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PREDICTION OF NONSTATIONARY EARTHQUAKE
MOTIONS ON ROCK SURFACE

By Masata SUGITO* and Hiroyuki KAMEDA**

Nonstationary earthquake motion prediction models are proposed on the basis of rock
surface-ground motion dataset. Ground motions on rock surface with the shear velocity of
600 ~700 m/sec are dealt with. The ninety-one components of acceleration time histories
on rock surface level are arranged, which consist of (i) rock surface-ground motions
estimated from the accelerograms recorded on alluvial and diluvial sites, (ii) rock
surface-ground motions modified from bed rock ground motions, and (jii) ground motions
recorded on rock surface. On the basis of this dataset, two earthquake motion prediction
models are developed, one (EMP-IB Model), a prediction model for given magnitude and
epicentral distance, and the other (EMP-IIB Model), an advanced model which deals
with the effect of successive faulting and relative site locations on ground motion
characteristics,

1. INTRODUCTION

Prediction of earthquake motions at specific sites for given earthquake scale and source-to-site distance
is a significant subject in earthquake engineering. Theoretical calculation procedure by dynamic faulting
model® can simulate ground motions which correspond to ground motions in relatively low frequency range,
such as £ <0.1 Hz. However, it is still very hard to simulate theoretical ground motions in high frequency
range such as f >0. 1 Hz, because it needs detailed information about local soil structures as well as local
fault dynamic process.

In the fields of engineering researches where the verification of the model refered to the real data is
indispensable, many statistical models for ground motions have been proposed by using various kinds of
strong motion datasets. They mainly dealt with peak acceleration”, prak velocity”, and acceleration
response spectra® ®19 as a function of earthquake magnitude M, and epicentral distance A (or
hypocentral distance R). Earthquake motion prediction models have also been proposed® 'V in which
grornd motion characteristics such as spectral intensity, duration, nonstationarity, etc. were scaled for
magnitude and distance,

In use of these prediction models the following problems may be pointed out. First, alarge statistical
uncertainty remains in the models because the strong motion data, which consist of relatively high
frequency components as f >0. 1 Hz, are strongly affected by the characteristics of local soil conditions as
well as fault contact irregularity. Second, these statistical models are mainly based on weak ground motion
data recorded on soil surface overlying bedrock. Therefore, these models cannot be applied for the case of
large ground motions, where the nonlinear characteristics of overlying soils strongly affect ground motion
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intensities. As for the former problem, the estimation formulas for 4 types of soil conditions
prescribed in the design code for bridges” have been proposed to evaluate the local soil effects. A soil
parameter S, determined from SPT blow-count profiles has been used in the estimation formulas to
account for the effect of local site conditions on ground motion intensities’” . However, nonlinear
characteristics of soil deposits during great earthquakes, which correspond to the latter problem, can
not be solved by using only the weak ground motion data recorded on soil-overlying ground.

In this view of the problem, the nonstationary earthquake motion prediction models have been proposed
by using rock surface-ground motion dataset, most of which have been modified from soil surface ground
motion records. Significance of the prediction model for rock surface is as follows, (1) The model can be
applied for earthquake resistant design of significant structures including nuclear opwer plants which are
built on rock ground, and (2) the model is also useful for earthquake motion prediction for layered
grounds by using the given rock surface motions as the input of the bed rock, where the amplification effect
and nonlinear characteristics of overlying soils can be considered.

2. STRONG MOTION DATASET ON ROCK SURFACE

(1) Definition of Rock Surface

For engineering purposes rock surface with the shear velocity »,=700 m/s has been dealt with by
Hisada, Ohsaki, Watabe, and Ohta”, and the design spectra for significant structures including nuclear
power plants have been proposed. In the present study nearly the same level of rock formations as Ref. 7)
has been dealt with. Fig.1 shows a schematic illustration for free rock surface and other related site
conditions. Point A represents an imaginal case where overlying deposites are removed, and Point A’is an
actual case for free rock surface. For other cases ground motions can be used after some appropriate
modifications such as response analysis of soil layers (E), of irregular ground (C), and of soil structure
interactions (B, D).

(2) Strong Motion Dataset on Free Rock Surface .

Strong motion data used in this paper consist of 91 components of accelerograms which have been
recorded at 17 stations during 26 Japanese earthquakes. These accelerograms have been corrected for
baseline and instrument characteristics”, Table 1 shows the items of the data which are classified into 3
groups. The data from the group A and B have been modified into rock surface ground motions using soil
profile data® for strong motion observation stations. Procedure of modifications for each group of the data
are as follows,

a) Elimination of surface wave motions and response analysis of soil-overlying ground (Group A)

The data for group A consists of 77 components of accelerograms recorded on 12 alluvial and diluvial
sites. Evolutionary spectra® for these data have been examined as for participation of surface wave
motions. In 16 motions of the data in group A, surface wave motions were removed by a simple technique to
separate body and surface waves?. The parameters {, and f, used for the separation are listed in Table 2.
Earthquake motions on bed rock level were calculated using the soil profile data for the stations.
Multi-reflection technique and equivalent linear model have been used for the ground response analysis, It
is similar to the SHAKE program developed by Schnabel, Lysmer, and Seed®. However, the effect of
ground motion duration on the effective shear strain 7, has been incorporated in the following formula,

7.=0.6 (Td/ Tm)&l YA T e e e e e ( 1 )

Table 1 Classification of Strong Motion Dataset.
free rock ¢
surface

e contents No. of record |No, of
overlying components | sites

ground A A; records on the surface of grounds 77 12
Gy overlying bed rocks

bed rock B; records at underground bed rocks 8 3

Fig.1 Illustration of Bed Rock and Free Rock Surface, Cs records on rock surface 6 2
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Table 2 Rock Surface Strong Motion Dtaset.
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*separation parameters for elimination of surface wave (Ref.27)
**corresponds to the contents in Table 1

where Ypaxy=maximum shear strain, T,=
ground motion duration defined by Vanmarke and
Lai® (T,=7.7 P,/A%, P,= acceleration total
power and A,= peak acceleration), and T,=
mean value of T, for the data (herein Ty;=6.9s).
The effective strain 7y, takes 0.5~0.7 Ymax
depending on the duration T, of the strong motion
data, For the relation between shear modulus
and strain level, the experimantal formulas
proposed by Hardin and Drnevich® have been
applied. After several times of iterative calcula-
tion (within 5 9% error for the maximum shear
strain), input motions on rock level were
obtained. Then, corresponding rock surface
ground motions are given by multiplying the input
motions by two.

b) Response analysis of soil layers for the
data recorded at underground bed rock
(Group B)

§ components of the data in Group B have been
obtained by underground accelerographs at 3
sites during 4 earthquakes. The input amplitudes
of bed rock ground motions have been calculated
by using the same response analysis procedure as
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Fig.3 Histogram of Peak Acceleration for Rock
Surface Strong Motion Dataset.
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described above. Then corresponding free rock surface motions have been obtained.

¢ ) Records on rock surface (Group C)

6 components of the data in Group C have been obtained at 2 rock sites during 3 earthquakes. They have
been included in the dataset without any modification.

The strong motion dataset on rock surface, arranged as described above, are listed in Table 2. The
scattergram of magnitude and epicentral distance are shown in Fig, 2. The broken line in Fig. 2 shows the
boundary of epicentral regions®? where the ground motion intensities can be regarded not to depend on the
epicentral distance. Fig, 3 shows the histogram of peak acceleration for rock surface strong motion

dataset.

3. NONSTATIONARY EARTHQUAKE MOTION PREDICTION MODEL ON FREE
ROCK SURFACE FOR GIVEN MAGNITUDE AND DISTANCE (EMP-1B Model)

(1) Simulation of Ground Motions by Evolutionary Process and Regression Analysis of Model
Parameters on Magnitude M and Epicentral Distance A
Based on the 91 components of rock surface-strong motion dataset explained in Chapter 2, the
earthquake motion prediction model for given magnitude and epicentral distance has been proposed. The
procedure to complete the model is same as that developed by Kameda, Sugito, and Asamura!” in which a
prediction model for soil site motions has been proposed.
Earthquake acceleration with nonstationary frequency content can be represented by

x(t):é 2G(t, wk)Aw'COS(wh't+¢k) .......................................................... (2)

in which G,(#, ws) =evolutionary spectrum for time ¢ and angular frequency w, ¢@,=
independent random phaze angles distributed over 0~2 7, and m=number of superposed
harmonic components. The upper and lower boundary frequencies f, f, are fixed as f,=
10.03 Hz, f;=0.13Hz, and also m and Af(=Aw/2 z) are fixed as m=166 and Af=
0.06 Hz. The following time-varying function is adopted for the model of G, (%, wy).

0 0=1<1f)

ot =540 v

in which t,(f), t,(f)=starting time and duration parameter, respectively, and a,(f)=intensity

VG, w) =G t,27f)=

parameter which represents the peak value of G.(#, 2 zf). These parameters have been determined
relative to recorded accelerograms', Fig, 4 shows an example of recorded and modeled evolutionary
spectra.

The following regression equations are used for the model parameters to establish the prediction model
for given magnitude and distance,

log cf,,,(f):Bo(f)JrBl(f)*M—Bz(f)-log (ATF30) creererrremr e (4)
108 L,/ )= Polf ) P} M A+ P £)-108 (A-430)-+oerseemssresssnmsssiisisiiinici (5)
i’s(f): ts(f)“ tm=So(f)+ S;(f)'A ............................................................................... (6)

In Eq. (6), t(f)=1s(f)—tn, where t, is the average value of {,(f) over the frequency range
considered herein. Consideration of {, is necessary since the recorded accelerograms used for the
statistical analysis have been obtained only on relative reference

times. L Gy:recorded
(2) Modification and Simplification of Estimation Equa- — Ggg(t’zﬁf)
tions for Model Parameters®-'¥
A number of free rock surface motions were generated for 0-16m o/ Iep
Severél combinations of M and A by using Egs. (2 )~(6). They Fig.4 Recorded and Simulated Evolutionary
were converted to soil surface ground motions for a number of Spectrira,
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100 = 100: 3
= M=6.5, A=30 knm = -
o M=7.5, A=100 & u
8 o0 m | w75, 8=100 km 2k
T E ] H] A=100 kn
5 or ~ & 1045 M=6.5, A=100km| & L
=z b C
3= o ES of
20 E - L ~ J 1 r A=30 km
& E_ M=6,5, A=100 km r T L e —~
r I M=6.5, A=30km ™
0,1 i )Illlll[ | NN 1 1 I!|||H| Lol b lidl 0 I IlIiJHl 1 JI\I}I‘
0.1 1.0 10, 0.1 1.0 10. 0.1 1.0 10.

frequency (Hz)
Fig.6 Example of Mo

sites dealt in this study. The peak ground
motions (A4,=acceleration, V,=velocity)
of them were compared with the estimation
formulas® which have been obtained using
strong motion data recorded on soil sites.
Since there were some disagreement spe-
cially around the boundary of epicentral
region (Fig,2), the coefficients B,(f)~
B.(f) in Eq. (4) have been modified so
that the peak values A, and V, of ground
motions converted from rock surface mo-
tions agree with that given from the
estimation formulas'®,

Since the coefficients for the model
parametres have some typical inclination
on the frequency axis, they were modeled
as a function of frequency using the least
squares method?. The modification of the
coefficients in Eq. (4 ) and the smoothing
of the coefficients in Egs. (4 )~ (6) have
been discussed in detail in Ref. 4).

The formulas for the modeled coeffi-
cients to be used in Egs. (4)~(6) are lis
model parameters given from Egs. (7)~

frequency (Hz) frequency (Hz)

del Parameters given by the EMP-IB Model.

Table3 Estimation Formulas for Model Parameters,

logt (f) = Bo(f) + Bi(f)-M — Ba(f) - log(8+30)
By (£)=0.1553+0.175 - logf—0.336(logf)? —0.451 (logf)®
By (£)=0.506~0.0131 - logf
B2 (f)=1.543+0.455 - logf

logly (f) = Pocf) + Pi(f)-M + Pa(f)- log(A+30)
Py (f)=-1.812-0.1054 - logf+0.227 (logf )*
Py (£)=0.179+0.188 - logf
P2 (f)=0.344-0.240 - logf
R - ) - b - S £ S A
5 (f)=0.439-0.978 - logf
81 {f)= [0.528-0.242 - logf-0.889(logf)? } x 107

(8)

} (9)
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(a) M=7.5 A=100km (b) M=6.5, A=30km
Fig.7 Simulated Free Roce Surface Motions by the EMP-IB Model.
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ted in Table 3 and are shown in Fig. 5. Fig. 6 shows values of
(9). The simulated rock surface ground motions for two
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combinations of M and A are shown in Fig. 7. They were generated using identical random numbers in .
accounting for model uncertainty.

(3) Evaluation of Prediction Uncertainty for the Model Parameters™

Since the EMP-IB model has been developed on the basis of the modified ground motion data, the
prediction uncertainty cannot be evaluated directly from the result of the regression analysis for the model
parameters. In Ref.11) the decrease in prediction uncertainty for the intensity parameter a,(f) with
increase in available information on local soil conditions has been characterized. They were classified into
three levels as for the available informations. The level ] represents the condition for given magnitude M
and distance A, thelevel [I for M, A, and the soil parameter S, and the level [l for M, A, S,, andthe
transfer function of the ground overlying bedrocks. Assuming that the prediction uncertainty for a,(f) on
rock surface level is equivalent to that on soil surface level where the whole information on local soil
conditions are available, the coefficient of variation §,, for the level ] may be substituted for the
EMP-IB model. On the basis of the regression analysis developed in Ref. 11), the prediction uncertainty
for the model parameters of the EMP-IB have been characterized and they are shown in Fig. 8. They were
smoothed on the frequency axis, and the coefficient of variation §,,, for the intensity parameter o, (f) and
8, for the duration parameter ,(f) are given as §,,,=0. 426, §,,=0. 650 for the whole frequencies in the
range (.13< f=<10.03 Hz. The procedure for the simulation of ground motions incorporating model
uncertainty has been discussed in detail in Ref. 3).

——————— s obtained from statistical regression ana]ysx’s”) Ogg=1.4-4.270gf

b
o

8107 Tevel 1 (8, =0.755) o 10 &5 . (0132 f<1.0H2)
“ o8 { RN - o 0.8 . _ "4 ﬁtszx.Asec
R I =T . oS & (1.0%f210.03Hz)
506 Mevel I {4,y =0.657) 5 06 [) - S LB
5 0.4} T w 0.4 8,=0.650 82
?;; 02,, Tevel I (é,,m=0.426,used for EMP-1B) s 0.2 : 7
° 0 . edorral e nnl 8 et el 0 Ll R R

0.1 0.2 0.3 0.5 1.0 2.03.0 5.0 10.0 0.1 0.2 0.3 0.5 1.0 2.03.0 5.0 10.0 0.1 0.20.3 0.5 1.0 2.0 3.0 5.0 10.0

frequency (Hz) frequency (Hz) frequency (Hz)
(a) intensity parameter an(f) (b) duration parameter ,f) (e¢) starting time parameter i f)

Fig.8 Characterization of Prediction Uncertainty for Model Parameters.

4. NEAR-SOURCE GROUND MOTION PREDICTION MODEL FOR GREAT EARTH-
QUAKES (EMP-IIB MODEL)

(1) General Remarks

Past strong motion data from great earthquakes show that rupture direction relative to sites and
geometrical condition between sites and fault make much difference in ground motion intensities and their
duration, For prediction of earthquake motions for great earthquakes, therefore, physical parameters on
faults and effect of successive faulting should be incorporated?’, Herein the prediction model (EMP-IIB
Model) for large-scale earthquakes is proposed, which incorporates a size of fault, rupture direction and
its velocity, and seismic moment as a parameter of earthquake scale. In the EMP-IIB Model, the
evolutionary spectra for great earthquakes are given from the superposition of evolutionary spectra which
correspond to relatively small earthquake (M =6.0) in the EMP-IB Model.

Fig. 9 gives general concept® ® of the model. The fault is divided into a number of small events which
correspond to the unit event (M =6.0) in the EMP-IB Model. The arriving time lag %, resulted from
rupture on the fault and difference of propagation distance of ground motions, can be given in the following
form.

Fary= s/ DrF(Diy— Ag)/ Dppeereeemeeemeemme ettt (10)

In the case of deep fault, a hypocentral distance r; in place of A, and direct distance between site and
each unit event 7,; instead of A,, may be used.
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(2) Number of Superposition N; scaled for Seismic Moment ,

The number of superposition N; of evolutionary spectra is defined. The parameter N, represents the
number of small unit events on a specific great fault. The following procedure has been performed to obtain
the superposition parameter N,.

The magnification factor ¢ (f) defined by Eq. (11) may be used for amplification value of evolutionary

power spectrum,

c(f)=£t°x/mdt/[k«/mdt ................................................................ 1)

where G,=simulated evolutionary spectrum for the data, GX¥=evolutionary spectrum given from the
EMP-IB Model which corresponds to the earthquake magnitude M =6.( and the ‘same distance’ of the
specific data, and f,=duration of the data. The number of superposition N, the average of the
magnification factor ¢ (f) along the logarithmic frequency axis, is defined as

No= ]ol:ifz c(f)d(10g £)/10g fi—l0g f,) «+reeremreres T P 12)
where the lower and upper frequencies f;, f, are fixed as f,=0. 13 Hz, f,=10.03 Hz. The parameter N,
represents the number of superposition of evolutionary spectra for a standard earthquake of M =6. () in the
EMP-IB Model. The value N; has been obtained for 53 components from 12 earthquakes listed in Table 4,
the seismic moment }, of which have been given. Fig. 10 shows the relation between the number of
superposition N; and the seismic moment },. The parameter N; has been scaled for M,, and the following
relation has been obtained.
N e=2.317 X107 2D 0458 e e (13)

In Eq. (13) the value M, which gives N,=1 is given as M,=7. 24X10%. This value nearly coinside with
M,=7.76X10% which gives M=6. () in the relation between M, and the surface magnitude M, proposed by
Geller?. Since the JMA magnitude coinside with M, in case of relatively small magnitude as around M =
6.0%, the above result supports the validity of
the model.

The superposed evolutionary spectra for great

Table 4 Fault Parameters for Major Japanese
Earthquakes?).31

event date magnitude| seismic moment
M Mo (dy"‘”“)* earthquake is given as
1968 Huganada April 4, 1968 | 7.0 1.8x10% N
. . 3
1968 Tokachi -oki May 16, 1968 7.9 2.8x10%8 _ Ve /
Tokachi, OFf Shore May 16, 1968 7.4 1.3x108" Gaol L, 27f) g B, M) ; Gall,2nf)
Saitama, Center July 1, 1968 6.1 1.9x10% (14)
Ehime, West Coast August 6, 1968] 6.6 2.0x10%
2 : :
Ibaragi, Off Shore | July 23, 1972 | 7.0 3.2x10% where G, =evolutionary spectrum for each unit
1978 Izuoshima Kinkai| Jan. 14, 1978 | 7.0 1.0x10% : hich ds to th haquake of
Miyagi, OFf Shore Feb. 20, 1978 | 6.7 8.0x 102 event e,;, which corresponds to the earthquake o
1978 Miyagiken-oki | June 14, 1978 | 7.4 3.1x107 M=6.0, A=A,; in the EMP-IB Model. The value
1982 Urakawa-oki March 21, 1982] 7.1 2.0x10%6
1983 Nihonkai-Chubu | May 26, 1983 7.7 5.0x 1027 “
* —
Nihonkai, Center June 21,1983 | 7.1 4.5x10% 2 s
* estimeted from the magnitude as TogMy=1.5M+16.0 (Ref.22) = o
-
g =
a4 ]
o
5 o
epicenter I
b=
A, v
3 &
s o
=]
b
[T
g
5 o S - 5468
Z Ng=2.317 x 1612 xM¢"®
k=
-
T T N o 107

Seismic Moment My (dyn-cm)

Fig.10 Relation between Number of Superposition N,
Fig.9 Fault Modeling with Multiple Fault Ruptures. ane Seismic Moment M,.
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N, is generally not an integral number, therefore the number n, which is a similar number for N, and
by which the specific fault can be divided, should be used. Then, the coefficient No/n is necessary for
modification of total power, Further the correction factor 8(f, M,) is necessary for superposing of each
frequency component, which has been obtained from the regression of the parameter ¢ (f) _on seismic
moment,

The correction factor §(f, M, has been also modeled on the frequency axis, and is given®

B(f, Mo)zl()a"mMé"m .................................................................................................. (15)
where

adf)=0.948—4.60-log f

)= —0.0888-H0.178-log £ | I (16)

Fig. 11 gives a schematic description for the superposed evolutionary spectra.

The prediction uncertainty for the superposed evolutionary spectra in the EMP-IIB model can be
characterized by the coefficient of variation §y about the regression line shown in Fig, 10. The value of 8y
has been obtained as §y=0.41.

(3) Procedure of Earthquake Motion Prediction in the EMP-IIB Model and Its Examples

The procedure of earthquake motion prediction in the EMP-IIB Model is as follows.

1) Calculate the number of superposition N, for given seismic moment M, by Eq. (13), and find the
integral number 7, by which the given fault can be devided properly according to the fault
dimensions.

2) Calculate the distance A,; and the mean arrival time 4, (Eq. (10)) for each unit event by using the
given fault dimentions, rupture velocity v, and propagation velocity of seismic waves v,

3) Calculate the evolutionary spectra G, for each distance A;, and M=6.0 in the EMP-IB Model
(Egs. (3), (4)~(6)). Then, superpose the evolutionary spectra G.,, considering the arrival
time lag.z,, (Eq. (14)).

4) The ground motion time series is obtained by substituting G,,(#, 2 nf) for G«(t, 2 zf)inEq. (2).

Typical engineering characteristics of strong ground motions derived from the EMP-IIB Model were
obtained. A number of sample earthquake motions were generated by the EMP-IIB Model for the

seismic moment M, = 3.67 x 107 dyn-cm

rupture velocity vy = 1.5, 2.0, 2.5, 3.0 km/sec
wave propagation velocity v r = 4.0 km/sec

| (£=£,) [Cxy (£5275) number of superposition Ny(=ng) = 18
~ 80 km
8
S Ne it l\L«-—epicenter
K B f6,, . (t,2nE) 40 km Tt 40 km
Y G ij . \ AV
N site1 £ o 13
3 . T bl :
& site 2 04, 12
. . -] B
(sec) 3 g % n
tg (£ is H
s (Fi) taij(fk) + teyy (f1) 4 g _', 5 5 10
Fig.11 Superposed Evolutionary Spectra, Fig.12 Hypothetical Fault Model and Site Locations.
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Fig.13 Simulated Free Rock Surface Motions for Site 1, 7, and 13 in Fig, 12
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Fig.14(a) Fluctuation of Peak Acceleration, Fig.14(b) Fluctuation of Peak Velocity.
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Fig.14(c) Fluctuation of Equivalent Acceleration. Fig. 14(d) Flrctuation of Ground Motion Durtion,

hypothetical fault shown in Fig. 12. Fig. 13 shows sample earthquake motions for site 1, 7, and 13. Fig. 14
(a) ~(d) show the fluctuations of peak ground motions, effective peak acceleration 4., and ground
motion duration T,® for several values of rupture velocity v,.

5. CONCLUSIONS

Majour conclusions derived from this study may be summarized as follows,

(1) The rock surface strong motion dataset has been arranged, which consists of 9] components of
major Japanese accelerograms, They are classified into 3 types of data (i ) rock surface-ground motions
estimated from the accelerograms recorded on alluvial and diluvial sites, (i) rock surface-ground motions
modified from bed rock ground motions, and (iii) ground motions recorded on rock surface. In 16

components of the data in (i), the surface wave motions have been eliminated by using the simplified

separation technique proposed by the authors.

(2) The nonstationary earthquake motion prediction model on free rock surface (EMP-IB Model) for
given magnitude and distance has been developed by using the strong motion dataset arranged in this study.
The model is also applicable for earthquake motion prediction on soil sites by considering the amplification
effects of the soil overlying bedrocks.

(3) The EMP-IB Model has been extended to the prediction model for great earthquakes (EMP-IIB
Model) which incorporates the effect of fault size, successive fault rupture, and rupture direction, on
characteristics of ground motions, The EMP-IIB Model is based on the superposition technique of
evolutionary spectra of small events that corresponds to the earthquake of } =6. () in the EMP-IB Model.
For the scaling of the number of superposition N; the seismic moment has been incorporated.

In case of earthquake motion prediction for soil deposite sites by the EMP-IB and IIB Model, it should
be considered to incorperate surface wave motions into the estimated motions. Surface waves in the
frequency range dealt with in this paper are mainly caused from local soil conditions near sites, Further

works on this subject should be developed.
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