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AOSTRA':T

A sl;n\Jle procedur~ is propo~ed to estinate thE> st "1['" ".' ":1

durat ion 01 E'c.rthquake qround mot 'j ons. The ;;1"Op:SC;'; St ··cl.1g-tnot i c: I

duration ~s r.e~r1y pnp,lrtional to the q..;anlity ~ !{'(. • 1:1 .wh',dl
(l 110)(.

a is the max;r.!um ground acc£:lerat;on and I is the ill~.,\g!"JI of til-:'
max 0

squared accelerations. He proportionali"y factor is \'f'~kIY d::->e,~(:-

ent on the predomi'ldnt periol~ Of the gro:Jnd motion. T',( prr C('';U:',

has been APD~ ied to 140 horizontcl1 components of "tron~ ~t.r:~q'Jak£

grOWl.:! motjons. The results a 1";' :, ..~ulated and ')urmtar.?t>o '."1 the

fom of histograms. The dependence of stror'lJ-mot1Otl dJrat;(jn on

eartt'lquake--magnHudt: and t!plcentral diste.ncE' is also ex.·mined.

Reproduced from
best available copy
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This is thl> ~.enth rep(wt

"[vall.Jil~IOI'\ l;f Seismic Safety

Fuundation Grant ~TA 74-0693J

PfH:.FACE_._----

prepared under the rEsearch projert entitlc1

(If Ruild'i:1gs." support€1 by National :;cienrc
"and its contin~ation Grant ENV :fi-1~D?1.

The ~~rpose of the supporting proje~t i~ to e~d1~ate the effe~l.venp~~

,Jf the total seismic d<'sign process, lott)ich consists of steps beginning ~ith

seismic risk analysis through dinamic analysi~ and the de;igl'\ of st ~ct~ra1

components. The project seeks to answer the qUl'stirJn: "Give,., a :;et 0f prc

cedures for these steps, what is th" ac~",al df'qree of prctect~ofl a~ldin:;t

e.~rthquake damage orovided?" AHernative methods I)f analysis and design

M'e being corlsider(~d. Specifica11y, these a1 ternrlt :ves ill'e bui 1t <!.round

'1,1ree met~oJ,; of dynamic ana1ysi'.: (1) time-history analy:';i5, (2) response

S;,"?ctrum modal analysis, and (3) ,'andcm vibration dnalysh

The fonnal reports produced thus far are:

1. Arnold, Peter, Vallmarcke. Erik H" and Gazetas, George, "Fr'equc(lcy Con
Lcnt of Ground Motions durin,) tlln 19n San Fernando Earihquake," M.l. T.
Department of Civil Eng~ne~rinq Research Report R76-3, 0rde~ No. 526,
January 1976.

2. Ga:;pClrini, DilriO, and Vanm3rcr.c, Erik H., "Simulated r.arthquake Motion
Compat~ole with Pnscribed Response Spectra," M. I. To DepJrtment of
Civil (ngineering K~search Report R76-4, Order :~o. 527, January 19-6,

3. Vanmarcke, Erik H., Biggs, J.M., Frank, Robert. Gazetas, George, Arnold,
Peter, Gasparln;, Daria A., and Luyties, iJil1iam, "I;omparison of Seismic
Analysis Procedures for Elastic Multi-degree Systems," M.LT. Department
of Civil EOlgineering Research Report Q76-5. Order No. 528. January 1976.

4. Frank, Rooert, ~nagnostoroulos, Stavro~, 81Jgs. J.M.. and Vanmarcke,
Erik H.• "Variabil ity of Inelastic Structural Response n'le to Real and
Artificial Ground Motions." M.LT. Department of Civil Engineering R,,
search Report R76-6, Order No. 529, January 1976.

5. Haviland, RiC'lard, "A Study of "he Uncer:ainties in the Fundamental
Translational Periods and Damping Va1u~s for' t{cal Buildings." Super't'ised
by Professors J. M. Biggs and Eri~ H. Vanmarcke. M.I.T, Department of
Civil Engineering Research Report R76-1;. Order No. 531, February 1976.

6. Luyties, Wi11iam H. !II, Aragnostopoulo~, Stavros. dno Biggs, John M.,
"Studie!t on the Inelastic Dynamic Analysis and Oesign of Multi-Story
Frames," M.l.T. Department of Civil Engineer'ing Research Report R76-29,
Order No. 548, July 1976.
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7. Gazetas, Gt:orge, "Randc!Il Vibration Analy~is of Inelastic Multi-O~gr~e

of-freedom Systems Subjected to Earthquake Gr'ound ~1otion:;," SUP<,I'vised
by Professor Erik H. 'Join'liartke. ~.LT. OP.partJrlent of C'I/il Engineerirq
Re~~arch Report ~76-39, Order No. 556, August 1976.

Cs. Helviland, n~("ard W., Biggs, John H., and Anagnostopouios, Stavros A.•
"Inelastic Ihsponse Spectrum Design Procedures for Step.l rrames," "1. I. T.
Department of Chtil f'"9ineering Research Report R7E· 40, Order Un. 557,
S~ptembEr 1976.

9. Gasp,lrin;, !:lario A., "On tl'le Safety Provided by Alt£:rnatc ~ei".mic. i.)E'

sign MethoJs," Supervised by Erik H. Vanmarcke and Jorm M. BioJgs. M.LT.
Department uf Civil Engineerinq qesearch Report R77-22. Order No. 571,
July lQn.

The pr~ject is ~.upcl·,,~sed by Profl~ssors John M. Biggs and Erik H. Van·

marck~ of the Civil Engineerin~ Department. They have heer. assisted by Or.

Stavros Aragnostopoulos, a Re~eard1 Associate in the Oer-artme!1t. The re

f.earch assistdnts on the project have been Peter Arnold, rJeorge (iazetils,

Dario Gasp"rir.i, Robert Fr,:mk. William Ll;yties. Rich_rc ~1.wi1Qnd. Shih-sheng

P. Lai. Ricardo Binder. dnd James Robinson.
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ST~ONG-HOT!ON DURATION OF E~RTHQUAKES

~y Eri~ H. Vanmarckea anJ Shih-~heng P. Lai b

INTROOUCTI~

The ddrat i crl of strong shak:m 1uring an earthQlJa\.:e p1ays an importar,t

rOle in hlallY seismic ~nyi~eHirig pr,1blem5. The response of very lightly

damped line(!r syst~s and of }\pltcing or strengU'-degrading nonlinear Sy5

tem~ ~cpends ~ignificantly on the duration of sha~in9. Duration is also a

key parameter affeC"~ing the likelihood of oc.:urrence of the phenon,~na of

low-c1'cle fatigue or soil 1iquefactiorl dering eartf1qtAdkes.

No single quantitative measure of t.he strOflg-motion durat ;on is in C(JlY1l()r:

usa~e in e;::-th'luake ~ngir.'~ering. Studies of the dejJendence of aUy'ation on

magnitude (Hl)USoer. 1965) and on distance and magnitude (E~tevJ)nd Rosenbluet~.

1964) a;"e not baseti (In quantitative definitions of duration. Tw) crude but

,;il11P~e measures of duration have been mentiOf\ed io the literat.ure. Tht! first

tlrfines duration a r the time interval between th~~ .first and last pea~s equal

to or 'Jl-eater than a given level. usually 0.05 g. rm the accelerograrn (Page

et al .• 1975). The second definition is based on cumulatlve energy obtained

by adding squared accelerations: duration is the time interval required to

accumulate a o~~cribed fraction of the total energy. for example, 95 percent

'Husid ~t al .• 1969) or 90 p~rcent (Trifunac and Brady, 1975). Bolt (1973)

suggested that bot." tt-ese Jefinitions could also be appl ied to sinusoida 1

components of th~ eart.hGuake Illotion occurring within different narrow fre

quency &lands.

In this paper. a new method is proposed for estimating the strong-motion

duration of earthqua~es. and it is applied to the horizontal components of

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

aAssor.iat~ Professor of Civil Engineering. H.1. T.. Cambridge. Ma. 02139

bResearch Assistant. Dept. of Civil Engineering, H.I.T .• Cambridge. Ma. 02139
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BACkGROliND

1" this section. we e~amine briefly two well known and closely rplated

functicn5 wh~{h describe the frequency content of earthquake ground accelera

tion. Tnese are helpful in cl~rifyiro9 the relationship between varipus

rr,~J~.lJr€S of ~h€ severity of ~arthquJkp. motion ann in introducing the proposed

aprroach to obtair:ing the duration of strong shaking.

Th€ Fourier ~2.1itu~~c._!rum (r.a.s.) of the ground acceleration aCt)

is the absolute valu~ (If the Fouriet transfonn of a(t).

f{w) = j aCt) e-iwtdt =
_00

to . If a( t) e- , wt d t
o I

in whkh II) =frequency of vibration (rad/sec.), i =r=-T, ar,d t :: l('ngth ofo

the digitized accelerogram (in seconds). The squared Fouritr amplitude spec-

trum f2(w), indicates how the total energy in the earthquake motion is distri-

bute\! over the frequency axis. Its integral over all frequencies h directly

related to the total motion "energy" 1
0

, or the so-called Arias Intensity

(1970), as follows:
to

1
0

=/ a 2 (t)dt
o

The equality in the center of tq. 2 is Parseva1 's relation. while the

equality on the right side re~ult~ from the fact that since a(t) is real.

F.a.s. is ar: even functio"l of frequency (i.e., f{-w) = f(lll».

A closely related fundion is the estimatecl ~ectral densi1:t.-_function

(s.d.f.) G(w) which indicates how the ground motion power, or energy per

unit time. is distributed over all frequencies. "Ie have (!iendat. 1958):

(2)

G(w) :: ..L ! fl (w) (3)
So 11"

in which So i~ the yet to be detennined strong-motion duration. It must be
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stressed that tht' ::>:~,:t re:dtion~llip betwe('n ttle twa flJnctions is rather deii

cate. t.1(w} obtai~ed by EQ. :3 is n'any ali e.~.t.!~~i!~ of the trup sppctral den

·;ity fUfl~t.ion. l,1e lat'.er is a statist1cill qdantity des(:ribing the 12!<P~_ct~d

distribution of tne eartrlquake power over frequlncy. Impl"ieJ by Eq. 3 is arl

idealilatiorl of the earthquake as a segment of liniited duration (so) ~f a rdn

dam proces.:i with con;tant average fr~quenc.Y content.

A basic property of the s.d.":'". is that the mean square accele:rai.ion "}2
o

(which equals the variancE:, since the mean accl'leration is zero) is obtained

by integrating G(w) over all frequencies.
GO

0 2 = J G(w) dw (4)
o 0

in which 00 = r.m.~. (root-mean-s':;'Jare) strong-motion acceleration. Comnininq

Eqs. 2, J and 4 yields the e:<pected relaHonship

I = s o~o 0 0
( 5)

In words. the total ground motion intensity 1
0

is distri~uted uniformly, at

constant average power o~, over the strong-motion interval so'

STRONG-MOTION DURATION

The Arias Intensity 1
0

and the maximum amplitudes of acceleration (amax )

and velocity (vmax ) are well-known measures of the severity of an earthquake

motion a(t~. ApprOximate procedu,~es also exist for estimating toe predominant

frequency Wo of an accelerogram, e.g .• counting the eQ~iv31ent number of cycles

in a(t), or more crudely. evaluating the ratio amax/vmax. The question at hand

is how to determine quantitatively the strong-motion duration s~ and the corres

ponding strong-motion r.m.s. acceleration 00. Eq. 5 ~uggests that large values

of So imply small r.m.s. values cro· For example, when So equals to' we obtain

0
0

= [Io'to]~. For very snall values of so' the r.m.s. acceleration cai1 become
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as large as a ,which haopens when s = I laz Ti't::.e .:-xtreme c:hoi.:;(o> forlilax . 0 0 max

~o are undesinble becau!>t" they ;m~ly values of 00 which are not related in

Cl conSl~telit II.anner to the "Iaximllll acceleraticn a . Tht> sol id 1 JOE' ';nmax
Fig. 1 snl)ols the ~~ak factQr ama/oo as d fund ~on nf So for the N- S Compor,ent

of the El Centro. 1940 earthquake. Note that the ratio (amay'!oo) may be as

high as 7.5 01' as low as 1. depending on which valu€ of So is cr.osen. This

observiStion h the key to the proposed method for evaluating stronq-motion

durations of eart.hquake records. The idea is that an dp;)roximate relationship

must exist between cro a~d amax ' The relationship is of course of a probabil1s

tic nature. The theory of stationary Gaussian random functions provides c

prediction Of the !lIO'.:;t p"obable value of the peak factor ama/oo during a

known time interval So of steady strong shakinq. Specifically, the value of

amax /\1o ' which is exceeded onc~ on the average during the interval So (or

which has a prob?Jility e- 1 of not being exceeded during so), i~ apprcximately+:

s > T
0- 0

(6)

in wh i ch To =2'1r/ Wo =predomi nant peri od of the earthquc? ke mot i on, and s o'T0 =

number o~ cycle~ during the time interval so' The 1o~r limit on So insures

that the peak factor will not be too low+; 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 Eq. 6) to the choice of To

Assuming To is known, Eqs. 5 and 6 can be viewed as a system of two equa

tions and two unknowns, So and 0
0

, The solution for So is implicit in the

foliowing equation:

So = [2 tn (2 So ITo) ] (I 0 / a~ax ) so?" To ( 7)

The ratio (Io/a~ax) is available for all strong-motion earthquake records.

+Eq. 6 is deri ved on the bas is of the assumpti on that t~le cross i ngs of a
specified, relatively high threshold occ~r as a Poisson arrival process.
The fonnula is inappropriate for very low thr(~sholds. The condition
a >1.2 a implies 5 >T ,which is the bound set in Eq. 6.max- 0 0- 0
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The solution to Eq. 7 is plotted in Fig. 2. Note that the duration s iso
nearly a linear functiofl of Io'a~a:: for i\ g;vf>n value of To' Fer the El

Centro. 1940 N- S component. the ratio I/a~ax is 0.975, and To .s ()bout

0.3 sec. From Fig. 2. it follows that So is about 7.5 ~ec. The correspon

ding r.m.S. acceleration (obtained by using EQ. 5) is a = 0.12 9 and the
o

peak factor is (amax/ao):~O.339/0.12g;';2.75. The quantities so' 00 and

amax are shown in Fig. 3.

The main features of the strong-motion duratlon ~o are that (i) the

total motion energy 1
0

is preserved. and (ii) a consi~tent relationship be

tween amax and the strong-motion r.m.s. acceleration 0
0

is guaranteed.

INTERPRETATION BASED ON MOVING AVERAGE POWER

The strong-motion duration may also be deri~ed by using a procedure

based on moving average power. The procedure yield~ essentially the same

results as those just presented (Eq. 7). but it sheds a different light on

the concept and the interpretatio~1 of strong-motion duration.

We start by examining the c\.mulat1!e intensity function Ht) studied

by Husid et al. (1969):
t

I(t) = J a2 (u) d u
o

(8)

It is zero when t = 0 and reaches its maximum vahle 1
0

= I(to)' the Adas

Intensity. at the ~nd 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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O<t<t -tit
- -- 0

(9)

in which 6t 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 ~t. The larger 6t, the smoother the average moving power P~t(t).

let a~t denote the peak value of the moving a1~rage power. The corres

ponding "equivalent duration" S6t is equal to the ratio of the Arias Intensity

1
0

to the peak average power aXt.

(lO)

As shown in Fig. 4, the effect is to distribute the total energy 1
0

u~ifonm1y

at constant p~'er a~t. Finally, a peak factor is obtain~d:

( ll)

For each integration interval 6t, we can compute the r.m.s. accelerat~on

a6t, the equivalent duration S6t. and the peak factor (amax/06t)' For

very small integration intervals 6t. the r.m.s. acceleration 06t approaches

the maximum acceleration amax ' and the pe~k factor approaches one. At the

other extreme, when lit equals the record ~ength to' we have alit = I la/to.

For each value of 6t, 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:

( 12)
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To is the predcminant period. which is initially treated as constant in the

~rocedure. (The 1nitial value of To is obtained by dividing the time to by

half the number of zero-crossings in the accelerogram).

The theoretical peak factor. plotted against ~t will vary "lOre slowly

than the peak factor computed by Eq. 11. The desired peak factor i5 the or

dinate of the point where the two curves intersect. The corresponding values

of "M and slit may then be obtained from Eqs. 10 and 11.

Actually. To depends on the choice of the time interval within which

zero-crossings are counted. For some accelerogr&os. the predominant frequency

is strongly influenced by the motion at the end of the recol·d. Therefore. it

seemed worthwhil~ to implement an iterative computational procedure in which

only zero-crossings within the interval S~t (centered at the time the peak

acceleration occurs) are counted.

NUMERICAL 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 magnitude~, source-to-site

distances, and site conditions. He also classified the records into two

categorie~'i: "rock" (11 records) and "soil" (59 records)+.

Table 1 lists the results for all 140 accelerograms which are labeled as

in the C.I.T. computer files. In addition to the strong-motion durations and

the corresponding peak factors. Table 1 lists the Richter magnitude (M). epi

central distdnce (R), M.M.I. Intensity. maximum acceleration Arias Inteosity

(1
0
), the predominant period (To) and the soil/rock designation for each

record.

+Magnitudes and epicentral distances ~re reported by McGuire and Barnhard
(1977). and soil designations are given by McGuire (1977).



10

Table II c~ffipares various durations for a subset of records. For each

record. the ~ime intervals based on the 5 to 95~ energy fraction (as proposed

by Trifunac and Brady, 1975), as well as those based on other energy fractions

(10 to 90%; 20 to 80%; 25 to 75%; and 33 to 67%), and the proposed stt'ong

motion duration, arc listed side by side. Tifble II suggests stronqly tr.at

the strong-motion durations cannot be related consistently to the time inter

vals corresponding by any specific fraction 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 16 record~

with a strong-motior. duration shorter than the ".33-+ .'>7%" time interval

and 4 records wi th a duration exceeding the ".05 -+ .95%" time interval.

Histograms of the peak factors. the predominant periods, and the strong

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 ~ec.

For earthquake re~ord~ with strong-motion durations 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 -;ecoflds

(when the slope of I(t) is relatively If1at"). peak factors range rrom 2.6

to 3.2.

Table I contains the information needed to conduct a number of ground

motion parameter studies which involve strong-motion duration. In particular.

consider the relationship shown in Fig. 8 between strong-motion duration and

earthquake magnitude for different ranges of epicentral distance. For COITI

parison. two well-known pr~diction equations for strong-motion durations are
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also plotted in Fig- o. The solid line (~1g_ 8) is the 1i~ear reiationship

suggestt:d by Hausner (1965) for "the strong phase of ground shaking" (evaluated

subjectively) ~gainst magnitude M:

s = 11 M - 53 (13 )

Esteva and Rosenb1ueth (1964) estimated the duration of an "equivalent oround

motion with unifonn intensity per unit time" as follows:

s = O. 02 eO•74 M + O. 3 R (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. 8.

CONCLUSIONS

A new and 5imp1e proce1ure ;s presented for estimating the stror.~-motio~

duration So and the r.m.s. strong-motion acceleration 0
0

of earthquake ground

motion records. The strong-motior duration is found to be nearly proportional

to the quant·ty Io/a~ax' in which amax is the maximum ground acceleration and

1
0

is the Arias Intensity or the integral of the squared accelerations. The

proportionality factor is equal to the square of the peak fac~ul' (the ratio

of the maximum to the r.m.:'. !:trcng-mntion acceleration); the 'attf't' averages

about 2.6~. and the proportionality factor about 7. A less important factor

in'''1uencing the relationship hf'tween So and Io'a~ax is the predominjf'lt period

of the strong f.'hase of the ao:eleroqram. Thp main features of the proposed

procedure to ob=ain the strong-motion duration So and the corresponding r.m.s.

strong-motion acceleration 0 is that (i) it preserves the motion intensityo

Jo' i.e., 1
0

=O'~ so' and (;i) it guarantees a consistent a'id predictable rela-

tionship between a and (l • i.e .• (,1 /u) = r2'7r.~-IIT. This expressionmax 0 max 0 0 0

predicts the maximum acceleration whfch will occur once on the averdqe during

the strong-motion time int~rval so'
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H.e pro)osed tlrocec1ure could also be used to obtain E''1lJi'Jalent durations

for diff~rer.t frequency-filtered components of earthquake records as suggested

by Bolt (1973). For example. one may wish to restrict attention to long-period

ground motion COOIponePS. or to compon~nts operating within a narrow band of

frequencies in the neighborhood of the fundamental frequency of a structure of

interest.

Th~ proposed procedure has been applied to 140 hor;zontal component~ of

stron~ earth~uake ground motions. The results are tabulated and sURftla,'ized in

the f~rm of histograms of streng-motion duratlons and pea~ factors. The de~en

dence of strong-motion duration on earthquake magnitude and epicentral distance

is also examined.

It is bel ieved that the propost::d definition of strong·-motion duration fills

a siqnificant gap in earth~uak.e ~ngineer'ing research. It will pennit. a more con

fident approach to a nlimber of importarH seismic erlgineering problems in which

strong-motiun duration plays a ~ey role. It is'hoped that it will also be of

serl/'ice in the developl11pnt of improl/ed procedures for specifying design ground

motions by pennitting quantitative treatment of the cor:'elation between d'.H'ation

and other groun~ motion parameters. as a function of earthquake source parameters

and distance.
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C.I.T. DURATIONS CORRESPONDING TO FRACTION Of 1
0

PROPOSED
STRONG-MOTI ONNo. 5 - 95% 10 - 90% 20 - 80% 25 - 75% 33 - 67% DURATION So

8037-1 5.48 3.08 0.70 0.32 0.18 1.39

B035-1 13.72 I 8.68 4.56 3.76 2.10 2.37

A016-1 27.48 I 5.S4 1. 92 1.16

I
0.84 ?7f1

B021-2 HL20 11.44 6.78 5.44 3.92 2.91

AOC8-1 13.00 6.08 2.66 2.04 1.42 5.47
IG1l4-2 18.94 15.80 9.86 8.58 6.40 7.5i I

AOO4-2 28.82 20.1C 10.26 8.16 4.72 10.72
T288-2 38.14 34.46 I 23.66 20.00 7.64 16.26
Y379-1 49.64 42.26 27.40 25.28 15.58 22.21
AOO3-2 26.84 20.04 13.38 10.00 7.32 23.59
A019-2 39.82 32.06 19.28 14.62 19.94 31.55
A007-2 32.08 27.14 18.32 14.12 7.54 40.08

TABLE II

Compariso-, of Durations Corresponding to Various Fractions of Total Energy and
the Proposed Strong-Motion D~rat;on So for 12 Strong-Motion Earthqudke Records.


