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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination of knowledge about earthquakes, the improvement of earthquake-resistant
design, and the implementation of seismic hazard mitigation procedures to minimize loss of lives
and property. The emphasis is on structures and lifelines that are found in zones of moderate to
high seismicity throughout the United States.

NCEER’s research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

+ Existing and New Structures
 Secondary and Protective Systems
Lifeline Systems

Disaster Research and Planning

This technical report pertains to Program 1, Existing and New Structures, and more specifically
to geotechnical studies, soils and soil-structure interaction.

The long term goal of research in Existing and New Structures is to develop seismic hazard
mitigation procedures through rational probabilistic risk assessment for damage or collapse of
structures, mainly existing buildings, in regions of moderate to high seismicity. The work relies
on improved definitions of seismicity and site response, experimental and analytical evaluations
of systems response, and more accurate assessment of risk factors. This technology will be
incorporated in expert systems tools and improved code formats for existing and new structures.
Methods of retrofit will also be developed. When this work is completed, it should be possible to
characterize and quantify societal impact of seismic risk in various geographical regions and

large municipalities. Toward this goal, the program has been divided into five components, as
shown in the figure below:

Program Elements: Tasks:
. " Earthquake Hazards Estimates,
Seismicity, Ground Motions Gmunq: Motion Estimates,
and Seismic Hazards Estimates B> New Ground Motion Instrumentation,
Earthquake & Ground Motion Data Base.
|
eotechnical Studies, Soils Site Response Estimates,
G . hnic . Large Ground Deformation Estimates,
and Soil-Structure Interaction B Soil-Structure Interaction.
S R . Typical Structures and Critical Structural Components:
ystem Kesponse: . Testing and Analysis;
Testing and Analysis Modem Analytical Tools.

Vulnerability Analysis,
Reliability Analysis ¢ 3 Reliability Analysis,
i Risk Assessment,
SSess t »
and Risk A men ' Code Upgrading

Expert Svstems Architectural and Structural Design,
pert Sy Evaluation of Existing Buildings.
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Geotechnical studies, soils and soil-structure interaction constitute one of the important areas of
research in Existing and New Structures. Current research activities include the following:

Development of linear and nonlinear site response estimates.

Development of liquefaction and large ground deformation estimates.
Investigation of soil-structure interaction phenomena.

Development of computational methods.

Incorporation of local soil effects and soil-structure interaction into existing codes.

Nk W=

The ultimate goal of projects in this area is to develop methods of engineering estimation of large
soil deformations, site response, and the effects that the interaction of structures and soils have on
the resistance of structures against earthquakes.

This study represents work being done in the area of site response analysis. Currently, few sites
have actual recordings of strong ground motion, and simple procedures for simulating multiple
event earthquakes do not exist. In order to provide accurate, strong ground motion input to
structural models which accommodate multiple event earthquakes, the researchers compiled a
database of strong motion accelerograms, and modeled them using an ARMA process. The
resulting simulations provided realistic duration, frequency content, intensity and number of
periods of shaking for the site and source variables. The simulation results can be used to
develop seismic hazard curves for a given site.
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ABSTRACT

Large earthquakes are often made up of several subevents. Thus the cumulative
damage is higher than for single event earthquakes. Many procedures have been
developed to simulate earthquake ground motion occurring from a single energy
release; however, procedures to model accelerograms with several periods of strong
shaking and to relate the modelling parameters to physical variables have not been
developed.

In this research, a database of strong motion accelerograms from multiple event
earthquakes including the 1978 Miyagiken-Oki Earthquake, the 1968 Tokachi-Oki
Earthquake, the 1983 Nihonkai-Chubu Earthquake, and the 1985 Michoacan Earth-
quake were modelled by an ARMA process after first processing the records with
multivariate variance and frequency stabilizing transformations. The modelling
parameters were related to the time, magnitude, and location of each subevent and to

the site conditions using a regression analysis.
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SECTION 1
INTRODUCTION

The damage incurred by structures during an earthquake depends on both the
nature of the structure and the properties of the ground motion. However, few sites
have recordings of strong ground motion. To provide input motions to structural
models for sites for which no strong motion accelerograms exist, it is necessary to
simulate the ground motion.

Many procedures exist for simulating ground motion from a single energy
release. Models for simulating the frequency spectra of the ground motion are useful
in predicting the response of linear structural models, but do not work well to predict
nonlinear response. Simulated accelerograms can also be used as input motion. How-
ever, simple procedures for simulating accelerograms from multiple shock earth-
quakes based on historical data do not exist. Depending on the location and time of
each subevent, simulations with several periods of strong shaking may be needed.
These accelerograms will result in higher cumulative damage to structural models
than single event earthquakes. To simulate these records, a modeling procedure
which can measure and simulate accelerograms with several sections of strong shak-
ing is needed.

In this report, the results of modeling a large database of strong motion accelero-
grams from multiple event earthquakes using a procedure based on Ellis et al. (1988)
is presented. An overview of this procedure is shown in Fig. 1.1. Because of the use
of a standard deviation function to model the intensity of shaking, the procedure can
be used to efficiently generate simulations with multiple periods of shaking. By relat-
ing the modeling parameters to physical variables through a regression analysis, it is
possible to simulate the ground motion of multiple event earthquakes for sites where
no strong motion data exists. These simulations will have realistic duration, fre-
quency content, intensity, and number of periods of shaking for the site and source
variables. Also, because accelerograms often show different behavior under similar
conditions, the variability in ground motion is measured by the standard errors of the
regression parameters. This makes it possible to generate many simulations with
varying properties within the range of the expected ground motion.
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Fig. 1.1 Procedure for Modeling Multiple Event Earthquakes.
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SECTION 2
MULTIPLE EVENT EARTHQUAKES

Multiple shock earthquakes occur when the rupture reaches a barrier which stops
the faulting. Various types of barriers have been proposed by Aki (1978). These can
be classified as either geometric discontinuities or inhomogeneities at the plate inter-
face. Geometric discontinuities include bends in the fault or a junction of faults. The
inhomogeneities may be either ductile or brittle barriers.

Large earthquakes are often made up of several subevents. This is due to the
longer fault length increasing the probability of encountering a barrier. Examples for
which strong motion accelerograms have been recorded include the 1978 Miyagiken-
Oki Earthquake (M=7.8), the 1968 Tokachi-Oki Earthquake (M=8.0), the 1983
Nihonkai-Chubu Earthquake (M=7.7), and the 1985 Michoacan Earthquake (M=8.1).
Figure 2.1 shows accelerograms recorded from three of these earthquakes which
occurred in Japan. Each earthquake produced accelerograms with a single period of
strong shaking and also accelerograms having two or three periods of strong shaking.
Accelerograms with several periods of strong shaking occur when energy from each

subevent arrives at separate times. The time of arrival of each subevent i is

N di
e 2.1

s

where

t;" = the time of arrival of energy from subevent i,
t; = the time of the subevent i,
d; = the hypocentral distance from the recording station to subevent i,

vs = the shear wave velocity.

Thus the time between sections of strong shaking and the overall duration of strong
shaking are functions of the distance between the recording station and each subevent,
the time of each subevent, and the soil velocity.

Accelerograms of multiple event earthquakes that have only one period of strong
shaking may occur for several reasons. If the recording station is located far from the
subevents, the seismic waves go through many random reflections, refractions, and

attenuations before reaching the recording site. This results in accelerograms of long
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duration and uniform intensity. If a recording station is located closer to a second
subevent than the first, then the seismic waves from both subevents may arrive at the

same time. This results in an accelerogram of short duration and strong intensity.

In the following sections, descriptions of the source characteristics of the four
earthquakes used in this study are presented. Each earthquake consisted of either two
or three separate shocks.

2.1. 1968 Tokachi-Oki Earthquake

The 1968 Tokachi-Oki Earthquake occurred off the coast of Tokachi, Hokkaido,
Japan on May 16, 1968. The faulting mechanism was interpreted as a low-angle
thrust fault with a considerable strike-slip component. The oceanic side underthrusted
below the continent side (Kanamori, 1971). The magnitude was estimated as M, = 8.0.

According to Mori and Shimazaki (1984), the earthquake originated on the sea-
ward side of the aftershock region (see Fig. 2.2). Thirty-nine seconds later a subevent
occurred to the west of the epicenter. Then, twenty-nine seconds after the first
subevent, a second subevent occurred to the north. Thus, the earthquake source actu-
ally consisted of three strong centers of energy release which ruptured over a time

interval of a minute.

2.2. 1978 Miyagiken-Oki Earthquake

The 1978 Miyagiken-Oki Earthquake occurred off the Pacific coast of the
Miyagi prefecture, Japan. The damage from the earthquake resulted in the death of 28
persons, 1325 injuries, and the collapse of 1183 houses. The cause of the earthquake
has been interpreted as a rebound at the interface between the continental and oceanic
lithospheres, resulting in predominantly thrust faulting (Seno et al., 1980). The mag-
nitude of the shock was 7.4.

It was found that a two-segment model explained the observed waveforms. The
model by Seno et al. (1980) proposes a second event of equal proportion occurring
about 30 km to the west and 11 seconds after the main shock (see Fig. 2.3). It is
assumed that the first event was arrested at a homogeneous barrier with high fracture
strength which separated the two events.
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2.3. 1983 Nihonkai-Chubu Earthquake

The 1983 Nihonkai-Chubu Earthquake occurred in the Japan Sea about 80 km
west of the Aomori and Akita prefectures. According to Sato (1985), the earthquake
consisted of two main shocks. Sato estimates the location of the second shock to be
44 km NNE of the first shock as shown in Fig. 2.4. The time delay between the
shocks is estimated to be 26 seconds.

2.4. 1985 Michoacan Earthquake

The September 19, 1985 Michoacan earthquake occurred along the Pacific coast
of Mexico and recorded a magnitude of 8.1 on the Richter Scale. The depth of the
earthquake was estimated at approximately 20 to 30 kilometers. Numerous accelero-
grams were recorded along the coast by the Guerrero array and in Mexico City. The
damage was small near the epicenter, but in Mexico City at a distance of more than
350 kilometers the damage was severe. This was due to the amplification of the
seismic waves in the soft sediments below the city.

A two-segment model has been proposed to explain the ground motion. Ander-
son et al. (1986) estimate that the second shock occurred near station La Union, about
24 seconds after the initial shock (see Fig. 2.5). This explains the multiple periods of
shaking at Caleta de Campos and La Villita. Stations to the southeast of La Union
show only a single period of shaking due to the simultaneous arrival of waves from
the two events.

24



Fig. 2.2 Locations of Energy Release for the 1968 Tokachi-Oki Earthquake
(after Mori et al., 1984).
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Fig. 2.3 Locations of Energy Release for the 1978 Miyagiken-Oki Earthquake.
Standard deviations are indicated by bars and aftershock zones are hatched
(after Seno, et al., 1980).

140°E

40° J

Fig. 2.4 Locations of Energy Release for the 1984 Nihonkai-Chubu Earthquake
(after Sato, 1985).
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SECTION 3
MODELING ACCELEROGRAMS WITH ARMA PROCESSES

Many stochastic processes can be approximated by autoregressive-moving aver-
age (ARMA) models. In the ARMA model of order (p,q), the current deviation of the
process from its mean value p, (Z —p ), is expressed as a function of previous devia-

tions, a shock g, and previous shocks as

(3.1)

Zi—p=0Z - W+ 0x(Z2a- W+ - + ¢p(Zt—p —W+a, =618 -6a,2— - —8a,4

where

p =order of AR parameters
q = order of MA parameters
¢ = autoregressive parameter at lag k, k=1,2,...,p
0, = moving average parameter at lag k, k=1,2,...q
W =mean level

a, = white noise sequence with variance, 62.

The procedures for identifying, fitting, and validating ARMA models are discussed in
detail in Box and Jenkins (1976).

Due to the nonstationarity of accelerograms, it is not appropriate to fit an ARMA
model directly to the time series. This nonstationarity manifests itself most conspicu-
ously in the large changes of variance over time. However, in most records examined,
the frequency content is also variable. Typically, the predominant frequency
decreases with time. Three basic approaches have been taken to handle this nonsta-
tionarity: (1) fitting time-invariant ARMA parameters to short sections of the original
records (Chang et al., 1982), (2) fitting time-varying ARMA parameters to the original
records (Kozin, 1977; Jurkevics and Ulrych, 1979; Gersch and Kitagawa, 1985), and
(3) fitting time-invariant ARMA parameters to a series stabilized by transformations
(Polhemus and Cakmak, 1981; Ellis et al., 1987; Ellis et al., 1988). Because the pri-

mary goal of this research is to relate modeling parameters to physical variables
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affecting the ground motion, a modeling procedure using single-valued parameters
based on the methodology in Polhemus and Cakmak (1981), Ellis et al. (1987) and
Ellis et al. (1988) will be used. Before an ARMA process can be fit to the time series,
the variance and frequency content of the accelerograms must first be stabilized.
ARMA coefficients are then estimated for the stationary series. By analyzing a large
number of accelerograms, the parameters generated in the stabilization transforma-
tions and the ARMA parameters may then be related to physical variables. Finally,
simulations are generated from the modeling parameters to validate the procedure.
Details of the stabilization and simulation procedures for accelerograms with single
and multiple periods of shaking are discussed in the following sections.

3.1. Variance and Frequency Stabilization - Single Period of Shaking

The original time series are first transformed from Cartesian coordinates

(H1, H,, and V) into spherical coordinates (p, o, and ).

H (1) = p(t)cosy(t )cosa(t) (3.2)
H (1) = p(t)cosy(t)sina (t) (3.3)
V(t)=p(t)siny(t) (3.4)

The vector magnitude, p(¢), and the vertical angle, y(t), will be used to stabilize the
acceleration time series in Cartesian coordinates.

Because accelerograms normally exhibit weak shaking in the beginning and end
of the record, they must be shortened to determine the length of the earthquake. After
transforming the accelerograms into spherical coordinates, the cumulative energy, /o,

of the accelerograms is calculated from the vector magnitude as

Io=Y p?At . (3.5)

By dividing the amount of energy of the vector magnitude at any time, ¢, by the total
energy of the vector magnitude, the cumulative energy function is computed. By exa-
mining the shape of the cumulative energy function, the duration of the original
accelerograms to be modelled is calculated. Typically, the accelerograms in spherical
and Cartesian coordinates are shortened by eliminating the beginning of the com-
ponents corresponding to about 1% energy and the end of the components



corresponding to about 2% energy.

The standard deviation envelope is estimated by squaring the vector magnitude,
smoothing it using a running average with a two second time window, and taking the

square root. A standard deviation function, ép(t) , of the form

Ca

ép(t)zcl(a—kl)(%)pe-(T)t +ky (3.6)
where
ci= 23 eP
1= P
p
(,‘2=2‘[§

is then fitted to the standard deviation envelope (see Fig. 3.1b). The parameters of the
function are estimated by minimizing the error between the standard deviation
envelope and the function to be fit to the envelope using subroutine ZXMIN in the
IMSL subroutine library (1977). The value of o is a measure of the maximum of the
strong shaking segment. The weak shaking is measured by k;. The duration of
strong shaking is measured by 1, and the product of © and p measures the time to

the maximum of the function, t ;..

The vertical angle envelope, (), is calculated by smoothing the absolute value
of the vertical angle. An exponential decay function is then fitted to the vertical angle
envelope (see Fig. 3.1a).

!

WO =3y X1+ g P+ (3.7)

where c3 is the initial value of the function, b3 is the rate of decay, and vy is the lower
limit of the function. The value of ¢ is estimated as the mean value of Y(¢) during the
first 10% of the record. The lower limit of the function, vy, is estimated as the mean

value of ?(t) during the final 1/3 of the record. Finally, the value of b3 is estimated so
that the areas under ;(t) and Y(r) are equal.

The variance of the time series is stabilized by dividing the accelerogram com-

ponents by a function of the standard deviation and vertical envelope functions.
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Vi)y=—YO___ (3.8)

o,(t) siny(t)
5 H (1)
Hyt)=— = (3.9)
Ti-op(t )COS’Y(!)
5 H (1)
Hat)=— - (3.10)
—\Ecp(t Ycosy(t)

where H,,H,, and V are the original accelerograms and H;,H,, and V are the
variance stabilized accelerograms.

Because the frequency content often changes over the length of the record, a fre-
quency stabilizing transformation must also be performed. This is done by using a
frequency envelope to change the time scale of the record. The frequency envelope is
computed by calculating the crosses per second of each component of the accelero-
gram, adding them together to get the total number of crosses, and then fitting a
smooth function to the total number of crosses. In Fig. 3.1c, the frequency stabilizing
function is shown. The same functional form that was used to model the vertical

angle envelope is fit to the zero axis crossings.

!

ﬁc(t):(cz—kz)a+73%)e_7’7+/<2 (3.11)

The time increment of the variance stabilized series is changed by multiplying it
by a function F.(¢) fit to the zero axis crossings.

AY =(At)F.(1) (3.12)

The value of A7 is the new time increment and At is the original time increment of
0.02 seconds. The transformed records are then reduced to the same length of time as
the initial records and redigitized by linear interpolation. Physically, this expands the
time increment in the beginning of the record, where the higher frequencies occur, and
decreases the time increment at the end of the record, which is usually dominated by
lower frequencies.

3.2. Variance and Frequency Stabilization - Multiple Periods of Shaking

To model accelerograms with more than one segment of strong shaking, only the
standard deviation function is modified as shown in Fig. 3.3. For the Miyagiken-Oki
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Earthquake recorded at Tarumizu Dam, the second peak occurs about 10 seconds after
the first peak due to the different arrival times of the waves from each subevent. To
model the standard deviation envelope of a multiple peak event, a function with
several peaks is fit to the data.
¢, Ca

O S S TR CRE)
This function is a summation of the function in Eq. (3.6) with a second function of
maximum intensity oy’ with a time lag of A”. To relate the modeling parameters to
physical variables, the time lag between the peaks of the two periods of strong shak-
ing, A, is used. The maximum of each period of strong shaking is measured by o and
o, respectively. The weak shaking is measured by k. The duration of each period of
strong shaking is measured by 1; and 1, respectively. Finally, the parameter p, which

describes the shape of the envelopes, is estimated.

3.3. Estimating ARMA Coefficients
In Ellis et al. (1988), it was found that a constrained ARMA (3,1) process fit the

data well. The present value of the stabilized time series is a function of past values
of the time series and a white noise shock to the system as

Zi —01Zi-1 — 022y 2 — 032, 3=a; — 014, (3.14)

where 8; is constrained to 0.99. From these parameters, the Fourier spectrum of the
fitted model may be calculated. Examples of the Fourier spectra for three Japanese
accelerograms are shown in Fig. 3.2. To relate the ARMA parameters to physical
variables the three sets of auto-regressive coefficients were factored into a multiplica-
tive model. If the original model is expressed using the backshift operator, B , as

(1-6¢1B —02B2—93B*Z, =(1-6,B)a, (3.15)

where B operates such that BZ,=Z,_;, B%Z, =2, 5, etc., then the left hand side of
the equation can be factored into an AR(1) and an AR(2) term as

(1-0y'B)(1-01"B = 4’BHZ, =(1-6,B)a, (3.16)

3-6
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,__ O3
f2'= rve

o1 =01 —¢3
r 1 = the only real root for B of 1 — ;B — ¢,B2—3B3.

For the multiplicative model shown in Eq. (3.16), the maximum of the Fourier spec-
trum occurs at the peak of the AR(2) factor. The frequency of the maximum Fourier
amplitude of an AR(2) model can be calculated as

=50 poost |10 | 317
f max =5~TCOS [ZW} (3.17)

The maximum of the Fourier spectrum can then be calculated by substituting f .«
computed in Eq. (3.17) into the equation of the Fourier spectrum of an ARMA (3,1)
model.

(3.18)

172
262(1 + 62 29100321\:—5%)

F(f)=
[502)1[1 + 612+ 622 — 201°(1 - 4)2’)00321:—5% - 2¢z'cos4n-5%][1 + 3% - 2¢3’cos2n:—5%]
Also it was found that the summation of the auto-regressive terms was slightly less

than one for all of the time series examined.
¢1+ 02+ 03=0.99 (3.19)
This can be expressed for the multiplicative model as

01"+ 03) + (92" — 61°93") — (927¢3") = 0.99 . (3.20)

The exact value of the summation varied for each region studied. Thus the ARMA
parameters estimated for each of the series, ¢;,¢,, and ¢3, were transformed into
ARMA parameters representing an equivalent multiplicative model, ¢,",¢;", and
¢3”. From the multiplicative parameters, the maximum Fourier amplitude, F (f max) »
and the frequency at which the maximum occurs, f ., are calculated. The relation-
ship among the AR parameters in Eq. (3.19) or Eq. (3.20) completes the specification
of the model.
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3.4. Generating Simulations - Single Period of Shaking

To generate simulations, the modeling procedure is reversed. Given f . and
F(f ma0 and Eq. (3.20) the parameters for the multiplicative ARMA model may be
calculated by solving Egs. (3.17), (3.18) and (3.20) for ¢,",¢,", and 63" . From the
multiplicative ARMA parameters, the standard ARMA parameters may be calculated

by

O1=01"+ 63 (3.21)
02 =602"— 0103 (3.22)
d3=—2"03". (3.23)

From these parameters, three series with stable variance and frequency content are
generated by

Zi=01Zi-1 + 0222+ §3Z, 3 — 0141t ay. (3.24)

To introduce the nonstationary frequency content to the series, a zero crossing
frequency envelope, F.(¢), is computed from Eq. (3.11). Because only the shape and

not the magnitude of the frequency envelope is important in rescaling the time scale,

the ratio r, = % and the rate of decay, b,, were related to physical variables. Thus

to calculate the frequency envelope in Eq. (3.11), the value of &, can be chosen as
1.0 and the value of c, as r,. The time axis of each component is rescaled by

+ 002
At WO (3.25)

After changing the time scale of each component, the records are reduced to their ori-
ginal duration by

A=At X durqtion of the original simulation . _
¢ Vs X Furation of the transformed simulation (3.26)

The three components are then digitized into equal increments of 0.02 seconds.

To introduce the nonstationary variance into the simulations, the standard devia-
tion envelope and vertical angle envelope are calculated from Egs. (3.6) and (3.7).
The standard deviation envelopes for the vertical and horizontal components may be
calculated by



0, () = Gp(1)sin Yz (3.27)

on(t) = ——1\5:0‘)([) cosY(1) . (3.28)

By multiplying the vertical component by o,(z) and the two horizontal components
by ox(t), aset of simulations nonstationary in both variance and frequency content is
created.

3.5. Generating Simulations - Multiple Periods of Shaking

Simulations with multiple periods of shaking are generated by the method
presented in Section 3.4. The only difference is that Eq. (3.13) is used instead of Eq.
(3.6) for generating the standard deviation function. In Eq. (3.13), the time lag to the
beginning of the second function, A’, and the height of the second function above the
first, o', are needed. The parameters which are related to physical variables are the
total height of the function at the second peak, oy, and the time lag between peaks, A.
The relationship between the parameters A” and o,” and the parameters o, and A can be
calculated by setting the derivative of Eq. (3.13) equal to zero, which will yield the
time of the second peak,

=0 (3.29)

QU
pay >

and by setting the value of the function at the second peak equal to oy,

6, [!21% +A] =0y (3.30)

In Fig. 3.4, the original accelerogram recorded at Tarumizu Dam from the
Miyagiken-Oki Earthquake is compared with a simulation generated by the ARMA
modeling procedure. A comparison of the time histories shows similar intensity and
duration. Also, the multiple peaks are accurately modelled. In Fig. 3.5, the response
spectra and Fourier spectra of the original accelerogram and the simulation are shown.

The simulated accelerograms accurately model the shape of the original records.
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SECTION 4
PARAMETRIC RELATIONSHIPS BETWEEN MODELING PARAMETERS
AND PHYSICAL VARIABLES

Using the procedure presented in Section 3 for modeling accelerograms with
both single and multiple periods of strong shaking, all of the possible ground motion
of multiple event earthquakes can be modelled. By analyzing a large number of
accelerograms from multiple event earthquakes, relationships between the modeling
parameters and physical variables can be found. Through these functional relation-
ships it is possible to produce simulations based on historical data for sites where little
or no data exists.

4.1. Relating modeling Parameters to Physical Variables

A database of digitized free-field, strong motion accelerograms recorded from
multiple event earthquakes was collected. The Japanese data are referenced in the
Port and Habour Research Institute (1968, 1979 and 1983), the Public Works
Research Institute, and Sawada et al. The database consists of records from the four
earthquakes described in Chapter 2. After the database was assembled, the accelero-
grams were modelled using the ARMA modeling procedure.

To identify the number of periods of strong shaking, the standard deviation
envelope of each accelerogram was calculated. Standard deviation envelopes for the
Miyagiken-Oki, Tokachi-Oki, and Nihonkai-Chubu earthquakes are shown in Figs.
4.1, 4.2, and 4.3. As expected, the accelerograms recorded at stations far from the
source have a long duration of shaking and a low, broad peak. Records located near
the second subevent have a single narrow peak since the energy from both subevents
arrives at the recording station at about the same time. At recording stations located
near the first subevent, the energy arrives at separate times, resulting in several peaks
in the standard deviation envelope. These trends are quantified by relating the param-
eters of the standard deviation function in Eq. (3.13) to the physical variables of the
rupture. For example, the time lag between peaks of the function, A, can be related
to the hypocentral distance to each subevent and the time of each subevent. The time
of arrival of shear waves from each subevent is calculated from Eq. (2.1). The differ-

ence between the arrival times is calculated as
A=t2’-—tl'. (41)

The values of A measured from the modeling procedure are compared with the

4-1



130 132 134 136 138 140 142 144 14€

g1 Hachinohe
S (middle soil)

Yuda I

(rock) - e e e eeconds)
Miyako
(stiff soil)

== E
‘ ° .zl LR o800 8c. 0% “:E.“:.ml:'(“ H
i Kaihoku ‘
E: . (Stiff SOﬂ) R o‘ 16.60 .50 .o ) u:‘(.:ocon;:'“
2t /'%'/1_ ) y ' 1 Ohfunato
, ¥ s (rock)
V{ YOt @ . T" |
. OHFUNATO Es |
¢ 2600 o 0z .00 o0 .8 “":»v(c‘"“n;:)s,n: 1 1
SH 1054 - '
ce " 1 ;

Shiogama TARUH = . .. 2c.00 ez a6 T u:,‘:‘“'
f (soft soil)
I, |
\M\m ON AHAMA
\ 36

e | JURRYASY ( Onahama

. middle soil)
Tarumizu Dam KANNONZAI (

& (rock) 3
o - e
4 < e O
] / \ 32
T 30
\ \

Fig. 4.1 Standard Deviation Envelopes for Sites Recording the Miyagiken-Oki Earthquake.

tandard daviat fon
a an 100 00 1an

standard deviation

30 o

atandard deviation
0000

8.0

15008

stendard deviati
. o |

stenderd deviation

110 o0
PR
00 00

100 .00
tandard daviation

1 o0

4-2



130 132 134 136 138

stagidard deviation enveiope

middle soil

:unam deviation envelcpe

soft soil

B
lﬂﬂ’llm -
S‘
=
5
" {
:7
>
=,

:i . stansard cev.aticn envelope
i middle soil 40
it /-I“\
: . '\VA/\AM
i 2 —
i ’ II .
: . erardard dev:ation envelope , 38
T stiff soil HIYAGIKEN-OKL EQ
Ei N M, - ~A
F f AARINY N"\'\J v\,
i N IAHAMA
_ Came o
7 36

f KANZ{\ONZAKI

URAYASU g

34

T |

inm (seconas:

Fig. 4.2 Standard Deviation Envelopes for Sites Recording the Tokachi-Oki Earthquake.



140

142

138
‘ ‘ 144 141
\ \i, .
P el
. Hakodate |
s ‘twn) ]
° c‘, 20.09 €008 600 sc. ot txm}::.\os:econc::f.:: \ ° Shironuka
| [ ) | 2 (rock)
I ® 0. 20.00 40.0¢ 60.00 80.00 100.00 5.0t
! time (seconds)
l 2 f
! . Rokkasho-Mura
‘ s (unknown)
2 ‘ AOH K
2000 40.00 sc.oc 8z.00 100.0¢ 122, 0¢
wE time (seconds)
vqu o
\ : Furofushi
H106aHS ’J . (rock)
/ TARUP‘IZU
H / 40.00 80.0¢ o c: 10050 120.4:
"§ E time (seconds;
. Akna Port
: . <«r...¢,r .
® (soft soil)
L % 20.00 0.6 .00 sc.cc 16¢.02 0.0t
time (seconds)

Fig. 4.3

l

l

32

Standard Deviation Envelopes for Sites Recording the Nihonkai-Chubu

Earthquake.

4=4



values predicted in Eq. (4.1) for the four earthquakes analyzed in Fig. 4.4. The meas-
ured and predicted values are in good agreement with r2 equal to 0.78.

Another important parameter is the maximum of the standard deviation
envelope, o . In previous studies for single peak accelerograms (Ellis et al., 1988), o
was related to distance, magnitude, and soil type. For multiple peak accelerograms,
several o values are measured. To relate these values to physical variables, each
subevent is treated separately. Thus a; is related to the distance to subevent one, the
estimated magnitude of subevent one, and the soil type at the recording station. A
similar study was done for each modeling parameter. The results were then compared
to previous studies of accelerograms with a single period of strong shaking recorded
in Mexico. In Table 4.1, the same functional form for relating modeling parameters
and the physical variables for mutiple event and single event earthquakes was used.
The estimated coefficients are usually in good agreement considering the standard
errors of the estimated values.

4.2. Generating Simulations from Physical Variables

Given the distance to each subevent, the magnitude of each subevent, and the
soil type at the recording station, the modeling parameters may be calculated from the
parametric relationships shown in Table 4.1, From the modeling parameters, simula-
tions may be generated using the procedure given in Section 3. However, given the
physical variables it must first be decided if the accelerogram will have single or mul-
tiple periods of shaking.

In Figure 4.5, the occurrence of multiple peak or single peak accelerograms is
shown as a function of the predicted time lag between peaks calculated from Eq. (4.1)
and the average hypocentral distance. As expected, multiple peaks occur when the
predicted time lag between peaks is high. When the predicted time lag is small, the
multiple peaks are merged together. Due to the many random reflections and refrac-
tions of seismic waves, it is expected that the occurrence of multiple peaks will also
be a function of distance. As the distance becomes greater, a larger predicted time lag
should be necessary to observe multiple peaks. The data is not sufficient to show this
effect.

To generate simulations, the predicted time lag between peaks and the average
hypocentral distance are calculated from the given physical variables. From Fig. 4.5,
the occurrence of multiple accelerogram peaks may be predicted.
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SECTION §
CONCLUSIONS

Currently, methods for simulating ground motion for multiple event earthquakes
are not available. In this report, a procedure is presented based on the ARMA model-
ing procedure in Ellis, et al. (1988). This procedure may be used to generate multiple
realizations of a given accelerogram, or more importantly for the engineer, it can be
used to simulate accelerograms for a site where no ground motion has been recorded.
To simulate an accelerogram for a site, the location of nearby faults must first be
identified. Also, soil conditions at the site must be measured. Thus, given the source
and site variables, accelerograms can be simulated from the developed parametric
relationships.

To simulate the possible range of ground motion, accelerograms can be simu-
lated for numerous possible locations of subevents along the fault. Also, the variabil-
ity of the ground motion for similar physical conditions may be studied by varying the
value of the modeling parameters using the standard errors calculated in the regression
analysis. From this suite of simulated accelerograms, seismic hazard curves for a
given level of risk may be developed for the site.
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