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SUMMARY

A method for generating synthetic strong motion accelerograms for use in engineering design is presented. This
method utilizes the model proposed by Trifunac in 1971% in conjunction with the recent empirical scaling functions
for characterization of amplitudes and duration of strong shaking in terms of (i) earthquake magnitude, M, and
epicentral distance, R, or (ii) Modified Mercalli Intensity (MMI) at the recording station. The method also enables
one to consider the desired levels of confidence that the synthetic motion will not be exceeded, direction of ground
motion (horizontal or vertical) and the dispersive properties of geologic environment beneath and surrounding
the station. The principal features of this approach are that the resulting accelerograms have non-stationary
frequency and amplitude characteristics which are in full agreement with known principles of wave propagation
through a stratified medium, and that the Fourier amplitudes and the frequency-dependent duration are scaled
in accordance with known trends as in recorded accelerograms.

INTRODUCTION

After 45 years of strong motion recording programs in the western United States, less than 200 significant
strong motion accelerograms have been recorded, processed and analysed.l® While these data do represent
a unique and invaluable collection for studies of strong earthquake ground motion, they do not cover all
different recording conditions to represent a complete observational basis for use in engineering design.
Thus, for certain engineering applications it is necessary to estimate future shaking at a site, often outside
the range of parameters for which recorded data are now available. Furthermore, considerable variability
in the characteristics of recorded motion even under similar conditions may require a characterization of
future shaking in terms of an ensemble of accelerograms rather than one or two ‘typical’ records. This and
related requirements have created a need for the development of techniques for generation of artificial time
histories that simulate realistic ground shaking with different degrees of detail and from different view-
points. In this paper, we present a refinement of the method presented by Trifunac.?

Apparent overall irregularity of early recorded accelerograms'? and the limited number of records in the
1950’s have led some investigators to explore the possibility of modelling strong ground shaking by means
of random time functions of simple but known properties. Thus, Housner,!® for example, assumed that an
accelerogram could be modelled by a series of one-cycle sine-wave pulses. Others used a series of pulses
distributed randomly in time.>" %222 On the basis of such artificial time functions of known statistical
properties, it became possible to study the response of hysteretic structures'¢ and to design for the effects of
seismic forces on the basis of probability methods.® 1925

With the increasing number of recorded accelerograms in the 1950’s and early 1960’s, it became clear*
that the non-stationarity of ground motion can influence structural response significantly. This prompted
the development of a number of non-stationary random time series methods for the construction of artificial
accelerograms.? 3 6.810,1%,18,24 The non-stationarity in these models was achieved typically by (a) multiplying
stationary random time series by a non-stationary envelope function, by (b) changing the frequency content
of artificial accelerograms as a function of time, and by (c) superimposing simple earthquake sources with
some phase delay in time® to represent propagation of a simple earthquake source!! by means of radiated
P- and S-waves only.
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Recent observational studies of strong ground motion have shown that a typical strong motion record
consists of near-field, intermediate field, body waves and surface waves contributing different amounts to the
total result, depending on the earthquake source mechanism and on the wave path.26-29-31 Empirical studies
of spectral characteristics®% and of the frequency-dependent duration® 35 have further shown the
dependence on the geologic environment of the recording station. Consequently, realistic artificial accelero-
grams should have non-stationary frequency, amplitude and duration characteristics that agree with the
trends which are now known to be present in the recorded accelerograms.

The purpose of this paper is to present an engineering method for generating artificial strong motion
accelerograms which

(i) have Fourier amplitude spectra consistent with spectra computed from recorded accelerograms in
conditions characterized by (a) magnitude, M, and source-to-station distance, R or (b) Modified
Mercalli Intensity (MMI) at the site ;%

(ii) have duration of strong shaking which is consistent with observations and with empirical scaling of

the duration in terms of M and R* or MMI;* and

(iii) have overall transient time characteristics with wave arrivals consistent with dispersive properties of

the wave guide beneath the recording station.26

Artificial accelerograms with proper dispersive characteristics and realistic wave arrival times cannot be
derived from Fourier amplitude spectra only.®»% This is because, so far, a method for empirical scaling of
Fourier phase spectra in terms of geologic characteristics of a site has not been developed. This seems as
difficult as correlating the complete acceleration time function with the local geology data. To avoid this
difficult task, in this paper we show how, by means of a scaling factor o, the assumed spectral amplitudes
at any given frequency w, and containing all information on the dispersion, can be changed to agree with
spectral amplitudes consistent with observations and with the above three requirements.

THEORETICAL BASIS

Most empirical scaling procedures neglect the phase of the Fourier spectrum of acceleration since a regression
analysis involving the phase of the Fourier transform is equivalent in difficulty to correlating the time
histories themselves. Instead, just the modulus of the Fourier transform is typically correlated with pertinent
scaling parameters. These correlations may take many different forms depending on which parameters are
used to characterize strong ground motion.3%33

To describe the method presented in this report we begin by considering a group of harmonic waves
having a Fourier transform of the form

c exp[—i(w—w,) tf+id,], for w,—Aw<w<w,+Aw
Fw)={ cexp[—i(w+w,)tf—ip,], for —w,—Aw<w< —w,+Aw )
0, otherwise

| Fy(w)| has a constant amplitude ¢, and its wave form in the time domain is

10 =55 | F@exptando = 0,0c0s@, t+4) @
in which Q,(¢) is an envelope function
0,(r) = 20 T2l ©
™ —h

The function Q,(7) has its maximum at ¢ = 7%, and it decreases as |t —1¥| increases. The quantity ¢} can be
viewed here as the arrival time for the wave group £,(¢).
Consider now a second group of waves

2¢, sin Aw(t— 1)
T t— lé“

folt) = cos (w, I +¢y) ©)
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It has a constant Fourier amplitude | Fy(w)| of ¢, over the same frequency band as f,(¢), i..
coexp [—i(w—w,) 1§ +igy], for w,—Aw<w<w,+Aw
Ffw)={ cyexp[—i(w+w,)tf—idy], for —w,—Aw<w<~w,+Aw )
0, otherwise

When these two groups of waves are superimposed as

g(t) = fL(O+/(1) (6
the Fourier amplitude of g(¢) is no longer constant, and becomes
| G(w)| = | Fy(w) + Fy(w)| = y{c}+c§+2¢, ¢ycos [(w —w,) (tF =)+ (P~ b1} )

a function of w over the interval, w, — Aw<|w|<w,+Aw.

The oscillatory characteristics of | G(w)| about its mean are such that the amplitude is controlled by the
difference in amplitudes of ¢, and ¢, and the rate of oscillation is controlled by the difference in arrival times,
(¥ —1¥). Therefore, the irregularities of a typical Fourier amplitude spectrum can be thought of as being the
interferences caused by many wave groups arriving at the site with different amplitudes and at different
times.

To reconstruct an accelerogram from the Fourier amplitude spectrum, one must have the following
information: (i) the arrival times and (ii) the relative amplitudes of different waves. For the latter task, only
relative amplitudes are needed because the absolute amplitude of the combined time history is given by the
Fourier amplitude spectrum of the complete artificial accelerogram.

GENERATION OF SYNTHETIC ACCELEROGRAMS

Wave propagation studies have shown that in an inhomogeneous medium the surface waves and body
waves travel at different velocities. Furthermore, in layered media surface waves travel in a dispersive
manner, their velocities depending on the material properties of the medium, the frequency of wave motion
and the geometrical configuration of the layers. The group velocities for a particular site can be estimated
either by processing of previous records using techniques in observational seismology or by theoretical
calculations. At present, most theoretical models are based on horizontal parallel layers. An example is
shown in Figure 1, in which an approximate profile for the El Centro, California site is used. Although the
assumption of horizontal layers is a restrictive one, it is advantageous to use theoretically calculated dis-
persion curves for the generation of arrival times of different phases because experimentally derived results
may not be available for all sites and it is also difficuit to obtain them for high frequencies.

Once the dispersion curves have been computed, the arrival times of the mth mode at w,, can be written as

tﬁm = R/Um wn) (8)

where R is the distance from the source to the station and U,(w,,) is the group velocity of the mth mode at
the frequency band centred at w,,.

One can select the frequency bands narrow enough, i.e. Aw,, is small enough, so that U,(w) is approxi-
mately constant throughout, w, —Aw, <w<w,+Aw,. Then the contribution to the total accelerogram
from this particular frequency band can be expressed as

sinAw,(t—t%)

nm.
t—tk

M
hn(t) = mzlan A cos (wn t+ ¢n) (9)
where M is the total number of surface wave modes, &, is a phase introduced to include random effects of
source dislocation and other miscellaneous effects along the propagation path, w,, is the centre frequency,
and ¢¥  is the arrival time of the mth mode given by equation (8). The amplitude of each mode is currently
defined as «, A, Ann, being the relative amplitudes of different surface wave modes and «, is a scale
factor to be used for determining the final amplitude through a specified overall Fourier amplitude spectrum
FS(w,,).
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With all the different waves arriving at different instances, the Fourier amplitude of 4, (7),

M
2 —ilw—w,) 1~ —Aw<|w|<w,+Aw, (10
|Hn(w)l — mz=1 5 oy Anm eXp [ l(a) (L)n) tnm ¢n)] s for w, w lwl w w ( )
0, otherwise

is an irregular function over a narrow band of 2Aw. We match its mean amplitude so that

WptAwy,
J. IHn(w)|dw/2Awn = FS(w,,) 1n
Wp—Awy
Thus, by substituting equation (10) into (11), one can solve for the scale factor @, as
7 [ontlAw,| M .
o = 280, FS() (7 [ 3 50 1-iC- ) 12~ 41 do (12)
wn—Awy | m=

A similar procedure can be applied to other frequency bands within the frequencies of interest. For a Fourier
analysis divided into N non-overlapping bands, the total accelerogram can be expressed as

N M 1 S
al)= 3y S Ay BRI 00) (o w0 t461) 13)
m=1 m=1 I=tim

As pointed out by Trifunac?” body P- and S-waves could be modelled for purposes of generating artificial
accelerograms for use in engineering response calculations in two different ways. One approach would
consist of adding two bursts of energy to the surface wave motions modelled by (9). Another simpler
approach adopted in this paper is to merely add ‘higher order modes’ to the dispersion curves of surface
waves and to select 4,,,, so that contributions of these modes ‘represent’ P- and S-wave arrivals. Surface
wave modes 6 and 7 in Figure 1 have been chosen in this manner for examples shown in this work.

Calculation of A, and $,,

Depending upon the faulting mechanism and the wave paths to the site, various amplitudes of body and
surface waves will be excited. Some methods have been developed in seismology for the partitioning of energy
radiated into these contributions, but for strong motion and for near field shaking, scaling of spectral



ARTIFICIAL STRONG MOTION ACCELEROGRAMS 513

amplitudes based on the empirical scaling laws derived from recorded accelerograms may be preferable.
For the accelerograms presented in this paper, 4, was chosen to be as proposed by Trifunac.?
The values of 4, as a function of frequency have been defined as

Apm(wy) = Al(m) Aywy) (14)

Aq(m) = |exp [~ (m—mpP[2C3] + Cy X

where
and
Ax(w,) = | Byexp[—(w, —wp)*2w}]+ By Xgq |

Xz and Xy, are random numbers between —1 and 1, the other constants are defined in Table I. The
phase ¢,, is assumed to be random between —= and 7.

Table 1
m Co my Cr B, wp wp Br
1 3 5 02 1-5 10 5 01
2 3 5 02 1-5 10 5 01
3 3 5 02 1-5 10 5 01
4 3 5 02 2:0 25 15 01
5 3 5 0-2 2-0 25 15 0-1
6 3 6 02 30 30 10 03
7 3 7 02 1-5 30 5 0-25

The Fourier amplitude spectrum

Since the Fourier amplitude spectrum (Figure 2)%%33 is the most direct quantity that can be used for
defining the amplitudes of an accelerogram, it is useful to derive detailed knowledge on how it varies as a
function of the simple earthquake scaling parameters.

For scaling in terms of the earthquake magnitude, the Fourier spectrum, FS, as a function of period T is

10go FS(T) = M +1og Af(R)—a(T) p—b(T) M — (1) —d(T)s—e(T)v—(T) M*~g(T) R (15)

In this relationship, M is the magnitude, R is the epicentral distance, v = 0 for horizontal components and
v = 1 for vertical components, and s = 0 for the alluvium sites, s = 2 for a site on the sound basement rock
with s = 1 for ‘intermediate’ geologic conditions. The terms a(T),H(T), ...,g(T) are regression coefficients
found independently at each period (7). Following Trifunac,? for magnitudes M < My, = —=b(T)/2/(T),
the terms —b(T) M ~f(T) M? are replaced by the constant —b(T) M, —f(T) M3, and for magnitudes
M>M,_,. =[1-bT)]/2f(T), the terms M —b(T) M —f(T) M? are replaced by the constant

max
Mmax - b(T) Mma,x —f(T) anax'

The term log,, 4(R) is the attenuation function given by Richter®® for the local magnitude scale in
southern California. To apply this method correctly to another region, the coefficients in equation (15),
or a comparable equation, should be derived entirely from data of that region. However, in the absence of
such data, a reasonable approximation is to replace the term logy, A,(R) derived for southern California with
one applicable to the region considered.

The term a(T) p; describes the way the data are distributed about the mean curve, where p, is approximately
the probability that FS(T) will not be exceeded for a given M, R, s and v. The values of a(T)—g(T) for
eleven periods are given in Table II(a) while the attenuation factor logy, A(R) is shown in Table II(b).

For the scaling in terms of the Modified Mercalli Intensity (MMI), the regression equation has the form33

logyo FS(T) = a(T) py+b(T) Ly + (1) +d(T) s +e(T)v (16)

in which Ly is the integer corresponding to the level of intensity at the site. Other parameters such as pj,
s and v are defined in the same manner as in equation (15). The numerical values of 4, b, ¢, d and &(T) are
given in Table IIIL
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Equations (15) and (16) give Fourier amplitude spectra in terms of p; which, for 0-1 < p,;<0-9, approximates
the actual distribution, p,, of spectral amplitudes about those two assumed models. It has been shown by
Anderson and Trifunac! that p, can be approximated by a Gaussian distribution function at all periods.

They show that
_ (™ 1 1 e—u(T) 2]
Pa f_wo(r)ﬁwexpl 2( a(T)) de

can be used to approximate p, versus p; and that this functional form is not rejected by either x2 or
Kolmogorov-Smirnov tests of H, hypothesis. In this expression, (7)) and o(T) represent the best values
(in the sense of least squares) of mean and standard deviation and are determined from the data on FS
amplitudes and for different periods T (see Tables II(a) and III).
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Table Il(a). Regression coefficients for Fourier amplitude parameters: M, R, s, v, p;

515

log(T) )  bT) o)  dT)  eT) 10AT) 1000g(T)  oT)  u(T)
—1-398 —1-688 —1-086 7-615 -0-018 —-0-098 1-320 —-0-441 0301 0492
-1-150 ~1:620 —1-380 7-892 -0-080 -0-026 1-527 —-0-869 0-300  0-502
-0+903 -1:517 - 1418 7-344 —-0:068 0-094 1-542 —-1-052 0299  0-500
~0655 -1445 -1216 6249 0011 0229 1364 -0940 0289  0-488
-0407 -1460 —1053 5587 0-102 0304  1-206 —0-709 0281 0479
—0159 -1-514 ~1:129 5913 0-163 0-319 1227 -0-610 0280 0479
0-088 —1-549 —1-499 7-328 0-189 0-309 1-469 —-0-753 0-287 0488
0336 -1:570 —2-592 11230 0-197 0-288 2250 —1-033 0-301 0511
0584 —1-601 —-4042 16381 0-200 0-281 3-300 —1-258 0312 0-532
0-831 -1:630 —4-699  18-875 0-204 0292 3775 —1-352 0:302 0522
1-:079 —-1-633 —-4-872 19715 0203 0297 3-900 -1-375 0289 0492
Table II(b). log,, A,(R) versus epicentral distance R*
R(kkm) —logy AR) R(km) —logy 4o(R) R(km) —logi A¢(R)

0 1-400 140 3-230 370 4-336

5 1-500 150 3-279 380 4376

10 1-605 160 3-328 390 4414

15 1-716 170 3-378 400 4-451

20 1-833 180 3-429 410 4-485

25 1-955 190 3-480 420 4-518

30 2-078 200 3-530 430 4549

35 2-199 210 3-581 440 4-579

40 2314 220 3-631 450 4-607

45 2:421 230 3-680 460 4-634

50 2-517 240 3-729 470 4-660

55 2-603 250 3-779 480 4-685

60 2679 260 3-828 490 4709

65 2-746 270 3-877 500 4732

70 2-805 280 3:926 510 4-755

80 2:920 290 3-975 520 4776

85 2:958 300 4-024 530 4797

90 2-989 310 4-072 540 4-817

95 3-020 320 4119 550 4-835

100 3-044 330 4-164 560 4-853

110 3-089 340 4-209 570 4-869

120 3-135 350 4-253 580 4-885

130 3-182 360 4-295 590 4-900

* Only the first two digits may be assumed to be significant.

Unless a particular situation calls for a specified spectrum, the above two empirical scaling functions are
capable of providing site-dependent Fourier amplitude spectra that are consistent with current observations.

Duration of strong shaking

For structural analyses that consider fatigue and non-linear response of structures, the excitation level
alone is generally inadequate to characterize the response, and a description of the duration of strong shaking
is also necessary. For this reason, in this work the duration is included as an important frequency-dependent
quantity while generating a synthetic accelerogram.

The duration of strong shaking is closely related to the difference in arrival times of the fastest and the
slowest waves. Thus, if a representative dispersion curve can be derived for the site, it is most likely that such
an estimate of the duration will be in agreement with the empirical scaling relationships based on recorded
accelerograms.
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Table III. Regression coefficients for Fourier amplitude parameters: Iy, S, v, P

log (T) a(T) b(T) o(T) d(T) e(T) o) 1)
-1398 1707 0341  -4295 0-159 0-011 0321 0476
—-1-141 1688 0312  —3-467 0-222 0025 0326 049
—-0883 1559 0285  -2523 0178  -0104 0326  0-506
-0626 1387 0272 -1886 0092  —0264 0315 0501
-0-368 1294 0272 —1-626 0023 ~0-335 0-308 0-496
-0-111 1316  0-286 - 1-667 -0016 —-0-338 0-307 0497

0-146 1413 0312  -1937  -0039  -0277 0314 0508

0-404 1516 0320 -2:097 -0079 -0207  0-333 0-519
0-661 1-537 0280 —1-947 ~-0-102 -0234 0342 0522
0919 11485 0216 —-1793 —-0-063 -0214 0329 0530
1-176 1473 0174 -1-983 -0032 -0-014 0318 0541

Using the definition given by Trifunac and Brady,* the duration is estimated by the ‘energy-like’ quantity
¢

1) = f Pr)dr (7)
0

The duration T'is defined so that I(T') is 90 per cent of I(c0), i.e. T'is taken to be the interval in time in which
90 per cent of the seismic energy is contributed to the motion at a point. Since the input vibrational energy
represents an important parameter in measurements of fatigue, this definition of duration appears to be
useful from a structural analysis point of view.

The duration has been correlated with different parameters describing characteristics of strong shaking

in a manner similar to that used in scaling the Fourier amplitude spectra. In the work by Trifunac and

Westermo,335 the duration is analysed in six frequency bands, ranging from 0-125 Hz to 25 Hz as in
Table IV.

Table IV
Frequency Centre
Band range (Hz) frequency (Hz)
1 10-25 18
2 4-10 7
3 1-5-4 27
4 0-7-1-5 1-1
5 0-3-0'7 05
6 0-125-0-3 02

Table V. Regression coefficients, D = as+bM+cR+d+a

Centre
frequency  f. = 180 fo=170 fo=27 fo=11 fe=05 fo=02

Vertical acceleration

a —1-04 -123 —-3-30 —5-83 — 680 —4-45
b 0-34 1-38 212 0-51 —-0-47 -1-09
c 012 0-08 0-08 0-08 0:06 0-08
d 3-43 —-0-57 —-095 16:16 29-57 3062
o 534 4-59 5-93 886 11-65 12-44
Horizontal acceleration
a —1-66 -1-38 —-2-75 —4-09 —4-82 —-3:02
b 0-64 1-32 1-28 —-036 1-68 —-043
¢ 0-13 0-08 0-09 0-08 0-07 0-09
d 1-88 —0-77 1-42 16-41 11-82 22-00
o 5-89 5-10 557 7-41 10-75 12-01
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Using these frequency bands, the correlation of duration with magnitude in each frequency band takes

the form
D=as+bM+cR+d+o (18)

where s is the site classification parameter, M is the magnitude, R is the epicentral distance and o is the
standard deviation. It was found that the vertical and horizontal components of the accelerograms have to
be analysed separately, so the coefficients a, b, ¢, d and o are tabulated in Table V for both vertical and
horizontal components. For cases where MMI is used, the available data are collected into the form of a
table with the site condition and MMI as independent variables. The results are tabulated in Table VI.

EXAMPLES

Following the development in equations (8)(13), and by employing equations (14)(19), one can readily
devise a computer program to calculate a synthetic accelerogram.®

Figures 3-6 present examples of artificial accelerograms computed for selected scaling parameters and
using frequency-dependent duration. In addition to synthetic acceleration, these figures show the frequency-
(cps) and time- (s) dependent amplitudes in equation (13) normalized so that the largest amplitude is equal
to 5. To avoid cluttering and to show the significant contribution to synthesized acceleration, in these
figures we present these amplitudes only for f<5-75 cps. All accelerograms were calculated, however, for
0-07< <25 cps.

The effect of different site conditions (s =2 for basement rock and s =0 for alluvium) is shown in
Figures 7 and 8 for M = 6:5, R =20 km, v = 0 and p = 0-5. While the overall acceleration amplitudes are

quite similar, for s = 0 duration of strong shaking is longer than for s = 2.

Figures 9 and 10 present a similar comparison between s = 0 and s = 2 (alluvium and basement rock sites)
and for MMI =V, R =30 km, v = 0 and p = 0-5. Other examples of artificial accelerograms computed in
terms of M/ and R or MMI and R have been presented by Wong and Trifunac.3” They also show how equations
(15) and (16) and the correlations of the duration of strong shaking can be refined to include the depth of
sedimentary deposits beneath the station.

CONCLUSIONS

In this paper, we have presented a method for synthesizing realistic strong motion accelerograms for use in
engineering design. The advantages of this method are that the results have almost all known characteristics
of recorded strong shaking. In particular, these artificial accelerograms have non-stationary characteristics
in time which are derived from known dispersive properties of earthquake waves guided through shallow low
velocity layers of the earth’s crust. These dispersive characteristics can be introduced directly as an input
into the computer program and thus can portray directly the geologic environment of each specific site.
Other scaling functionals required for synthesis of artificial accelerograms presented here are (i) the Fourier
amplitude spectrum and (ii) the frequency-dependent duration of strong shaking. These two functionals can
be estimated either in terms of empirical scaling relations developed in terms of earthquake magnitude3® 34
or in terms of Modified Mercalli Intensity.33 35
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