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A STUDY ON THE DURATION OF STRONG EARTHQUAKE GROUND
MOTION

By M. D. TRIFUNAC AND A. G. BRADY

A simple definition of the duration of strong earthquake ground motion based
on the mean-square integral of motion has been presented. It is closely related to
that part of the strong motion which contributes significantly to the seismic energy
as recorded at a point and to the related spectral amplitudes. Correlations have
been established between the duration of strong-motion acceleration, velocity,
and displacement and Modified Mercalli intensity, earthquake magnitude, the
type of recording site geology, and epicentral distance. Simple relations have been
presented that predict the average trend of the duration and other related param-
eters as a function of Modified Mercalli intensity, earthquake magnitude, site
geology and epicentral distance.

INTRODUCTION

The duration of strong earthquake ground motion is one of the main parameters
characterizing this natural phenomenon. Yet very little has been done, so far, to describe
it quantitatively in terms of earthquake magnitude, source-to-station distance and the
effects of geological environment. Remembering the significance of the duration of excita-
tion on the response of nonlinear yielding structures and that it determines the number
of cycles during vibration, it becomes evident that, together with the overall amplitudes of
induced response, the duration must play a major role in governing the outcome of any
response to strong earthquake shaking. Recent model studies of the response of simple
yielding structures to earthquake-like excitation have indicated the full significance of the
duration of ground shaking on the computed response (e.g., Husid, 1967).

Several important contributions to the description of the duration of strong earth-
quake ground motion were, for example, those of Esteva and Rosenblueth (1964),
Housner (1965) and Bolt (1973). Esteva and Rosenblueth describe the duration, s(sec)
of an equivalent ground motion with uniform intensity per unit time by

s = 0.02 exp (0.74M)+0.34 0

where M is earthquake magnitude and A(km) is the source-to-station distance. Using
16 measurements and several witnesses’ reports on the duration of shaking during large
earthquakes, Housner (1965) proposed an upper bound for the duration, D(sec), of
ground motion. This upper bound is approximated by a linear law of the form

D =112M-53, forM > 5. 2

For large earthquakes, M = 8.5, this bound yields a maximum duration of about 45 sec.
The results of Bolt (1973) for the “bracketed duration™ of acceleration greater than
0.05 g are essentially the same as those of Housner (1965).

The major difficulty in studying the duration of strong earthquake ground motion
results from the fact that it is not obvious how to define duration in the most general yet
useful way. For structural response calculations it would be ideal to develop a definition
of duration that would be frequency-dependent. Since the approximate law of seismic-
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wave attenuation incorporates the factor exp(—nA4/TQc), where A is the source-to-
station distance, T is the period of wave motion, Q is the attenuation constant and c¢ is
the respective wave velocity, the effective duration for short-period oscillations is
obviously less than for longer period oscillations. Another important consideration in
defining the duration of strong ground motion is the question of which sections of the
record should be included in the final estimate of duration. Should one take a time inter-
val between the first and last times that the acceleration, velocity, or displacement exceeds
some preselected amplitude ? Or, perhaps, should one add together only those time inter-
vals during which the acceleration, velocity, or displacement exceeds some level ? It seems
now that several different definitions of the duration of strong ground motion may
eventually be called for in accordance with the specific requirements of design practice.

The purpose of this paper is to present the average and overall trends and correlations
of the duration of strong earthquake ground motion with Modified Mercalli intensity,
earthquake magnitude, source-to-station distance, and site conditions. The simple
methods and definitions used for these correlations will be based on the spectral energy
content. Although this may not represent the most direct way of presenting such cor-
relations to the earthquake engineering community, it seems that the methods used in our
study provide an adequate basis for the approximate description of the duration of strong
ground shaking and other related quantities.

SOME DEFINITIONS AND ASSUMPTIONS

The differential equation of relative motion x(¢) of a single-degree-of-freedom oscillator
with natural frequency w, and fraction of critical damping, ¢, is

Xx+20l%+w,*x = a 3)

where a is the negative absolute acceleration of its support.

Suppose we want to calculate the work per unit mass done by the inertial force term x,
dash-pot term 2w,{%, and the elastic spring term ,*x throughout the entire excitation
and for all oscillators with frequencies w, between 0 and oo. This would be obtamed by
evaluating the following integral

I = ¥ [ a()x(t)drdw,. e
Interchanging the order of integration and noting that

-1
J x(t)dw, —-a(t) \/1 C ®)

we get

cos’ 1C
f ()" ®)

This result is analogous to that derived by Arias (1970) for a ‘“Measure of Earthquake
Intensity.”

Next suppose that we want to calculate the seismic-wave energy, E;, radiated from an
earthquake source, using the recorded ground motion at some point away from the
source. The formula we would use in such a calculation would, of course, depend on the
type of waves that have been recorded and on the degree of sophistication employed in
our analysis. It could be of the following form

= ¥(Instr., Q, 4, SM.) [§ v*(r)dt @)



A STUDY ON THE DURATION OF STRONG EARTHQUAKE GROUND MOTION 583

where ¥(+) is some function of the instrument used for recording, attenuation constant
0, source-to-station distance A, and the source mechanism, as well as its radiation
pattern (Wu, 1966).

In the statistics of peak amplitudes of random functions that can be used to study the
peaks of strong ground motion, @,y , Umax, and dy,,, the following expressions are fre-
quently encountered

c1/(T, )“21

- a*dt [

i)

Anax a a 1 rT 1/2 ,l

E{vpat = O| N[ o], ¢| v 4 ]—,< vzdt> L. ®

d_.. d d JO

" 1/(T 1/2 I!

f( d%lt) |

w (Y 0 J

Here E(-) represents the expected value of a,,,,, Upaxs OF dmax» @ 1s a function that depends
on the number of peaks of the entire time history of a(¢), v(z), or d(t) and & measures the
spectral width of the power spectra of a(z), v(¢), or d(¢) (Udwadia and Trifunac, 1974).
Although the three formulations summarized in expressions (6), (7), and (8) are
physically completely unrelated, the equations do have one common feature, an integral
of the form [7 f2(¢)dt, where f(¢) stands for acceleration a(t), velocity v(f), or displace-
ment d(¢) and T is finite or infinite. The nature of growth of these integrals is shown in
Figure 1 for typical acceleration, velocity, and displacement curves. It is seen from this
figure that the integrals 3 a®dt, [T v?dt, and [} d*dt increase rapidly at first, and then
tend asymptotically toward their final amplitudes [ a?dt, [& v?dt, and [§ d*dt. Detailed
study of many such integrals shows that the rapid growth corresponds to the ‘“‘strong
motion” part of the recorded ground vibrations and that it is associated with essentially
all seismic-wave energy recorded at a station. The subsequent interval of time during
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Fic. 1. Estimation of duration of acceleration, velocity, and displacement for a typical record (south
component of El Centro, May 18, 1940).

which these integrals gradually approach their final amplitudes results from the late
arrivals of scattered, diffracted, and other coda waves that travel along longer and
indirect paths, suffer more pronounced attenuation and thus contribute only minor
additional energy to the complete signal. Based on these observations we propose to
define the duration of the recorded strong ground motion to be that time interval during
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TABLE 1

SUMMARY OF 188 ACCELEROGRAMS USED IN THIS STUDY

Earthquake Location Date Time Caltech 1D, No.*
Long Beach, Calif. 3/10/33 1754 PST B021, V314, V315
Southern Calif. 10/02/33 0110 PST B023
Eureka, Calif. 7/06/34 1449 PST U294
Lower Calif. 12/30/34 0552 PST B024
Helena, Montana 10/31/35 1138 MST B025
Helena, Montana 11/31/35 1218 MST U295
Helena, Montana 11/28/35 0724 MST U297 (9 sec)t
Humboldt Bay, Calif. 2/06/37 2042 PST U298
Northwest Calif. 9/11/38 2210 PST BO26
Imperial Valley, Calif. 5/18/40 2037 PST A001
Northwest Calif. 2/09/41 0145 PST B027
Santa Barbara, Calif. 6/30/41 2351 PST U299
Northern Calif. 10/03/41 0813 PST U300
Torrance-Gardena, Calif. 11/14/41 0042 PST V316, V317
Borrego Valley, Calif. 10/21/42 0822 PST T286
Northern Calif. 3/09/49 0429 PST U301
Western Washington 4/13/49 1156 PST B028, B029
Imperial Valley, Calif. 1/23/51 2317 PST T287
Northwest Calif. 10/07/51 2011 PST A002
Kern County, Calif. 7/21/52 0453 PDT A003, A004, A005, A006,
A007

Northern Calif. 9/22/52 0441 PDT B030

Southern Calif. 11/21/52 2346 PST V319

Imperial Valley, Calif. 6/13/53 2017 PST T288

Wheeler Ridge, Calif. 1/12/54 1534 PST BO31

Central Calif. 4/25/54 1233 PST U305

Lower Calif. 11/12/54 0427 PST T289

Eureka, Calif, 12/21/54 1156 PST A008, A009

San Jose, Calif. 9/04/55 1801 PST A010

Imperial County, Calif. 12/16/55 2207 PST T292

El Alamo, Baja Calif. 2/09/56 0633 PST A011

Southern Calif. 3/18/57 1056 PST V329

San Francisco, Calif. 3/22/57 1048 PST V320

San Francisco, Calif. 3/22/57 1144 PST A013 (25 sec), A014 (26 sec),
AQ15 (27 sec), A016 (25 sec),
A017

San Francisco, Calif 3/22/57 1515 PST V322, V323

San Francisco, Calif. 3/22/57 1627 PST V328

Central Calif. 1/19/60 1926 PST U307

- Northern Calif. 6/05/60 1718 PST U308

Hollister, Calif. 4/08/61 2323 PST A018, U309

Northern Calif. 9/04/62 0917 PST V330 (75 sec)

Puget Sound, Washington 4/29/65 0729 PST B032, U310

Southern Calif. 7/15/65 2346 PST V331

Parkfield, Calif. 6/27/66 2026 PST B033,B034, B035, B036,B037,
B038, U311

Gulf of Calif. 8/07/66 0936 PST T293

Northern Calif. 9/12/66 0841 PST V332

Northern Calif. 12/10/67 0407 PST B039, U312

Northern Calif. 12/18/67 0925 PST U313

Borrego Mtn., Calif. 4/08/68 1830 PST A019, A020, B040, Y370,

Y371, Y372, Y373, Y375,
Y376, Y377, Y378, Y379,
Y380
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TABLE 1—continued

Earthquake Location Date Time Caltech I.D. No.*
Lytle Creek, Calif. 9/12/70 0630 PST W334, W335, W336, W338,
W339, W342, W344
San Fernando, Calif. 2/09/71 0600 PST C041 (31 sec), C048, CO051,

€054, D056, D057, D058, D059, D062, D065, D068, E071, E072, EO75, E078, E081, E083, F086,
F087, F088 (30 sec), F089, F092, F095, F098, F101, F102, F103, F104, F105, G106 (31 sec), G107,
G108, G110, G112, G114, H115, H118, H121, H124, 1128, 1131, 1134, 1137, J141, J142, J143, J144,
1145, 1148, K157 (32 sec), L166, L171, M176, M179, M180, M183, M184, N185, N186, N187, N188,
N191, N192, N195, N196, N197, 0198 (31 sec), 0199 (35 sec), 0204, 0205, 0206, 0207, 0208,
0210, 0213, P214 (30 sec), P217 (30 sec), P220, P221, P222, P223, P231, Q233, Q236, Q239, Q241,
R244, R246, R248, R249, R251 (31 sec), R253, 5255 (30 sec), S258, S261, S262, $265, S266 (35 sec),
$267

*Hudson, et al. (1971).

tRecord numbers with a record length in parentheses have been shortened to this length in order to
eliminate aftershocks.

which the most significant contribution to these integrals takes place. For definiteness,

but quite arbitrarily, we delete the first 5 per cent and the last 5 per cent amplitudes of

these integrals and define the remaining 90 per cent as the ‘“‘significant™ or “‘strong-

motion” contribution. Consequently, the time interval remaining between the low and

the high 5 per cent cut-offs becomes the “duration” of strong ground motion (Figure 1).
Recalling Parseval’s theorem, which states that

r fHHde = ijw |F(w)|? dw (92)
—w® 27 ) _ o
where

F(w) = {2, f(t) exp(—iwt)dl, (9b)

we observe that the above integrals are also closely related to the integrals of response
spectra (Udwadia and Trifunac, 1973; 1974) which have been used to define the spectral
intensity of earthquakes (e.g., Housner, 1952). Therefore, if one were to calculate
response spectra only from the “strong-motion” part of an aceelerogram using the above
definition of duration, one would obtain results which would, on the average, be about
90 per cent of those computed from the complete length of the accelerograms.

Having computed the integrals of the form [§ £2(¢)dt and the duration of strong ground
motion, we can next compute the average rate at which the seismic-wave energy passes
by a recording station. This quantity, which is proportional to the rate as defined by

Rate = (¢ f?(¢)dr)/duration, (10)

may also be useful in structural response calculations. Whether in the linear domain with
viscous damping, or in the nonlinear range of response, a particular structure can dis-
sipate only a certain amount of vibrational energy per unit time. If it should be possible
to maintain this dissipation rate higher than the rate of the input seismic energy, it would
indicate that the structure might successfully survive that particular excitation. Conversely,
if the input rate should be higher, the structure might experience permanent progressive
damage to create a higher energy dissipation capacity, and if shaking should continue, it
would eventually collapse. We note here that the “rate” as we defined it in (10) is only
proportional to the actual rate at which energy is fed into the structure. The constant of



586 M. D. TRIFUNAC AND A. G. BRADY

proportionality depends on the type of waves which dominate the strong ground motion
and on the soil-structure interaction mechanism of the particular structure.

It should be noted here that the “rate” as defined by equation (10) is proportional to
f?, the mean-square value of f(¢), evaluated over the duration described above. Since

T2

j )t (n
T

is evaluated over the interval T to T,, we can choose the interval to be the duration. In
this case, using equation (10), and the fact that f(¢) is assumed zero for ¢ greater than the
record length T, we have

12 =
/ T T,-T,

f* = 0.9 Rate.

STRONG-MOTION DATA, SITE CLASSIFICATION, AND STRATEGY OF THIS PAPER

Table 1 lists 188 acceleration records (563 components) used in this study. For some
longer records, when the digitized versions contained one or more aftershocks, the
digitized records were shortened to include only the main earthquake. These shortened
records are indicated in Table 1. We restrict the investigations here to records of strong
ground motion within the frequency band of 0.07 to 25.0 Hz (Hudson, et al., 1971).
Peak amplitudes of these strong-motion records are in general at least 0.05 g.

The site classification employed in this work is identical to that presented in our previ-
ous paper (Trifunac and Brady, 1975). All accelerograph stations that recorded on
alluvium or otherwise “soft” sedimentary deposits have been classified under 0. The sites
located on ““hard” basement rocks were labeled by 2, whereas the sites located on ““inter-
mediate” type rocks or in a complex environment which could not be identified as either
0 or 2 have all been grouped under 1.

We begin by considering correlations of the integrals of the form ¥ £2(¢)dt, where f(¢)
can stand for acceleration, velocity, or displacement, with Modified Mercalli intensity,
earthquake magnitude, site conditions, and epicentral distance. Having developed these
correlations, we examine how the duration of strong-motion acceleration, velocity, and
displacement depends on the same quantities. Finally, we develop similar correlations for
the rate of growth of strong ground motion.

Unless stated otherwise, the units in this paper will be centimeters and seconds for
acceleration, velocity, and displacement, seconds for duration, and kilometers for epi-
central distance.

CORRELATIONS OF BASIC INTEGRALS WITH THE MODIFIED MERCALLI INTENSITY
AND SITE CLASSIFICATIONS

It is well known that the Modified Mercalli intensity scale represents only a qualitative
measure of intensity of strong ground motion. Its descriptive nature is based on the sub-
jective assessment of vibration and damage as characterized by the people who experi-
enced the shaking. However, since the Modified Mercalli intensity or its equivalent
represent the only information available for the classification of earthquakes prior to the
beginning of the 20th century, it is essential to “calibrate’” the Modified Mercalli intensity
scale through correlations with a broad class of instrumental measurements. Such cor-
relations will help not only in the comparison of different methods of intensity ratings in
different countries, but also should provide means for more meaningful assessment and
description of levels of shaking during earthquakes that occurred before the development
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of instrumental seismology. Since the above integrals enter as scaling factors into numer-
ous measures of strong ground motion [e.g., equations (6), (7) and (8)], it is useful to find
how they correlate with the Modified Mercalli intensity.

Table 2 and Figure 2 (a, b, and c) present those correlations for vertical and horizontal
components of ground motion. As may be seen from Table 2, an adequate number of
data points is available only for intensities V, VI and VII. Nevertheless, in Figure 2 (a, b,
and c) we present all available information in an attempt to define the overall trend of
data.

TABLE 2
CORRELATION OF j'oT a’dt, joT v3dt, AND j'or d?dt wita MODIFIED MERCALLI INTENSITY

log,o(f a2dt) logso(§ v2dt) logyoff d2dr)
Intensity Component No. of
Standard Standard Standard Data
Mean deviation Mean deviation Mean deviation

111 Vertical 1.10 0.30 0.70 0.40 1.10 0.40 2

Horizontal 1.25 1.05 0.40 1.00 0.40 1.11 4

v Vertical 2.10 0.16 0.97 0.25 1.30 0.16 3

Horizontal 2.67 0.27 1.27 0.27 1.27 0.21 6

v Vertical 243 0.69 0.93 0.62 0.89 0.64 34

Horizontal 2.85 0.77 1.22 0.74 1.04 0.70 68

\% Vertical 2.79 0.63 1.36 0.61 1.25 0.54 66

Horizontal 341 0.63 1.89 0.68 1.65 0.71 132

VII Vertical 3.56 0.46 2.01 0.58 1.63 0.50 76
Horizontal 4.10 0.46 2.62 0.67 2.21 0.66 151*

VIII Vertical 3.77 0.55 1.97 0.62 2.00 0.75 6

Horizontal 4.37 0.43 2.65 0.52 2.33 0.72 12

X Vertical 5.30 — 3.30 — 3.10 —_— 1

Horizontal 5.70 -— 3.70 0.20 3.00 0.50 2

*Record B033 recorded during Parkfieldl, California, earthquake of 1966 had only one horizontal and
vertical component suitable for analysis. The other horizontal transducer malfunctioned and left no
acceleration trace.
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F1G. 2¢. Mean values and standard deviations of the integral {o7d?d for horizontal and vertical com-
ponents at different Modified Mercalli intensities.

Detailed analysis of Figure 2 (a, b, and c) shows slight curvature and leveling off in
Figure 2 (b and c) for Modified Mercalli intensities less than about V and could be
attributed to a contribution of noise in those digitized accelerograms which are character-
ized by low acceleration amplitudes (Trifunac and Brady, 1975). This effect is more pro-
nounced for velocity and displacement integrals since the successive integration of ground
acceleration emphasizes the low-frequency noise amplitudes which are characterized by a
low signal-to-noise ratio. If one neglects these deviations for intensities less than V, it
appears that the logarithms of {3 a®dt, {5 v*dt and [§ d*dt scale approximately in a
linear manner with the Modified Mercalli intensity as follows

) T a*dr) 0.72+0.47 Iy for horizontal accelerations 12)
0810 (Jo @ ~10.2540.45 Iy for vertical accelerations
for T < Ty < VIII
—0.96+4+0.47 1, for horizontal velocities
1 So?dt) = 13
og10 (Jo v d1) {—0.90+0.38 Ty for vertical velocities (13)

for V£ Iy = VIII
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and

—1.10+0.45 I, for horizontal displacements
logso (|1 d2dr) = { MM P } (14)

—0.9740.37 I for vertical displacements
for V < Iym = VIIL

It should be noted here that these correlations represent only preliminary approximate
trends and that the coefficients in these equations should be revised when more complete
and accurate strong-motion data becomes available. This remark applies, of course, to all
other similar correlations presented in this paper.

One standard deviation for the above correlations is about 0.6 on the logarithmic scale
(Table 2). Although this represents a smaller scatter of data than the scatter in correla-
tions of peak acceleration, peak velocity, and peak displacement with the Modified
Merecalli intensity (Trifunac and Brady, 1975), it is larger than what one might suppose
knowing that the integration represents a smoothing operation.

The effect of site conditions on the correlations between the log, o (f5 a*dt), log, o (5
v?dt), and log,, (f& d*dt) and the Modified Mercalli intensity are presented in Figure
3 (a, b, and ¢) and in Table 3. For sites on “soft” alluvium deposits the averages of
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FiG. 3a. Mean values and standard deviations of the integral o"a?dr for horizontal and vertical com-
ponents at different site conditions and Modified Mercalli intensities.

[T v*dt and [T d? dr are larger by a factor of 2 to 10 when compared with those classified
under 2. The factor of about 2 is typical for small intensities, while the factor of 10 and
more characterizes higher intensity levels. For T a?dt this general trend is reversed for
intensities smaller than VII where we observe the average of { a2 dt on “hard” sites about
twice larger than those on the “soft” alluvium deposits. Detailed explanation of these
trends is beyond the scope of this paper and will have to await more abundant data,
especially for low and high intensities. Qualitatively, however, these trends in Figure 3a
may be explained by the attenuation of high-frequency waves at greater distances where
exp(—wA4/2Qc) attenuates more effectively than soft alluvial deposits can amplify the
incident waves. The large mean values of {§ v®df and [§ d*dt recorded on “soft” allu-
vium appear to be caused by longer duration of shaking there. Since the overall amplitude
amplification of ©(z) and d(r) for 0 site conditions is only about two times the average
amplitude recorded on “hard” rocks (Trifunac and Brady, 1975), the only way for
{7 v2dt and 7 d*dt to increase by a factor of about 10 is to have the duration at a site of
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F16. 3b. Mean values and standard deviations of the integral {,"»2d¢ for horizontal and vertical
velocities at different site conditions and Modified Mercalli intensities.
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Fi6. 3c. Mean values and standard deviations of the integral [o7d? dr for horizontal and vertical dis-
placements at different site conditions and Modified Mercalli intensities.

class 0 be about 2 to 3 times the duration at a site of class 2. It will be seen from what
follows that this seems to be so.

CORRELATIONS OF BASIC INTEGRALS WITH EARTHQUAKE MAGNITUDE,
EPICENTRAL DISTANCE, AND SITE CLASSIFICATION

The correlations of [T a*dt, [T v2dt, and [¥ d*dt with site classifications 0, 1 and 2,
earthquake magnitude, M, and the epicentral distance A should be valuable for the
development of theoretical models that specify the shape of the response and Fourier
spectra of acceleration, velocity, and displacement in terms of these same parameters.
The functional form of such correlations is not known at this time, and it may be difficult
to derive it empirically because of the limited number of data points available within the
narrow magnitude and distance intervals. Furthermore, the available data are not
uniformly distributed between site classifications 0, 1, and 2, because most of the record-
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TABLE 3
CORRELATION OF §o” a?dt, {," v%dt, AND (o" d>dt wiTH MODIFIED MERCALLI INTENSITY AND DIFFERENT
(0, 1 AND 2) SiTE CONDITIONS

. 10810({0Ta2dt) IOgm(foTUzdt) 10g1o(fon2df)
Intensity Component No. of
Standard Standard Standard Data
Mean deviation Mean deviation Mean deviation
111-0 Vertical 1.90 — 1.10 — 1.50 — 1
Horizontal 2.30 — 1.40 0.10 1.50 0.20 2
111-1 Vertical
Horizontal
I11-2 Vertical 0.30 —_— 0.30 — 0.70 — 1
Horizontal 0.20 0.10 —0.60 0.10 —0.70 — 2
IV-0 Vertical 2.10 — 0.90 — 1.30 — 1
Horizontal 3.00 0.10 1.40 0.10 1.20 0.10 2
V-1 Vertical 2.10 0.20 1.00 0.30 1.30 0.20 2
Horizontal 2.50 0.14 1.20 0.30 1.30 0.24 4
v-2 Vertical
Horizontal
V-0 Vertical 2.32 0.73 1.02 0.68 1.04 0.60 17
Horizontal 2.75 0.92 1.29 0.81 1.19 0.75 34
V-1 Vertical 2.51 0.65 0.87 0.54 0.79 0.61 15
Horizontal 2.95 0.59 1.17 0.66 0.90 0.61 30
V-2 Vertical 2.70 0.40 0.60 0.50 0.40 0.70 2
Horizontal 2.95 0.46 1.00 0.61 0.70 0.60 4
VI-0 Vertical 2.73 0.62 1.43 0.62 1.29 0.52 43
Horizontal 3.36 0.61 2.03 0.68 1.81 0.69 86
VI-1 Vertical 2.80 0.64 1.20 0.55 1.21 0.61 16
Horizontal 347 0.70 1.64 0.62 1.39 0.66 32
VI-2 Vertical 3.16 0.58 1.27 0.62 1.13 0.41 7
Horizontal 3.63 0.52 1.54 0.56 1.24 0.62 14
VII-0 Vertical 3.64 0.36 2.10 0.48 1.74 0.42 50
Horizontal 4.16 0.32 2.75 0.45 2.34 0.49 99%
VII-1 Vertical 3.49 0.40 1.95 0.66 1.54 0.55 21
Horizontal 4.07 0.41 2.57 0.72 215 0.70 42
VII-2 Vertical 3.06 1.00 1.38 0.65 0.98 0.32 5
Horizontal 3.64 1.10 1.58 1.16 1.14 0.93 10
VIII-0 Vertical 3.77 0.55 1.97 0.62 2.00 0.75 6
Horizontal 4.37 0.43 2.65 0.52 2.33 0.72 12
VIHI-1 Vertical
Horizontal
VIII-2 Vertical
Horizoatal
X-0 Vertical
Horizontal
X-1 Vertical
Horizontal
X-2 Vertical 5.30 — 3.30 —_ 3.10 — 1
Horizontal 5.70 — 3.70 0.20 3.00 0.50 2

*See footnote to Table 2.
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ings were made on “‘soft” alluvium. For these reasons, we consider only the simplest type
of linear regression of the form

2

T/a

log,o- f v? |dt} = as+bM+clog,, A+d + o, (15)
0 dz

where s stands for site classification and takes on values 0, 1 or 2, M is earthquake
magnitude, 4 is epicentral distance and a, b, ¢, and d are correlation coefficients.

The coefficients in equation (15) have been determined from 181 data points for vertical
components and 362 data points for horizontal components [Figure 4 (a to )] by using a
least-squares fit. The regression coefficients thus obtained are given in Table 4. In agree-
ment with Figure 3 (a, b, and c) the coefficients a in Table 4 indicate more pronounced
influence of site classification on [ v2dt and [} d?dt than for {1 a®dr. The effect of
magnitude is essentially the same for all correlations with b equal to about 1. The co-
efficient ¢, which governs the rate of decay with distance is larger for accelerations and
smaller for displacements, in agreement with what one would expect, since {7 a?dt
contains predominantly high-frequency waves which attenuate with distance more than
the longer waves representing ground velocity and displacement. The standard deviation,
g, equal to about 0.5, is better than for correlations with the Modified Mercalli intensity
(Table 2).

To examine the quality of the correlation (15) with distance, 4, we assumed that the
standard deviation may change with distance and computed coefficients 4 and B in the
following linear equation

again using a least-squares fit. Those coefficients, and the standard deviation X, are also
presented in Table 4. As can be seen from this table, the scatter of data is largest close to
an earthquake source with the quality of fit improving for greater A. Consistently larger
A and B for vertical components of ground motion indicate larger scatter in (7 a®dt,
5 v?dt, and T d*dt for vertical components of ground motion and close to the source,
but then a better fit as 4 increases.

CORRELATIONS OF THE DURATION OF ACCELERATION, VELOCITY AND
DISPLACEMENT WITH THE MODIFIED MERCALLI INTENSITY AND
DIFrFERENT SITE CLASSIFICATIONS

As already pointed out, we shall define the duration of strong-motion acceleration,
velocity, and displacement to coincide with the interval of time during which the “signif-
icant” contributions to the integrals [§ a®dt, {5 v dt, and [ d*dt take place. For definite-
ness, but otherwise quite arbitrarily, we select 90 per cent of the final amplitude, spaced
between the 5 per cent and 95 per cent levels, to be that significant contribution. This
procedure is illustrated in Figure 1 where an example of selecting the durations of acceler-
ation, velocity, and displacement has been presented.

The above definition of duration is different from definitions used by some previous
workers (Housner, 1965, 1970; Bolt, 1973). It is essentially based on that part of the
recorded strong ground motion that generates 90 per cent of the overall acceleration,
velocity, and displacement spectral amplitudes. Since the typical strong ground motion is
represented by a dispersed train of waves, this definition automatically represents an
upper bound for duration at any selected frequency or a frequency band.
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TABLE 4
COEFFICIENTS IN EQUATIONS

T /a2
10310{J (;i) dt} = gs+bM-+tclogipA+d+0; o = A+ BlogipALD.*
4]

No. of
Component a b c d o A B = Data
Acceleration
Vertical —-0.068 1.090 —1.79 —0.66 0458 0.681 —0.200 0.290 181
Horizontal —0.103 1120 -—187 —-0.14 0480 0.613 —0.156 0.321 362
Velocity
Vertical —0.184  0.998 —1.10 —266 0490 0.657 —0.158 0.286 181
Horizontal —-0331 1170 —-144 —2.60 0553 0556 —0.061 0.316 362
Displacement
Vertical —0.177 0739 062 —2.05 0478 0.663 —0.172  0.288 181
Horizontal —0.357 0975 —1.14 —-216 0.584 0.511 —0.020 0.336 362

*For site classifications s = 0, 1, and 2; earthquake magnitude, M; and epicentral distance, A.

Many strong-motion accelerograms taken from the Volume II series of corrected data
(Hudson, et al., 1971) have been digitized well past the strong-motion part resulting from
the main earthquake event and frequently include one or more aftershocks. Since these
aftershocks occasionally contribute a significant amount to the computed (5 a?dt,

T v?dt, and [T d*dt, the record lengths chosen for analysis have been selected in such a
way as to eliminate these aftershocks and make computations of duration from the above
integrals correspond to the duration of the main event only. For all records that have been
analyzed using a reduced record length, the number in the brackets following the record
identification number in Table 1 indicates the record length used in this paper. For all
other records the original complete record length appearing in the Volume II series has
been used in this analysis.

Figure 5 (a, b, and c) and Table 5 present the mean values and the corresponding stan-
dard deviations for the duration of acceleration, velocity, and displacement versus
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horizontal components, at different Modified Mercalli intensities.
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FiG. 5c. Calculated mean values and standard deviations of duration of displacement, for vertical and
horizontal components, at different Modified Mercalli intensities.

Modified Mercalli intensity, as well as the number of the data points used in this analysis.
The indicated trend is for the duration to decrease with increasing intensity level. This
decrease is most pronounced for the duration of acceleration (Figure 5a) and least pro-
nounced for the duration of ground displacement (Figure 5¢) and can be explained by the
dispersive nature of ground motion combined with the more pronounced attenuation of
high-frequency waves with distance.

The duration value for intensity X has been derived from one accelerograph record only
(Pacoima Dam accelerogram, C041) and thus may not be representative. It agrees with
the extrapolated trend from the lower intensity data for the duration of acceleration, but
it is shorter than the extrapolated durations of velocity and displacement data (Figure
5 (b and c). This may result from the fact that the San Fernando earthquake, although
causing large strong-motion amplitudes, was in fact only a moderate magnitude earth-
quake fracturing only along a short fault, some 15 km long, and thus did not provide a
representative average duration for the Modified Mercalli intensity level X.

The average duration of vertical ground motion is longer than the average duration of
horizontal motion by several to about 10 sec. Although very small compared to one
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TABLE 5

CORRELATION OF DURATION OF STRONG GROUND MOTION AND MODIFIED MERCALLI INTENSITY

Duration of Acceleration Duration of Velocity Duration of Displacement
sec, (sec) (sec)

Intensity Component No. of
Standard Standard Standard Data
Mean deviation Mean deviation Mean deviation
11T Vertical 38.0 15.0 39.0 18.0 38.0 17.00 2
Horizontal 31.5 8.65 40.50 16.76 36.0 15.07 4
v Vertical 47.00 14.24 49.67 9.98 45.67 9.29 3
Horizontal 36.33 8.06 45.00 5.16 41.33 7.34 6
\' Vertical 27.24 18.51 35.35 20.94 3247 20.64 34
Horizontal 24.03 16.05 32.62 18.77 31.88 20.09 68
A1 Vertical 30.39 17.19 40.76 15.99 40.64 16.24 66
Horizontal 25.62 15.75 36.65 16.50 38.82 16.60 132
VII Vertical 19.74 8.35 28.03 12.99 31.79 14.71 76
Horizontal 15.87 7.03 23.01 11.54 26.62 14.87 151*
VIII Vertical 24.33 12.04 39.00 13.42 40.67 8.83 6
Horizontal 21.33 11.48 3717 13.33 40.67 11.40 12
X Vertical 7.00 — 7.00 — 11.00 — 1
Horizontal -  7.00 — 7.00 — 15.00 4.00 2

*See footnote of Table 2.

standard deviation of all data on duration, this difference is consistent for essentially all
intensity levels presented in Figure 5 (a, b, and c). We are not aware of any simple
physical reasons for such differences, but suspect that the causes may be associated with
the predominantly horizontal stratification of alluvial deposits.

The approximate trends of the mean duration of acceleration, velocity, and dis-

placement versus Modified Mercalli intensity, Iy, may be described by the following
equations

Duration of _ {56.3—4.67 Iy for vertical components a7
acceleration | 46.5—3.85 Iy for horizontal components
Duration of  {55.5—2.75 Iy for vertical components (18)
velocity ~ 158.4—3.75 Iy for horizontal components

Duration of _ (45.2—0.827 Iy for vertical components
displacement  |41.8—0.674 Iy for horizontal components 19)
and for III < Iy = VIIIL

These trends are characterized by one standard deviation which is less than about 20 sec.

To study the effects the geological environment might have on the duration of strong
earthquake ground motion and for different Modified Mercalli intensities, the above data
on duration was divided into three groups corresponding to the records obtained on
“soft” (0), “intermediate” (1), and “hard” tasement rocks (2). Table 6 summarizes the
results of such division of data and gives the number of data used for various intensity
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TABLE 6

DURATION OF STRONG GROUND MOTION FOR DIFFERENT MODIFIED MERCALLI INTENSITIES 'AND SITE
ConprTions (0, 1 AND 2)

Duration of Acceleration Duration of Velocity Duration of Displacement

Intensity Composition — No. of
Standard Standard Standard Data
Mean deviation Mean deviation Mean deviation
i-0 Vertical 53.0 — 57.00 — 5500 — 1
Horizontal 39.00 6.00 57.00 4.00 51.00 2.00 2
Ii1-1 Vertical
Horizontal
1I1-2 Vertical 23.0 — 21.00 — 21.00 — 1
Horizontal 24.0 1.00 24.00 1.00 21.00 — 2
Iv-0 Vertical 67.0 — 63.00 —_— 55.00 — 1
Horizontal 46.00 3.00 50.00 5.00 51.00 2.00 2
Iv-1 Vertical 37.00 2.00 43.00 4.00 41.00 8.00 2
Horizontal 31.50 477 42.50 2.96 36.50 2.96 4
Iv-2 Vertical
Horizontal
V-0 Vertical 33.59 20.62 42.76 22.05 40.65 22.66 17
Horizontal 28.12 17.17 39.18 19.53 39.18 21.15 34
V-1 Vertical 21.93 13.83 29.00 17.19 25.27 14.68 15
Horizontal 21.00 14.19 27.33 15.57 25.87 16.22 30
V-2 Vertical 13.00 4.00 20.00 9.00 17.00 8.00 2
Horizontal 12.00 3.00 16.50 9.53 15.00 9.06 4
VI-0 Vertical 35.88 17.24 42.49 14.73 41.84 15.68 43
Horizontal 30.53 15.96 38.60 16.02 39.84 15.82 86
VI-1 Vertical 23.75 11.72 43.50 17.66 42.38 17.08 16
Horizontal 18.75 11.26 36.81 17.32 40.81 18.15 32
VI-2 Vertical 11.86 412 23.86 6.75 29.29 12.85 7
Horizontal 11.14 4.37 23.43 10.37 28.00 13.22 14
VII-0 Vertical 22.48 8.13 32.28 12.83 35.56 13.87 50
Horizontal 18.54 6.58 26.94 11.58 29.91 15.34 99%
Vi1 Vertical 15.76 5.64 21.38 8.30 25.86 14.51 21
Horizontal 12.14 3.83 16.10 6.93 20.95 12.34 42
VII-2 Vertical 9.00 3.10 13.40 6.97 19.00 5.37 5
Horizontal 5.20 3.52 13.20 5.76 17.80 717 10
VIII-0 Vertical 24.33 12.04 39.00 1342 40.67 8.83 6

Horizontal 21.33 11.48 37.17 13.33 40.67 11.40 12
VIII-1 Vertical
Horizontal
VII-2 Vertical
Horizontal
X-0 Vertical
Horizontal
X-1 Vertical
Horizontal
X-2 Vertical 7.00 — 7.00 — 11.00 —
Horizontal 7.00 — 7.00 — 15.00 4.00 2

—t

*See footnote of Table 2.
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levels and site classifications. Figure 6 (a, b, and c¢) where the means and the correspond-
ing standard deviations for different Modified Mercalli intensities have been plotted
shows the same correlations. ‘

The effect of geological environment of a recording site seems to be clear and consistent
for Modified Mercalli intensities V, VI ,and VII for which the present data-set seems to be
adequate. The average duration of strong ground motion is about twice as long on “soft”
alluvium as on hard-base rock. This trend is essentially the same for-ground acceleration,
velocity, and displacement [Figure 6 (a, b, and c)]. Again, the duration of the vertical
component of ground motion is on the average several seconds longer than the duration
of the horizontal components.

CORRELATIONS OF THE DURATION OF ACCELERATION, VELOCITY, AND DISPLACEMENT
WITH MAGNITUDE, EPICENTRAL DISTANCE, AND LOCAL SITE CLASSIFICATION

Figure 7 (a to f) shows all data on the duration of acceleration, velocity, and displace-
ment plotted versus the logarithm of epicentral distance. The corresponding site classifica-
tion and earthquake magnitude are also indicated. As can be seen from this figure, the
scatter of data on duration is appreciable and no simple and obvious trend with distance
or magnitude is apparent. To reduce this scatter, one may try to derive an empirical
model that will reflect the average trends of data for different site conditions, earthquake
magnitudes, and epicentral distances.

The first step in deriving an empirical model for the data in Figure 7 is to determine
the functional form of the correlations between the duration and the respective param-
eters that describe the earthquake and the recording site. The least understood functional
relationship of this type is that between the duration and the site classification. This is so
because the precision with which one can classify a given site as being 0, 1, or 2 is not
always good and the classification system we employ (Trifunac and Brady, 1975) is quite
rough and neglects many other parameters which describe the recording site in greater
detail. Furthermore, even if one were to classify the recordiug sites in a more precise and
detailed manner, the serious shortage of theoretical work relating such site classification
with the duration of scattered and diffracted wave forms would, at this time, render more
detailed site description useless.

We propose to analyze the duration of strong ground motion as a sum

acceleration
duration of {velocity = di+dyreetda (20)
displacement

ource TEDTESENtS the duration of the earthquake source, d, is the time interval
between the fastest and the slowest wave arrival at a station which is at 4 kilometers
from the source, and d, is the additional duration of shaking caused by repeated wave
scattering from different material discontinuities and from surface topography. We
expect that it is this d, that will reflect the influence of site classification.

The duration of an earthquake source seems to be most directly related to the fault
length. Although not all earthquakes can be characterized by a fault rupture initiated at
one end and by a dislocation propagating toward the other end of the fault, the first
approximation to the duration of an earthquake source would be the fault length divided
by the average dislocation velocity. Using the average trend of data prezented by Thatcher
and Hanks (1973) an approximate correlation of earthquake magnitude, M, and the fault

where d,
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length, L, in kilometers would be

M~ 3+2log L. 21)
For a dislocation velocity of about 3 km/sec this would give the source duration, d,,,.ce,
in seconds as

dsource =~ IO(M/Z)"Z. (22)

It must be remembered, however, that for many earthquakes the faulting may not pro-
gress uniformly along the fault, but is often represented by a sequence of multiple events
(¢.g., Wyss and Brune, 1967; Trifunac, 1972; Trifunac, 1974) which can lead to large
variations of the source duration. Furthermore, since the data used in this paper result
from a narrow range of assigned magnitudes (almost all data fall in the magnitude range
4 to 6.5), we shall simplify the expression for the source duration to

Ayouree = OM, (23)

where b is a constant. This simplification has another advantage in that it leads to linear
regression analysis and an easy evaluation of the constant b.

The contribution to the total duration that results from dispersion and from the fact
that different waves propagate with different velocities, d,, is clearly a linear function of
the source-to-station distance. To simplify the analysis and because the source-to-station
distance cannot be computed for all accelerograph records since hypocentral depth and
the orientation of the fault plane are not known for most of the 57 earthquakes (see Table
2 of Trifunac and Brady, 1975) studied in this paper, we will use the epicentral distance,
4, instead, so that

d, = c4. (24)
The constant ¢ could be calculated from

c = ! ! 25
B Vmin V ’ ( )

max

where V,, and V,,;, represent the velocities of the fastest and the slowest waves in a
given region. Taking, for example, V,,,, = 6 km/sec and V,,;, = 3 km/sec, one gets
¢ = 0.16. However, since the strong-motion acceleration, velocity and displacement
display predominantly different frequency bands and thus emphasize different wave
types, we shall compute ¢ from linear regression analysis rather than from equation (25).

Rewriting equation (20) in terms of the above proposed approximations for d,,
Byource» and dy , we have the approximate model

acceleration
duration of {velocity = as+bM+cd +o, (26)
displacement

where a is the site-dependent constant, s takes on discrete values of 0, 1, or 2, and ¢ is one
standard deviation. Table 7 presents the regression coefficients for this model and the
number of data points used. As seen from this table, 106 rather than 188 accelerograms
have been used in this regression. This reduction results from the requirement we im-
posed on the selection of accelerograms which has been that the total duration of a
record must be more than 20 per cent longer than the duration of strong ground motion
computed from the 90 per cent amplitudes as [g a>dr, [§ v*dt, and [T d?dr (Figure 1).
This requirement was imposed to eliminate a possible sensitivity of the regression co-
efficients on too early termination of a digitized record.
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The coefficients in Table 7 show that an average strong ground motion lasts 8 to 12
sec longer at a “soft” site than on a “hard” site. The magnitude dependence is largest
for the duration of the displacement and then decreases for velocity and acceleration.
Coefficient c is largest for acceleration indicating more important influence of dispersion
and larger separation of ¥,,,, and V,;, for the higher frequency part of strong motion.
The standard deviation of the estimated duration is about 10 sec for the duration of
strong-motion acceleration and about 14 sec for the duration of strong-motion displace-
ment.

TABLE 7

COEFFICIENTS IN THE EQUATIONS

. acceleration
Duration { velocity = as+bM+cAto; of(duration) = A4+ BALE*
displacement

No. of

Component a b c 4 A B = Data
Acceleration

Vertical —6.29 2.90 0.172 10.89 4.21 0.0672 7.25 106

Horizontal —4.88 2.33 0.149 10.67 2.92 0.0830 7.17 212

Velocity

Vertical —6.51 4.50 0.100 12.13 8.53 0.0221 7.25 106

Horizontal —~5.60 3.55 0.141 12.16 6.94 0.0519 7.14 212
Displacement

Vertical —~5.82 5.32 0.0307 13.61 10.19 0.00397 8.78 106

Horizontal —~4.,08 4.07 0.107 13.72 10.10 0.0152 8.31 212

*For site classifications s = 0, 1, and 2, carthquake magnitude, M, and epicentral distance, A.

If one assumes that a significant contribution to the standard deviations in Table 7 is
caused by inhomogeneous media through which seismic waves propagate, then it would
be reasonable to suppose that the standard deviation of the estimated duration would
increase with distance, since the number and the complexity of scattering obstacles grows
with distance. If one assumes that such trends might be approximated by

o(duration) = A+BA+Z, 27

then the coefficients A and B in Table 7 suggest that the standard deviation indeed grows
with distance. This growth is appreciable for the duration of acceleration and slight for
the duration of displacement. This means that the high-frequency acceleration waves
must encounter more obstacles along the same traveled distance, 4, than do the low-
frequency displacement waves. Since the high-frequency waves are associated with short
wavelengths and since those are also more sensitive to the inhomogeneities along the
propagation path (Trifunac, 1971; Trifunac, 1973; Wong and Trifunac, 1974a; Wong and
Trifunac, 1974b), the variation of the coefficients in Table 7 appears to be in accord with
our physical intuition.

We studied other forms of equation (26) to see whether the standard deviations shown
in Table 7 can be further reduced. In one of these trials we added a constant term, d, to
equation (26) and in another we assumed that d, = ¢ log; o 4. These tests have indicated
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that the equation (26) represents the best choice for a simple, first-order, approximation
of the duration of the strong ground motion.

CORRELATIONS OF THE RATE OF GROWTH OF STRONG GROUND MOTION WITH
MODIFIED MERCALLI INTENSITY AND DIFFERENT SITE CLASSIFICATIONS

As we have already pointed out, the rate of growth of the integrals 5 a?dt, [2v? dt, and
¥ d?dt as defined by equation (11) may be quite useful in response computations based
on the energy balance and when non linear and deteriorating structural models have to be
considered. Although this rate could be computed from the ratio of the established coz-
relations between these integrals and the Modified Mercalli intensity and from the cor-
relations of the duration of strong ground motion also with the Modified Mercalli
intensity, to avoid cumulative effects of simple assumptions, we develop here these cor-
relations directly.

Figure 8 (a, b and c) and Table 8 present the rate of vertical and horizontal strong-
motion acceleration, velocity, and displacement versus Modified Mercalli intensity. The
approximate trend of the logarithm of the rate of strong motion correlates linearly with
the Modified Mercalli intensity, but the rates of velocity and displacement, especially for
the vertical component, tend to level off for low intensities. This is caused by similar
trends which were previously pointed out for Figure 2 (b and c), where the presence of
low-frequency digitization noise (Trifunac, Udwadia, and Brady, 1973) in the records of
small accelerations tends to increase the values of [} v?dt and [5 d*>dt. When these low
intensity levels are omitted, all average rates correlate with the Modified Mercalli
intensity, Iy, in an approximately linear manner as follows

| T 2 gV durati —1.9940.597 Iy for vertical accelerations 28
og1o [(fo &* d)/duration] =y _ 1.1740.560 Iy for horizontal accelerations 28)
for III £ Tym = VIIL

—2.61+0.420 Iy, for vertical velocities
—2.43+0.469 Iy, for horizontal velocities
for V < Iy < VIII

log; o [([ v*dr)/duration] = { 29)

and

) T 2 g /durati —2.10+40.315 Iy for vertical displacements
ogio [(fo 4 dr)/duration] = —2.3940.417 Iy for horizontal displacements (30)
for V < Ty < VIII

The effect of site conditions on the rate of acceleration, velocity, and displacement has
been presented in Figure 9 (a, b, and ¢) and in Table 9. The available data indicate larger
rates for strong-motion acceleration on “hard” basement rocks than on “soft” alluvium
and for Modified Mercalli intensities V and VI. For intensity VII this trend is lost and no
significant differences can be observed for different site classifications. The possible effect
of site conditions on the rate of strong-motion displacement corresponding to Modified
Mercalli intensities V and VI is overshadowed by the random fluctuations in the data.
However, larger rates for “soft” sites for intensity VII may be indicated. The trends of the
rate of strong-motion velocity seem to be half-way between those of acceleration and
displacement indicated in Figure 9 (a and c) but if real are too small to be identified from
the data in Figure 9b alone.
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TABLE 8

CORRELATION OF THE RATE OF VERTICAL AND HORIZONTAL STRONG-MOTION ACCELERATION, VELOCITY
AND DISPLACEMENT WITH MODIFIED MERCALLI INTENSITY

logyolfo T a2dt/dur., togsolfo Tv2dt/dur., logsol o d2difdur.,
(cm?2/sec*)] (cm?/sec?)] (cm2)}
Intensity Component No. of
Standard Standard Standard Data
Mean deviation Mean deviation Mean deviation
I Vertical —0.50 0.60 —-0.90 0.20 —0.50 0.20 2
Horizontal —0.20 1.00 —-1.20 0.81 —-1.15 0.95 4
v Vertical 0.43 0.19 -0.70 0.28 —043 0.25 3
Horizontal 1.10 0.20 -0.37 0.25 —0.33 0.24 6
A\ Vertical 1.07 0.71 —0.52 0.51 —~0.48 0.49 34
Horizontal 1.55 0.80 —-0.20 0.65 —0.36 0.59 68
VI Vertical 1.41 0.76 —-0.21 0.61 —0.31 0.52 66
Horizontal 212 0.76 0.38 0.66 0.10 0.67 132
VII Vertical 2.29 0.46 0.62 0.61 0.17 0.50 76
Horizontal 292 0.48 1.29 0.70 0.84 0.73 151%*
VIII Vertical 2.47 0.83 0.50 0.78 0.40 0.81 6
Horizontal 312 0.53 1.13 0.58 0.73 0.77 12
X Vertical 4.50 — 2.50 — 2.10 — 1
Horizontal 4.90 — 2.90 0.20 1.90 0.60 2
*See footnote to Table 2.
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Fic. 9a. Mean values and standard deviations of therate of growth of the integral [,7a? df for vertical
and horizontal components at different site classifications and Modified Mercalli intensities.

CORRELATION OF THE RATE OF GROWTH OF STRONG GROUND MOTION WITH
MAGNITUDE, EPICENTRAL DISTANCE, AND LOCAL SITE CONDITION

The rates of growth of strong-motion acceleration, velocity, and displacement as
defined by equation (11) have been plotted for 181 vertical and 362 horizontal accelero-
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FIG. 9¢. Mean values and standard deviations of the rate of growth of the integral [o7d>dt for vertical
and horizontal components at different site classifications and Modified Mercalli intensities.

graph records in Figure 10 (a to f). Just as for the data in Figures 4 (a tof) and 7 (a to f),
in Figure 10 (a to f) the scatter of observations seems to be quite large and no obvious
trends with respect to magnitude or site conditions can be readily seen.

To find the average dependence of the rate of strong-motion acceleration, velocity, and
displacement on the magnitude, M, site classification, s, and epicentral distance, 4, we
postulate the following linear model

T (12
log, o j v? |dt |/duration} = as+bM+clog,, A+d+o 31)
o\d?
and assume that the standard deviation ¢ may be distance-dependent as follows

O'=A+Blog10 A'_L‘Z. (32)

The coefficients 4, b, ¢, d, A, and B and the standard deviation ¢ in (31) and 2 in (32) have
been presented in Table 10. In agreement with Figure 9 (a, b, and c) the coefficients @ in
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TABLE 9
CORRELATION OF RATE OF ACCELERATION, VELOCITY, AND DISPLACEMENT WITH MODIFIED MERCALLI
INTENSITY FOR DIFFERENT SITE CONDITIONS (0, 1, AND 2)

logyql o ads/dur., logiolfoTv2dt/dur., log;olfoTd?dt/dur.,
(cm?[sec*)] (cm?/sec?)] (cm32)]
Intensity Component : No. of
Standard Standard Standard Data
Mean deviation Mean deviation Mean deviation
I11-0 Vertical 0.10 — -0.70 — —0.30 — 1
Horizontal 0.80 — —0.40 0.10 —0.20 0.10 2
III-1 Vertical
Horizontal
111-2 Vertical —1.10 — —1.10 — -0.70 — 1
Horizontal —-1.20 0.10 -2.00 0.10 —2.10 — 2
IV-0 Vertical 0.30 — —0.90 —_ —0.50 — 1
Horizontal 1.30 —_ —0.20 0.10 —0.50 — 2
Iv-1- Vertical 0.50 0.20 —0.60 0.30 —0.40 0.30 2
Horizontal 1.00 0.17 —0.45 0.26 —-0.25 0.26 4
1v-2 Vertical
Horizontal
V-0 Vertical 0.89 0,77+ —0.55 0.60 —0.48 0.54 17
Horizontal 1.36 0.94 —0.25 0.75 —0.32 0.69 34
V-1 Vertical 1.22 0.61 —0.47 0.41 —0.46 0.42 15
Horizontal 1.71 0.60 —-0.15 0.56 —0.40 0.48 30
V-2 Vertical 1.50 0.20 —0.60 0.30 —0.70 0.40 2
Horizontal 1.95 0.26 -0.20 0.33 —0.40 0.30 4
VI-0 Vertical 1.26 0.71 -0.17 0.66 —-0.30 0.55 43
Horizontal 1.96 0.73 0.48 0.68 0.24 0.68 86
VI-1 Vertical 1.49 0.80 —0.40 0.50 -0.34 0.52 16
Horizontal 2.31 0.80 0.16 0.60 -0.16 0.63 32
VI-2 Vertical 2.13 0.49 —0.07 0.43 -0.27 0.27 7
Horizontal 2.66 0.35 0.24 0.44 —-0.13 045 14
VII-0 Vertical 2.30 0.38 0.64 0.55 0.21 0.45 50
Horizontal 2.89 0.47 1.33 0.53 0.91 0.60 99%
VII-1 Vertical 2.32 0.33 0.63 0.69 0.18 0.57 21
Horizontal 2.98 0.37 1.40 0.73 0.89 0.78 42
VII-2 Vertical 2.14 1.13 0.38 0.84 —0.26 0.32 5
Horizontal 3.00 0.80 0.50 1.31 —0.06 1.04 10
VIII-0 Vertical 247 0.83 0.50 0.78 0.40 0.81 6
Horizontal 3.12 0.53 1.13 0.58 0.73 0.77 12
VIII-1 Vertical
Horizontal
VIII-2 Vertical
Horizontal
X-0 Vertical
Horizontal
X-1 Vertical
Horizontal
X-2 Vertical = ) N— 2.50 — 2,10 — 1
Horizontal " 4.90 — 2.90 0.20 1.90 0.60 2

*See footnote to Table 2.
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TABLE 10
COEFFICIENTS IN EQUATIONS

T /a2
Ingo{f (fl;) dt/duratioﬂ} = as+bM+clogip A+dLto; o= A4Blogig ALZ.*
0

Component a b ¢ d a A B b 1‘;123.6‘01‘

Acceleration

Vertical 0.0913  1.07 —2.14 —1.36 0.548  0.873 —0.266  0.325 181

Horizontal 0.0471 1.10 —2.28 —0.661 0.565 0866 —0.264 0.357 362

Velocity

Vertical —0.0393 1.02 —-130 —-4.02 0.544 0935 —0.306  0.320 181

Horizontal —0.197 1.21 —-1.70 —3.86 0.606 0.811 —0.188  0.337 362
Displacement

Vertical —0.0562 0.700 —-0.670 —3.29 0481 0.845 —0.283  0.287 181

Horizontal -0.250 0973 ~126 —344 0.634 0759 —-0.140 0.351 362

*For site classifications s = 0, 1 and 2, earthquake magnitude, M, and epicentral distance, A.

Table 10 indicate a tendency for acceleration growth rate to increase for “harder” sites,
while the opposite trend is indicated for the rates of velocity and displacement. The effect
of magnitude seems to be constant, whereas the decrease of the acceleration growth rate
with distance is largest and that of displacement is smallest. This suggests that for the
rate of strong ground motion the high-frequency attenuation plays a more important
role than does the dispersion. The decrease of the standard deviation with distance
appears to result from the similar decrease of the standard deviation of the integrals
{5 a*dt, §5 v*dt, and §§ d*dt (see Table 4) which is more prominent than the growth of
the standard deviation of the duration with distance (Table 7).

CONCLUSIONS

The findings and conclusions of this paper depend in an important way on the particu-
lar definition of the duration of strong earthquake ground motion employed. We have
here defined the duration of strong-motion acceleration to be that time interval during
which the central 90 per cent of the contribution to the integral of the square of the
acceleration takes place. We used the same definition for the duration of velocity and
displacement. Although we made every attempt to use such a simple definition that can be
related directly to the physical characteristics of response spectra, our results may be
expected to give only the general and rough trends that characterize the duration of
strong motion and should correspond to an upper bound for corresponding durations of
specially chosen frequency bands inside the range of 0.07 to 25.0 Hz.

For low Modified Mercalli intensity (IT and III) the average duration of strong-motion
acceleration is about 45 sec and one standard deviation on either side of this mean is
about 15 sec. With increasing intensity, duration decreases and becomes on the average
20 to 25 sec for intensity VIII. The average duration of strong-motion velocity and dis-
placement also decreases in the same intensity interval from about 50 to 35 sec and from
40 to about 30 sec, respectively. The overall strong-motion amplitudes and spectral
intensities which are proportional to the integrals §§ a®dt, §T v*dt, and [{ d*dt, as well as
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the rate of growth of these integrals, of course, increase with the increasing intensity. The
increasing duration with decreasing intensity results from the dispersion with distance
and the more pronounced scattering for the longer travel paths.

For the same Modified Mercalli intensity the average duration of strong-motion
acceleration on a “soft” site is about twice longer than the duration at a “hard” site.
Duration of strong-motion velocity and displacement indicates essentially the same trends.
The overall spectral intensity of strong-motion acceleration is slightly higher on the
“hard” basement rocks for intensities V and VI. This trend seems to disappear and is
reversed for intensity VII. The spectral intensities of strong-motion velocity (proportional
to } v?dt) and displacement (proportional to [T d>dt) are consistently larger on “soft”
alluvium than on the “hard” basement rocks by a factor ranging from about 2 to about
20.

Correlations of the duration of strong-motion acceleration, velocity, and displacement
with site conditions, earthquake magnitude, and epicentral distance indicate that the
average duration on a “soft” site is 5 to 6 sec longer than on “intermediate” site and about
10 to 12 sec longer than on a “hard” site. For each magnitude unit the duration increases
by 2 (for acceleration) to about 5 (for displacement), while for every 10 km of distance it
increases by about 1 to 1.5 sec.

Numerous linear regression relationships have been presented in this paper to describe
more precisely, what is meant by “decreasing” or “increasing” of a function with respect
to one or several of its arguments. Although such relationships are quite useful to detect
the general trends in the data, and to bring out the most prominent factors that govern
these trends, we would like to caution the reader not to use these simple relationships to
compute the expected value of a function to which it applies. In using such simple
relations there is always a danger of overlooking the quality of the fit or, more import-
antly, using the formulas in the range where they do not apply. Finally, it must be remem-
bered that the functional forms of the formulas used in most cases cannot be justified on
the physical basis of a problem but merely represent a simple and convenient mathe-
matical form for the analysis. Instead, we suggest that having established the desired
degree of conservatism in an analysis one should use the mean or the mean-plus-one
standard deviation which are all presented in the different tables and figures.

The 188 accelerograph records used in this study, all recorded in the western United
States, are barely adequate to suggest the possible average trends of the duration of
strong-motion acceleration, velocity, and displacement and the related functionals for
the Modified Mercalli intensity range between III and VIII and for the magnitude range
between about 4 and 7.5. Since this data-set has been collected over the period of about
40 years, it is clear that it will be necessary to develop vigorous strong-motion data
recording programs all over the world and to maintain these programs for many years
before the number of the recorded accelerograms becomes adequate for more detailed
and statistically sound analysis.
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