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ABSTRAZT

A s1nple procedure is praposed to estimate the st apc ~ @ oy
duration o1 earthquake ground motions. The cyoplsce strong-matic:
duration is nearly preportional to the quantity ! /;;ax' i1 which

o
is the maximum ground acceleration and Io is the integral of Las

a
sQizred acceleraticns, The proportionality factor is weakiy d:peac-
ent on the predominant periad of the ground motion. Tac pricesun
has been apn'ied to 140 hovizontel components of strong egréhquake
ground motions. The results ars Libulated and summar.?ed in the
form of hictograms. The dependerice of strory-motion divation on

earthcuake -magnitude and epicentral distance is also extmined.
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PReFACE

Yhis is the tenth report prepared under the research project entitled
"Lvaluation of Seizmic Safety of Buildings.,” supported by Mational Science
Foundatinn Grant ATA 74-0693, and its continuation Grant ENV 76-14071.

The purpose of the supporting project is to evaluate the effect vene.s
Jf the total seismic design process, which consists of steps beginning with
seismic risk analysis through dynamic analysis and the design of st uctural
components. The project seeks to answer the auestion: "Giver a set of prc-
cedures for these steps, what is the actuatl degree of prctection against
ezrthnuake damage provided?" Alternative methods of analvsis and design
ire beirng considerad. Specifically, these alternatives are built around
taree methods of dynamic analysisn: (1) time-history analysis, (2) response
spactrum modal analysis, and (3) randem vibration analysic

The formal reports produced thus far 2re:

i. Arnold, Peter, Vanmarcke, Erik H., and Gazetas, George, "Frequency Con-
tent of Ground Motions during the 1571 San Fernando tarihguake,” M.L.T.
Department of Civil Enginecring Research Report R76-3, Nrde» No. 526,
Jaruary 1976.

2. Gasparini, Dario, and Yanmarcke, Erik H., "Simulated "arthguake Motion
Compatiple with Prescribed Response Spectra.” M,1.1. Departmaent of
Civil Engineering Research Report R76-4, Order do. 527, January 1976,

3. Vanmarcke, Erik H., Biggs, J.M., Frank, Robert, Gazetas, George, Arnold,
Peter, Gasparini, Dario A., and Luyties, William, "fomparison af Seismic
Analysis Procedures for Elastic Multi-degree Systems." M.1.1. Department
of Civil Engineering Research Report R76-5, Order Ho. 528, January 19/6.

4. Frank, Rotert, Anagnostopoulos, Stavros, Bijgs, J.M.. and Vanmarcke,
Erik H., "Variability of Inelastic Structural Response Diue ta Real and
Artificial Ground Motions," M.I1.7. Department of Civil Engineering Rn-
search Report R76-6, Order No. 529, January 1976.

5. Haviland, Ricnard, "A Study of the Uncerlainties in the Fundamental
Translational Periods and Damping Yalues for Real Buildings,” Supervised
by Professors J. M. Biggs and Erik H. Vanmarcke, M.1.7. Department of
Civil Engineering Research Report R76-12, Order No. 531, Febhruary 1976,

6. Luyties, Witliam H. I11, Aragnostopoulos. Stavros, ano Bigas, John M.,
"Studies on the Inelastic Dynamic Analysis and Design of Multi-Stery
Frames," M.1.T. Department of Civil Engineering Research Report R76-29,
Order No. 548, July 197s.
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Gezetas, George, "Randem Vibration Analysis of Inelastic Multi-Degree-
of-T reedom Systems Subiscted tec Earthquake Ground Motions,” Supevvised
by Professor Erik H. Vanmarcke, M.1.T. Department of Civil Engineerirg
Research Report 17€-39, Order No. 556, August 1976,

Haviland, Richard W,, Biggs, John M., and Anagnostopoulos, Stavros A,
“Inelastic Rasponse Spectrum Design Procedures for Steel Frames," M. 1.7,
Department of Civil E~gineering Research Report R7€-40, QOrder Nn. 557,
September 1576,

Gasparini, Dario A., "On the Safety Provided by Alterrate Seiamic Qe-
sign Methods," Supervised by Erik H., Vanmarcke and John M. Biugs, M.1.T,
Department of Civil Engireering Research Report R77-22, Order No. 573,
July 1977,

The project is supervised by Protessors John M, Biggs and Erik H. Van-

marck> of the Civil Engineering Department., They have heer assisted by Dr.
Stavros Aragnostonoulos, a Research Associate in the Department. The re-
cearch assistants on the project have been Peter Arnold, Seorge Gazetns,
Dario Gasperiri, Robert frank, William Luyties, Rich.rd 'laviland, Shih-sheng
P. Lai. Ricardo Rinder, and James Robinson.
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STRONG-MOTION DURATION OF EARTHQUAKES
ay Erik #. Vanmarcke? anu Shih-¢heng P. Laib

ITNTRODUCTION

The duratica of strong shak:nt during an earthquake plays an importart
roie in many seismic anyireering prablems. The response of very lightly
Vdamped Vinear systems and of yielding or strength-degrading nonlinear sys-
tem; depends significantly on the duration of shaking. Ouration is also a
key parareter affectiing the likelihood of occurrence of the phenonzna of
low-c/cle fatigue or soil liquefaction during earthquakes.

No single quantitative mecasure of the strong-motion duration is in commor
usage in e:zrthquake engirzering. Studies of the dependence of duration on
magnitude (Housner, 1965) and on distance and magnitude (Ecteva ard Rosenblueth,
1964) are not hasad on quantitative definitions of duration. Twd crude but
simpie measures of duration have been mentioned in the literature. The first
defines duration ac the time interval between the .tirst and last peaks equal
to or greater than a given level, usually 0.05 g, nn the accelerogram {Page
et al., 1975). The second definition is based on cumulative enerqgy obtained
by adding squared accelerations: duration is the time interval required to
accumulate a orescribed fraction of the total energy, for example, 95 percent
fHusid =t al., 1969) or 90 parcent (Trifunac and Brady, 1975). Bolt {1973)
suqgested that both these Jefinitions could also be applied to sinusoidal
components of th: earthquake motion occurring within different narvow fre-
quency oands.

In this paper, a new method is proposed for estimating the strong-motion
duration of earthquakes. and it is applied to the horizontal components of

each of 70 strong-motion records published by C.I.T.

%nssaciate Professor of Civil Engineering, M.1.T., Cambiridge. Ma. 02139
bResearch Assistant, Dept. of Civil Engineering, M.1.T., Cambridge, Ma. 02139
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BACKGROUND

In this section, we examine briefly two well known and closely related
functions which describe the frequency content of earthquake ground accelera-
tion. Tnese are helnful in clarifying the relationship between varicus
medsures of the severity of narthquake motion ana in introducing the proposed
approach to obtairing the duration of strong shaking.

The Fourier amplitude spectrum (F.a.s.) of the ground acceleration aft)

is the absolute value cof the Fouriei transform of a(t).

flw) =

tO .
[ aty) e tae (1}
© i

[ a(t) e 9tay
-

——

in which w = frequency of vibration (rad/sec.}, 1=v -1, aud L= leagth of
the digitized accelerogram (in seconds). The squared Fourier amplitude spec-
trum f? (w), indicates how the total energy in the earthquake motion is distri-
buted over the frequency axis. 1ts integral over ail freguencies is directly
related to the total motion “energy" Io' or the so-called Arias Intensity

{1870), es follows:
to

Io=£ a‘(t)dt=_j; a“(t)dt=§‘;-j f’(m)dw-'-% ({ fflo)dw  (2)

The equality in the center of Lq. 2 is Parseval's relation, while the
equality on the right side recults from the fact that since a(t) is real.
F.a.s. is ar even funccion of frequency (i.e., f{-w) = f{w)).

A closely related function is the estimated spectral density function

(s.d.f.) G{w) which indicates how the ground motion power, or energy per
unit time, is distributed over all frequencies. We have (4endat. 195%):

Gi{w) = gl* %’ 2 (w) (3)
0

in which s0 is the yet t¢c be determined strong-motion duration. It must be
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stressed that the oxeot retationship between the two functions is rather deji-
cate. fG{w) obtaired by Eq. 2 is really an estimste of the true spectral den-
51ty funztion. The lat®er is a statistical guantity describing the expected
distribution of the earthquake pcower over frequency. Implied by Eq. 3 is an
idealization of the earthquake as a segment of timited duration (so) of a ran-
dom process with constant average frequency content.

A basic property of the s.d.?. is that the mean square acceleraiion 7;
(which equals the variance, since the mean acceleration is zero) is obtained

by integrating G(w) over all frequencies.
o2 = [ G{w) du (a)
o
in which o, =r.ms. {root-mean-sguare) strong-motion acceleration. Combinirg
£qs. 2, 3 and 4 yields the expected relationship

1 =5 ¢
0 0

(5)

ow

In words, the total ground motion intensity ID is distributed uniformly, at

constant average power og. over the strong-motion interval o

STRONG-MOTIGH DURATION

The Arias Intensity Io and the maximum amplitudes of acceleration (amax)
and velocity (vmax) are well-known measures of the severity of an earthquake
motion a(t). Approximate procedures also exist for estimating the predominant
f requency W, of an accelerogram, e.qg., counting the equivalent number of cycles

in a(t), or more crudely, evaluating the ratic a___/v

t
max’ Ymax* The question at hand

is how to determine quantitatively the strong-motion duration S, and the corres-
ponding strong-motion r.m.s. acceleration Ty Eq. 5 suggests that large values
of So imply small r.m.s. values g, For example, when So equals to’ we obtain

oo:=[lolt°]¥. For very snall values of S+ the r.m.s. acceleration can become
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as large as 3 ax® which haupens when s_=1 /a2 Tiese extreme chaices for

X o "o “max’
o are undesirable because they imply values of % which are not related in

a consistent wannar to the maximum acceleraticn a The soiid Tine in

Fig. 1 snows the neak factnr amax./oD as a funciion of So far the N -3 Component

of the E1 Centro. 1940 earthquake. Note that the ratic (amatfco} may be as
high as 7.5 or as Tow as i, depending on which value of o is chosen., This
observation is the key to the proposed method for evaluating strong-motion
durations of earthquake records. The idea is that an approximate relationship
must exist between 7, and Qo The relationship is of course of a probabiiis-
tic nature. The theory of stationary Gaussian random functions provides 2

prediction of the most probable value of the peak factor a /c0 during a

max
knowr time interval 5o of steady strong shaking. Specifically, the value of

amax’“o' which is exceeded once on the average during the interval So {or

1

which has a probe>flity e of not being exceeded during so). is appreximate1y+:

(aan/9y) = Y2 (25/T Al (6)

o) -0
in which T°==2w/mo= predominant period of the earthqucke motion. and 50/T0=
number of cycles during the time interval Se° The lower limit on So insures
that the peak Factor will not be too 10w+; Eq. 6 is plotted in Fig. 1 for
three different values of To: 0.2 sec., 0.3 sec. and 0.4 sec. Note the rela-
tive insensitivity of the peak factor {predicted by £q. 6) to the choice of T0
Assuming T0 is known, Eqs. 5 and 6 can be viewed as a system of two equa-
tions and two unknowns, So and o_. The solution for S, is implicit in the

o
foliowing equation:

= 2 >
Sq [2£n(25°/TD}] (Io/amax) $o2To (N
The ratio (Io/a;ax) is available for all strong-motion earthquake records.

+Eq. 6 is derived on the basis of the assumption that tne crossings of a
specified, relatively high threshold occur as a Poisson arrival process.
The farmula is inappropriate for very low threshnlds., The condition

8pax > 12 0, implies s >T . which is the bound set in Eq. 6.
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The solution to Eq. 7 is plotted in Fig. 2. Note that the duration So is
nearly a linear function of Io/a;ax for a given value of To. Fer the E1
Centro, 1940 N- S component, the ratio Io/a;ax is 0.975, and T  is about
0.3 sec. From Fig. 2, it follows that So is about 7.5 sec. The correspon-
ding r.m.s. acceleration (obtained by using Eg. 5) is o°==0.12 g and the

peak factor is {(a__ /o0 )=0.31g/0.12g=-2.75. The quantities s

6 &n
max’ "o , o

0’
3nax are shown in Fig. 3.

The main features of the strong-motion duration 5, are that (i) the
total motion energy I0 is preserved, and (ii) a consistent relationship be-

tween Aax and the strong-motion r.m.s. acceleration %, is guaranteed.

INTERPRETATICN BASED ON MOVING AVERAGE POWER

The strong-motion duration may also be derived by using a procedure
based on moving average power. The procedure yields essentially the same
results as those just presented (Ey. 7), but it sheds a different light on
the concept and the interpretatio: of strong-motion duration.

We start by examining the c.mulatise intensity function I{t) studied

by Husid et al. (1969):

t
I{t) = [ a®(u)du (8)
Q

It is zero when t=0 and reaches its maximum valuve I = I(to), the Arias
Intensity, at the end of the record a(t). For some earthquake records, the
function I{t) increases relatively slowly and smoothly, and has a "flat"
average slope. In other cases, the strong shaking phase of the accelerogram
is relatively short and intense, and the function I(t) will have a "steep"
(average) slope during the time interval of strong shaking. The average

slope of the function I(t) is the average moving power:
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Pacit) = 2% tf a(t)dt D<t<t ~At (9)
1

in which At is the averaging interval. This function peaks where the motion
is most intense. An example is shown in Fig. 4. Of course, the appearance
of the average moving power will strongly depend on the choice of integration
interval At. The larger At, the smoother the average moving power Pﬂt{t).

Let Gzt denote the peak value of the moving average power. The corres-
ponding "equivalent duration" Spt is equal to the ratio of the Arias Intensity

I, to the peak average power azt.
= 2
Sat = o/ %t (19)

As shown in Fig. 4, the effect is to distribute the total energy Io uniformly

at constant pover ogt. Finally, a peak factor is obtainred:

L
ama:« IGAt B / [IO’SM.] ()

3max

For each integration interval At, we can compute the r.m.s. acceleration
9, the equivalent duration s, ., and the peak factor (amax/aAt). For
very small integration intervals At, the r.m.s. acceleration Tpt approaches
the maximym acceleration A ax? and the peak factor approaches one. At the
other extreme, when At equals the record length t,, we have oAt=.f7;7T;.
For each value of At, a theoretical prediction can also be made for
the peak factor, again based on the probable relationship between the stan-
dard deviation and the maximum value during segments of stationary Gaussian

motions:

("max/”At) = /225y /7)) (12)
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To is the predcminant period, which is initially treated as constant in the
procedure. (The initial value of To is obtained by dividing the time t° by
half the number of 2ero-crossings in the accelerogram).

The thecretical peak factor, plotted against At will vary more slowly
than the peak factor computed by Eq. 11. The desired peak factor is the or-
dinate of the point where the two curves intersect. The corresponding values
of Opt and Spt may then be obtained from Eqs. 10 and 17.

Actually, T, depends on the choice of the time interval within which
zero-creossings are counted. For some accelerograms, the predominant fregquency
is strongly influenced by the motion at the end of the record. Therefore, it
seemed worthwhile to implement an iterative computational procedure in which
only zero-crossings within the interval sAt (centered at the time the peak

acceleration occurs) are counted.
NUMERTCAL RESULTS

The procedure just outlined has been applied to two horizontal components
from each of 70 strong-motion records published by the California Institute of
Technology. The records were selected by McGuire (1977) so as to be reasonably
representative of a broad range of earthquake magnitudes, source-to-site
distances, and site conditions. He also classified the records into two
categories: "rock" (11 records) and "soil" (59 records)+.

Table 1 lists the resuits for all 140 accelerograms which are labeled as
in the C.I1.T. computer files. In addition to the strong-motion durations and
the corresponding peak factors, Table 1 1ists the Richter magnitude (M), epi-
central distance (R}, M.M.1. Intensity, maximum acceleration Arias Inteasity
(10). the predominant period (To) and the soil/rock designation for each

record.

+Magnitudes and epicentral distances are reported by McGuire and Barnhard
(1977), and soil designations are given by McGuire (1977).
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Table 11 cempares various duratfions for a subset of records. For each
record, the iime intervals based on the 5 to 95% energy fraction (es proposed
by Trifunac and Brady, 1975), as well as those based on other enerqy fractions
(10 to 90%; 20 to 80%; 25 to 75%; and 33 to 67%), and thc proposed sti-ong-
motion duration, are listed side by side. Table Il suggests strongly trat
the strong-motion durations cannot be reiated consistently to the time inter-
vals corresponding by any specific fracticn of total energy. By determining
the energy fractions which correspond most closely to the strong-motion dura-
tions obtained for all 140 records, it was founu that there are i6 records
with a strong-motior duration shorter than the ".33+.57%" time interval
and 4 records with a duration exceeding the ".05-+ .95%" time interval.

Histograms of the peak factors, the predominant periods, and the strang-
motion durations are shown in Figs., 5, 6, and 7, respectively. The peak fac-
tors have a mean of 2.67 and a standard deviation of 0.381; for the predomi-
nant periods, the mean is 0.34 sec and the standard deviation 0.18 sec; the
mean strong-motion duration is 9.27 sec and its standard deviation is 8.76 <ac.

For earthquake records with strong-motion duraticns below 6 seconds
{when the slope of I(t) is relatively "steep"), peak factors range between
2.2 and 2.6. For records with strong-motion durations exceeding 6 seconds
(when the slope of I{t) is relatively “flat"), peak factors range from 2.6
to 3.2.

Table 1 contains the information needed to conduct a number of ground
motion parameter studies which invalve strong-motion duration. In particular,
consider the relationship shown in Fig. 8 between strong-motion duraticn and
earthquake magnitude for different ranges of epicentral distance. For com-

parison, two well-known prediction equations for strong-motion durations are
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also plotted in Fig. o. The solid line (Fig. 8) is the linear reiationship
suggested by Housner (1965) for “the strong phase of ground shaking”" {evaluated

subjectively) against magnitude M:
s =11M-53 (13)

Esteva and Rosenblueth (1964} estimated the duration of an “equivalent around
motion with uniform intensity per unit time" as follows:

0.7aM

s =0.02 e +0.3R (14)

where R is the focal distance in kilometers. The durations predicted by Eq. 14

are plotted (as dotted lines) against magnitude for two values of R in Fig. B.

CONCLUSIONS

A new and simple proceiure is presented for estimating the strong-motion
duration So and the r.m.s. strong-motion acceleration 0 of earthquake ground
motion records. The strong-motior duration is found to be nearly proportional

to the quant-ty I /a? ., in which a is the maximum ground acceleration and

o max X

]o is the Arias Intensity or the integral of the sguared accelerations. The
proportionality factor is equal to the square of the peak factur (the ratio
of the maximum to the r.m.s. cirong-mntion acceleration); the latter averages
about 2.65, and the proportionality factor about 7. A less important factor
influencing the relationship botween 5o and Iola:‘ax is the predominant period
of the strong [-hase of the accelerogram. The main features of the proposed
procedure to obiain the strong-motion duration So and the corresponding r.m.s.
strong-motion acceleration g, is that (i) it preserves the motion intensity

=g2s _, and (ii) it quarantees a consistent and predictable rela-

i.e.
Io’ €. Io o0

tionship between a and ¢ , i.e., (a axfuo)= /7291.2(50/10) . This expression

max 0 m
predicts the maximum acceleration which will occur once on the average during

the strong-motion time interval Sq°
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The propyosed procedure could also be used to obtain equivalent durations
for different frequency-filitered components of earthquake records as suggested
by Bolt (1973). For example, one may wish to restrict attention to long-period
ground motion comnoner.ts, or to components operating within a narrow band of
frequencies in the neighborhood of the fundamenti' frequency of a structurc of
interest.

The proposed procedure has been applied to 140 horizontal components af
strom; earthquake ground motions. The results are tabulated and sumarized in
the form of histograms of strcng-motion durations and peak factors. The depen-
dence of strong-motion duration aon earthquake magnitude and epicentral distance
is also examined.

It is believed that the proposed definiticn of strong-motion duration fills
a significant gap in earthyuake engineering research. 1t will permit a more con-
fident approach to a number of importar. seismic engineering problems in which
streng-motion auration plays a key role. It is hoped that it will also be of
service in the developnent of improved procedures for specifying design ground
motions by permitting quantitative treatment of the cor-elation between duration
and other ground motion parameters, as a function of earthquake source parameters

and distance.
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C.I.T DURATIONS CORRESPONDING TO FRACTION OF ID PROPGSED
No. STRONG-MOTION

’ 5-95%( 10-90% | 20-80% | 25-75%| 33-67% DURATION So
B0O37-1 5.48 3.08 0.70 0.32 0.18 1.39
B035-1 13.72 8.68 4.56 3.76 2.10 2.37
AD16-1 27.48 5.54 1.92 1.16 0.84 2.76
8021-2 18.20 11.44 6.78 5.44 3.92 2.9
AOCB-1 13.00 6.08 2.66 2.04 1.42 5.47
G114-2 18.94 15.80 9.86 8.58 5.40 7.5i
A004-2 28.82 20.1¢ 10.26 8.16 4.72 10.72
T288-2 38.14 34.46 23.66 20.00 7.64 16.26
Y379-1 43.64 42.26 27.40 25.28 15.58 22.11
A003-2 26.84 20.04 13.38 10.00 7.32 23.59
A019-2 39.82 32.06 19.28 14.62 19.94 31.58
A007-2 32.08 27.14 18.32 14.12 7.54 40.08

-
TABLE II

Comparisot of Durations Corresponding to Various Fractions of Total Energy and
the Proposed Strona-Motion Duration So for 12 Strong-Motion Earthquake Records.



