 

velocities (the "Airy" phase). At some distance from the source, after 

lower velocity Rayleigh waves have traveled far enough to separate from 

the initial body-wave pulses, their relatively high amplitude can be 

observe~. Because Rayleigh waves propagate in two dimensions, spreading 

out as a sheet from the source, their attenuation with distance is less 

than for compressional and shear body waves, which spread as an expanding 

hemisphere from the source. Consequently as distance increases the 

amplitude difference is accentuated markedly. 

176. Rayleigh waves with characteristics similar to the observed 

ground waves theoretically can occur at the source if material strengths 

are low. Ordinary soft soils often have the required characteristics, 

but this would be further enhanced by loss of shear strength causec:. by 

shak:ing. -Shear strength -loss, however, woula not -have to be complete, 

that is, liquefaction would not necessarily have to occur. 

Gravity waves 

177• Ground waves may be "gravity waves" in areas susceptible 

to total or near-total liquefaction. This kind of wave propagation is 

like that produced by a pebble tossed in a pond. This implies that the 

surficial earth material would have to have a very low shear strength 
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at the time of wave occurrence. Whether or not gravity wave propagation 

requires a complete loss of shear strength (liquefaction) or only a con

siderable reduction in shear strength has not been shown mathematically. 

Shear waves would probably contribute little or no energy if this possible 

mechanism is operable. However, compressional P-waves have nearly the 

same source amplitude as shear S-waves, so this mechanism cannot be 

discounted. 

178. The seriousness of this mechanism can be tested by application 

of the method of finite differences. The technique has been used success

fully to define seismic wave generation near the source by major oil 

exploration research groups. This technique has recently found many 

applications in soils engineering. The method requires very large computer 

core capacities to be performed efficiently; however, such capacities are 

now readily available. 

179. Boundary conditions of stress-strain relationships near the 

liquefaction point for a layer saturated with ground water, for exrunple, 

can be input to the program. Such a boundary condition can be specified 

by the following, which would approximately hold after a sufficient 

number of cycles of shaking that liquefaction was about to occur: 

~ ~~~~~'"21"...i::::::::========:::::::: 
~ LEVEL OF SHAKING 

~ INPUT TO PROGRAJ.1 

a:: 
c( 
lJJ 
:c 
(/) 

ASSUMED MA TERI AL BEHAVIOR 
BOUNDARY CONDITIONS 
INPUT TO PROGRAM 

SHEAR STRAIN 

The input seismogram could have some pulses high enough to allow a tran

sient reduction to zero shear strength. The resulting wave forms.may 

then be identified as Rayleigh or gravity waves and their characteristics 

derived. 
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-1.udition of body waves 

180. From another standpoint, ground amplification may be large 

if' tne soil material is behaving in an elastic mode, but may be reduced 

when intergranular movement absorbs energy (nonlinear behavior resulting 

from loss of shear strength) e.g., Seed, Idriss, and Kiefer (1969). 
For long wavelengths, large amplitudes can result without increasing 

the strain gradient (which causes intergranular movement) and conse

quently introducing nonlinear behavior. That is, the intergranular 

movement is very small because the wavelengths are very large; thus 

little energy absorption is likely to occur. Such a consequence cannot 

be observed in a dynamic triaxial testing machine unless it has extremely 

large dimensions. Such a concept would not require that Rayleigh or 

gravity waves (as theoretically defined) be formed but only that long

period components of combinations of body waves be highly amplified, as 

predicted by elastic theory, under some soil layering conditions. 
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PART V: PROCEDURE TO DEVELOP TIME FUNCTIONS WITH 

THE STATED CHARACTERISTICS 

181. The procedure for developing time functions with the stated 

characteristics is to first select a set of strong-motion accelerograms 

recorded at a distance and for a magnitude similar to those expected. Next, 

derive spectra and then generate an inverse or whitening filter or begin 

with a synthetic seismogram constructed from a random number table. 

See, for example, Backus ( 1964.) and others. Geophysical groups working 

in the oil-exploration area such as Geophysical Services Incorporated 

in Dallas, Texas, or the Geophysical Applications Group at the 

Massachussetts Institute of Technology have a number of regularly used 

computer programs to perform this function. 

182. If the desired design earthquake is for a large shock, 

multiply the seismogram most like the desired one by a time-varying 

operator which increases the high-amplitude portion for a longer period 

of time. The "duration" should be for the acceleration levels given by 

Housner (1965) or Benioff (1962) plus peak accelerations of the levels 

indicated by curves derived from earthquake energy, fig. 23, for 20 

percent of the duration given in fig. 27. 

183. If the input seismogram is to be used in a finite element 

program which derives displacements from the input time function (e.g., 

NASTRAN finite-element code), the design earthquake must be integrated 

twice to obtain displacement to check the reasonableness of same. If 

not reasonable, the design earthquake may be iteratively adjusted or 

processed for baseline adjustments. The result should be rechecked for 

conformance to specifications. In the case of modified real seismograms, 

checks of particle motion should be made to see that processing has not 

drastically altered relationships. The necessity of maintaining such 

relationships has not been adequately investigated but may be highly 

important for certain types of structures e.g., reservoir intake towers. 

184. Some software packages now accept pseudo-velocity spectra as 

input, from which an acceleration-time history is automatically 
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synthesized. Many asswnptions, critical to design, are made by the 

program. Such programs should be avoided or at least carefully analyzed 

before using, to be sure that the asswnptions made are correct for a 

given design pr~blem. 

185. Earthquake spectra have been estimated to be a single

frequency, "predominant period," sinusoidal motion and as being white 

noise or comprised of an infinite nwnber of frequencies. Both are con

venient mathematical representations but neither is a close approximation 

to reality (see sketch below). 
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186. Recorded spectra appear to be neither approximation. They 

are of an irregular appearance, e.g., the dotted line in the sketch. 

For conservative design, an envelope of maxima for a particular magni

tude and distance from the fault can be specified. The approximate shape 

of such spectra could be determined from an examination of large nwnbers 

of strong-motion spectra derived from adequately digitized records. 

This -spectral -shape shoul-d -be useu as an adjunc-t to the preaominant 

period and peak acceleration specification. 

187. The total duration of heavy shaking is comprised of sane 

vibrations at the peak acceleration and predominant period and some at 

lower accelerations and other periods. The Gutenberg and Richter energy 

relationships should be preserved and duration partitioned to yield a 

reasonable spectral envelope. Improvement of the specification 
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procedure to include the above is recommended. Newmark's tripartite

plot break points (Newmark and Hall, 1973) may be used to specify two 

points on the spectral envelope in addition to peak acceleration of the 

predominant period. 
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PART VI: CONCLUSION 

188. Essentially, four systems of design-earthquake-varameter 

specification have been in common use. They are based on series of 

graphs prepared by Gutenberg and Richter (1956), Benioff (1962), 

Housner (1965), and Seed et al. (1969, revised in 1973). Each is com

prised of sets of curves which allow calculation of maximum acceleration, 

duration of heavy shaking, and predominant period as a function of 

distance and magnitude. 

189. Until very recently, Gutenberg and Richter's results were 

not favored because relatively high accelerations were predicted. No 

records were available for the large magnitudes or close distances where 

the high accelerations should be expected. Benioff and Housner both 

limited maximum acceleration to 0.5g and fit the balance of their curves 

to available strong-motion data. Benioff did not specify a duration 

curve different from Gutenberg and Richter's. Housner, using observed 

data, independently derived a duration curve but results differed only 

slightly. 

190. Seed, Idress, and Kiefer (1969) reduced the acceleration 

values of Housner on the basis that his accelerations were derived from 

strong motions recorded on sediments and that sediments amplified 

accelerations. However, Seed and Idriss also published another paper 

in 1969 exploring the possibility that sedimentary layers could amplify 

as well as reduce accelerations. In either case, the amount would not 

be large for the range of accelerations and conditions discussed, O.l 

to 0.33g. 

191. New data from Parkfield, 1966, M = 5.6; San Fernando, 1971, 

M = 6.5; and from several smaller shocks from Matsushiro, Japan, showed 

much higher accelerations than available curves predicted. Krishna, 

1960, however, plotted equations of Gutenberg and Richter which modified 

acceleration depending on depth of focus. The new data fit these graphs 

remarkably well. The formulations were for a point source, however, and 

resulting accelerations were much too high to account for damage 
intensities observed in large earthquakes. 
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192. In this report, the Gutenberg and Richter equations used by 

Krishna were modified slightly to account for new energy versus magni

tude estimates and other updated earthquake parameters. The resulting 

energies were distributed along a strike-slip fault and new curves like 

Krishna's (1960) were established. Peak accelerations were somewhat 

lower than for the 1960 curves, but they predicted accelerations similar 

to those observed on the Parkfield and San Fernando records when the 

shallow average depths of the earthquake sources were considered. They 

also are within an acceptable range of acceleration versus intensity 

estimates for large earthquakes near their sources. 

193. An analysis by Brune (1970) indicated that at high frequencies, 

strong motions were governed by effective stress across the fault, not 

magnitude; so, in addition to acceleration of the type predicted by pulse 

shape analysis or by total earthquake energy, any given earthquake may 

or may not generate accelerations as high as 2g at 10 Hz at the fault 

plane. Effective stresses high enough to cause 2g could occur only at 

some depth or in very competent rock. If at depth, 10 Hz would atten

uate to some degree by the time it reached the surface. 

194. Absorption data for common rock materials at 10 Hz were not 

readily available in the literature, although Benioff's attenuation 

curves indicated absorption to be considerable. Benioff, however, did 

not believe that his maximum acceleration curves should be attenuated 

at distances less than 12 miles from the fault. This was a rule based 

generally on damage observed for large earthquakes. Considering the new 

data, this rule as it applies to 10 Hz, bears reexamination. Benioff 

intended his attenuation curve for Agl• Its conservatism, based on 

damage observations, helpg offse~ the effec~ of hrgherpreu±cteu-a~~e1-

erations close to the fault. 

195. The new data seemed to fit Benioff's and Housner's curves 

well with respect to the general level of high accelerations, except 

for the peaks. These occurred during about 20 percent or less of the 

total heavy shaking duration. Therefore, the curves redeveloped from 

Gutenberg and Richter's equations were recommended for specifying peak 

accelerations for only 20 percent of the anticipated duration. The 
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balance of the high accelerations should be specified by Housner's or 

Benioff 1s curves (results are similar). This means that scaling up of 

the Taft record, for example, would be inappropriate because peak 

accelerations would comprise more than 20 percent of the duration of 

heavy shaking • 
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