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ABSTRACT

For seismuc design of auclear power facilitics, we propose an empiical mathod for evaluating
response specira and tme-dependent festures of horizontal and vertical carthquake ground motions on
free rock surfaces, A response spectrum of honzontal mioticn cn seismic bedrock is given by a coatrol
pomt in the matrix by four magnitudes M and four equivalent hypacentral distances X, The response
specira for other A7 and X, are delermined by mterpotation betwesn values in the matnx. The response
spectra of the honzontsl and vertical motions on the free rock surface are determmed by muluplyng
the horrzontal motion on the seismic bedrock by the emplifications of honzontal and vertical motions
duc to surface layers, which re given as functions of S and P-wave veloailies on the free rock surfuce,

respeclively. The proposed cvelustion method adsquately explams near-souree observation records.
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Introduction

Earthquake ground motion cvaluation methods used for seismic design of structures are roughly
classified mto empirical, semy-empuricel, and thearetical methods [1]. Empince! methods have beea
widely used as a standard for calculating the response spectrum to be used for scismuc design of
nuclear power facilities (c.g., Reference 2). This paper discusses and proposes gn emptrical methed for
evaluating the response spectra of horizontal and vertical earthquake ground motions on the surfaces
of rock mostly composed of Tertiary or older strata, as a reasonable method for establishing a
design-basis carthquake ground motion for seismic design of nuclear power facilitics.

The carthqueke ground motion cvalustion method proposed here uses the carthquake magnitude,
equivalent hypocentral distance, and elagtic wave velocily on the ground at the evaluation point as
evaluation parameters. The method 1s erganized so ss to reflect, as accurately as possible, sctual
carthquake ground motion cbservaticns. The mgjer features of the method are that (1) it empincally
cvaluates casthquake ground motton ampfification by the surface layers overlaying scismic bedrack
using the elestic wave velocity on the ground at an cvaluation point, (2) it ncludes the effect of the
extension of the fault on eartheuake ground motfcn so.that it can be applied to near-source regtons, (3)
it can evaluate carthquake ground motion with periods from 0.02 to S'seconds, which are longer then
those n Ref. 2, and (4) it can evaluate both horizontal and vertical motions.

Respeonse Specira of Earthquake Ground Motlon on Free Rock Surface

The responsc spectra of horizontal end vestical ground motions with pereds from 0.02 to S
secands on free rock surfaces sre evalusted by multipiying the honzontal carthquake ground motion
on seismic bedrock by the amplifications of harizantal and vertical motion due to surface layers.
Figurc 1 shows a schematic flowchart for cvaluating the horizontal ground motion.

Horigontal Groand Motlon on Selsmic Bedrock

The response specirum S, (7) of 2 honzonlal earthqueke ground motion on seismic bedrock,
which 18 the scceleration response spectnim (cn/s’) with dsm"’pmg factor of 5%, 1s obtaned from the
pseudo-velonty respense spectrum pSv (7) (cmis) of the penad T (8) represented by the cantrol potnt
1 Table 1. To determme a control pount pSv from an arbitrary magnitude M (the Japan Mecteorologteal
Ageacy Magmuds (JMA) or {is equivaleat) and an equsvalent hypoceitral distence X, that are not
direetly fouad 1n Table 1, log pSv 1s nterpolated by M first and then by log Xc,.

Hers, the equivalent hypocentral distarice X, (km) 15 the distance between an eveluation point
and a point source thet would produce the same seismic wave encigy as the total seismic wave encrgy
that armves &t the evalustion point radieted from the extended fault plane, This1s given by {3)

X3= Ia,,,X;’d.\'/ I 8,ds, ¢)]

where X, 15 the distance (iom) from the evaluation pomt to each small segment i in the fault plene, e,
1s the relative distribution of ssismic wave energy released from each scgment m, and ds 1s the
segment area (km®).

& I the distribution of seismic wave wntensity released from the fault plane n a pertod range
for response spectrum cvaluation. Although it has energy dimensions here, a relative distribution can
be used mgtead. Therefore, the distribution of the square of the slip Dy, cen substitrte for the e,
distribution. Because such a distribution 15 rarely predicted before 2n earthquake, celculations can
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- assume that e, Is uniformly distributed @.c., constant) over the fault plane. Figurc 2 illustrates the
pseado-velocity response spectrum for each control paint tn Teble 1.

Horigontal Ground Motion on Free Rock Surface

The response spectrum of the honzontal ground motion on the free rock surface at the contral
point with a specified peniod 1s calculated as follows. We multiply the horzontsl ground motion
spectrum on the seismic bedrock for the control point by the amplificauon of honzental motion due to
the surface layers. The amplification is n function of both the S-wave vélocity et the frec rock surface
andthe dommant period of the surface layers between the seismic bedsock and the free rock susface,

5(@)=5@YearT)e £,(T) (€3}

where S, (7)) 1s the respanse spectrum (cnv/s”) of horizontal earthquake ground motion on the free rock
surface, T, 15 the period of contro! ponts from A to H in Table 1, 5, (7) 18 the response spectrum
(em/s?) of hocrzantal carthquake ground motion an seismic bedrock from Teble 1, and o (1)) and
(T) are amplifications of horizental motien by the surfiics layers expressed by Eq. (3) below.

The amplifications of seismic waves due to the suface layers overlaying the seismic bedrack
depending on the S-wave velocity of the ground and the. domunant penod are given by the cquations

below
‘ 1 TsTy)
- Gy @ sT) - Wt} qor
%) {(KIK»T“"“) @>T) AT) (1;1-/?,2'»{(«.%» ¢ (T’;';Té;;;') @

where ¥, is the S-wave velocity (km/s) of the free rack surfce, ¥, 15 the S-wave velocily (ans) of
the scismie bedrock, T is the domnant period of honzontal ground motion caused by the surfuce
Iayers overlaying the scismic bedrock, and & (T)) isthe coefficient given m Table 2.

Veitical Ground Motion on Free Rock Surfuace

The response spestrum of-the vertical groind motion on the frec rock surface at the control pornt
with & specificd pertad s calculated as follows, We multiply the honizontal ground moticn spectrum al
the seismic bodrock for the control point by the amplification of vertical moticn due to the surface
layers. The amplification 1s a function of both the P-wave velocity at the fres rock surface and the
dommant period of the surface layer between the seismic bedrock and the free rock surface.

5M)=5T)ea, @) A1) @
where S, (7)) 1s the response spectrum (em/s?) of vertical earthquake ground motion an the free rock
awﬁ?c)e; bt:'td & (T) and B,(T) are amplifications-of vertical motion by the surface layers expressed by
Eq. (5) below.

The amplifications of seismic waves due to the surface layers overlayng the seismic bedrock
depending on the P-wave velocity of the ground end the domimant period are given by the equations

below. ( )
1 T sT,
: v o Y (s, . T
(7)=a(, ("/.”{:,-(,,,) G<T) g myal/my e ode® gor,>7,57,)
AG Y™ @>1) WY rat0r)
©)
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where ¥, 1s the P-wave velocity (knv's) of the free rack surface, ¥ 15 the P-wave velocity (kms) of
the seismic bedrock, 7, is the dominant pertod of the vertical ground motion caused by the surfice
layers on the seismic bedrock, & (7)) 15 a coefficent given 1n Table 2, and oty (T) 5 the
vertical-to-horizontal response spectral retio on the seismic bedrock given wn Table 2.

Tsble 2 assumes 7; = 2.2 kmv/s snd Py, = 4.2 km/s. When ¥, or ¥;, of the free rock surface
exceeds these values, we use mistead ¥; = 2.2 km/s or ¥, = 4.2 km/s, respectively. Figire 3 shows
calculation examples of amplification by surface layers of the horizontal and verticel maticas. When
T,; o T, daes not equal the pertods of the control pomts shown m Teble 1. new control pomts for
them are addéd, From the spectrum cblamed above, the response spectrum for a penod nt equal to
the peniod of the control poits 1s determmned by nterpolation along a straight line mn 8 disgram where
the abscissa 18 the logarithm of the period and the ordinate 15 the loganthm of the pseudo-velocity
response spectrur.

Time Dependent Features of Earthquake Ground Motlon on Free Rock Surface

The amplitude envelope wn the time domatn B(7) of honzontal and vertical ground motions on the
free rock surface s celculated as an envelope with a build-up section from 0 to £, 2 strong-shakng
section from igto i, and a coda section from /¢ to 2p as shown in Fig. 4. The eavelope function is

B(t)=(fty} ©<1S1) B(1)=1(ty <15 15), B(1)=e"O0-Wod . <1 51) ()

The duration 13 (s) of the build-up section and the duration 4z - ¢5 () of the strong-shaking section
are calculsted as functions of the magnitnde M. The duration #p - f¢ () of the coda section 15 3 function
of both the magnitude M and the equivalent hypocentral distance Xe,. These durations are expressed by
Eq. (7). Figure 4 shows examples of the envelopes.

1 =1005M23 4 S 10U 4 g o RITM O SIRT-08 )

Response Spectra for Different Damping Factors

When the dampmg factor 1s net 5%, the response spectra of the horizontal and vertical ground
motions on the free rock surface for the period of the control point are caleulated by multiplymg the
control point's response spectra for the harizontal and vertical ground motions on the free rock surface
by a correction coefficient as a function of the dampmng factor

§(Th)= S, @) n(0.h) 8,T.h)=8,(T) T,.h) ®

where Sj, (T, #) and S, (7', h) are the response specira of the henzontal and vertical ground motions,
respectively, on the free rock surface for the damping factor h. (T, k) s the comection coefficient of
the response spectrum for the damping factor A, which 15 expressed by Eq. (9). Figure 5 chows
examples of the comection caefficient.

Yii+as(b-00s)eexpl-bo T/ (T =Ty Ty)
0T, h)={ i+ ae (h-005)eexpl-beTy/T, J? E]; T,; o)
L 5,=T
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where T,,, which 15 given by Eq. (10) below, 1s the duration for which en scceleration wave is
assumed to have a constant intensity of the strong-shaking section and its total power equals thal of the
envelope's acceleration wave, Constants a end b are given by Eq. (11) below.

Tq 109440 0 o1 0 7H 40 H0W K00 o)

a=15, b=20 (h <005} a=13, b=50 (h>0.05) (1)

On Application of the Proposed Method

Database

The evaluation method proposed n the above seclions is based on an gversge response spectrum
from references 4 and S5 abtamed from regression analyses of 107 records (321 components) of 44
carthquakes observed in Tertiary or older strata. The standard ervor in the regression anslysis was
nearly independent of peniod and about 0.23 in commen log scale-(base 10).

At the above observation points, the S-wave velocity ¥; ranged from 0.5 lo 2.7 km/s and the
P-wave velocity ¥, ranged from 1.7 to 5.5 km/s. These values closely comespand to those of the free
rock surface (¥ of approximately 0.7 km/s or larger [2] and the seismue bedrock (with ¥; of about 3.0
ks [6]). This evaluation method 1s applicable to rock sites with elastic wave velocities within the
above range. Its application to rock sites with other clastic wave velocilics requires special attention,
such as remvestigation of the amplification by the surface layers. In eddition, whea many observation
records are collected at an evaluation point, the amplification by the surface layers peculiar to the site
can be evaluated by comparing the observation records with the estimates on the seismic bedrock by
the present cvaluation method. However, as a rule, recorded data to be used 1n this case should be
within the range of data used by this evaluation method. i

The range of datz uscd m the regression analysis 1s shown m Table 3. The range of magnitudes
for the control ponts was up to M= 8.5, as shown n Table 1, and the control ponts corresponding to
M> 7.0 were determined by extrapolation, Nevertheless, it wes shown that results obtamned from the
regression equation agreed closely with records of large carthquakes inside and outside Japan [4,5].
Therefore, the control points at M= 8.0 were determined from this regression equation [7]. However,
because there were no observation records for companison, the control points for M = 8.5 were
extrapolated from those for M = 8.0 by a theoretica! exemination based on a feult madel, The
time-dependent charectenistics and the response spectrum comrection coeffictent due to damping factor
are also based on enalyss of carthquake records m the zbove datebase.

As all hypocentral depths of the certhquake tn the regression data were less than 60 km, and
shout 80 % of the earthquakes eccured at subduction zoncs, the estimates by the proposed method are
strongly affected by the strong-motion charsctenistics of subduction-zone earthquakes. Accordingly,
for shallow earthquakes at injand active faults or deep earthquakes within a subducting slab, or for
near-source regions at which the long-periad pulsc become predominent, the following comections or
considerations become necessary.

Evaluation of shallow inland easthquakes

Using the regression data and K-NET data (the K-NET has been wadely installed m Japan since
the Kobe cathquake of 1995 [8D, we divided thesc data (nto two categories: data of
subduciotion-zone earthquakes and data of shallow infand eerthquakes. We took the spectral ratios
between the observations and the estimates by the present method for all categorized dala.
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The data ranges used for analysis arc summarized n Table 3. M-Xeq distributions and the
epicentral map of the dats are shown in Fig. 6 and Fig. 7. The stations at which shear-wave velocity
within 20m-depth excesds 0.7 km/s were used. To avoid the effect of soil response by the soft layers
shallower than the layer of Vs20.7 km/s, the period range longer than twice the soft layer's
predemunant peried were analyzed.

Figure 8 shows the average and the average plus/minus the standard devistion of the spectral
ratios. The estimates agree with the observations for the subduction-zone data as the average is closc
to one, whilc the cstimstes for the shallow miand carthquake overestimate the cbservations,
Accordingly, the present method explams the subduction-zone data well, a8 expected, and corrections
become necessary i application to shallow inland earthquakes. As the spectral ratios shown in Fig. 8
are nearly mdependent of M and X,,, we propose the comrection cocffictent § for the shallow inland
carthquakes based on this spedral ratio as

{T)=06 (T, S Ty), {(T;)=10" Rl (1, < 7)), 12

This resull means that the amplitudes of the shaliow tnland carthquake data arc smaller then
those of the subduction-zone carthquake data. This 13 probably because (1) the JMA magnitude scale,
which 1s used mn this study, tends to be overestimated for shallow mland carthquakes compared with
its proper carthquake scale [9], and (2) the radiation strength of the short-period emplitude of shallow
carthquakes 15 smaller than that of deep earthquakes because of the different ngidities of the source
media.

Evalaation of Intermediate Depth Earthquakes

Reference 10 reports that the short-peniod amplitude for an earthquake with a focal depth deeper
than 60 km 15 greater than that for shallower carthquekes, even for the ssme magnitude and
source-to-site disteance. It also reports that short-peniod amplitudes for such intermediate-depth
carthquakes have regional variations. Therefore, the evaluation of the response spectrum for an
intermediate “depth carthquake necds a site-dependent 1nvestigation based on the records observed
around the evaluation site.

Evaluction of Near-Fault Rupture Directtvity (NFRD) Effect

The domingnce of the fault-normal component with pertods from one to a few seconds has been
reposted 1n the near-source records of shallow mland earthquakes such as the 1995 Hyogo-ken Nanbu
(Kobe) carthquake, Japan, The reason for this phenomenon 15 that the honzontal component
perpendiculer to the fault strike grows larger m the direction of rupture propagation duc to- the
combmed effects of rupture propagetion and the fauit mechanism. Therefore, altention must be paid to
such effects m the evaluation of acar-fault ground motion. Reference 11 describes the range in which
the NFRD effect 1s dommzant and also describes a method for comecting the response spectrum for this
¢ffect. For carrection of the NFRD effect based on Reference 11, the comrected spectrum can be
obtained by multiptying the correction factor A, where

MT)=1 (7 STp), AT, )=10" A meelielTs) (1, < 7)), 13

by the response spectrum oblamed by the evaluation method proposed i this paper.
Figure 9 compares the response spectra of the observation record at Kobe University during the
Hyogo-ken Nanbu earthquake of 1995 end the recard &t Sakarya dunng the Kocaeli earthqueke of

1999 with the estimates by this evaluation method. At Sakarya, the NS (Fault-nommal) component was
not observed. As both were shallow inland earthquakes, the comrection by Eq.(12) was applied in the
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estimation. In spite of the fact that the stations are located very close to the faults, the proposed
method can cxplan the cbscrvation cecords well. Still, by the comection of Eq. (13), the
comespondence between the estimate and the observation improve for the NS (Fault-normal)
component of Kebe Univ.

Conclusions

We proposcd a methed for empirically ovalusting response specira and time-dependent features of
honzontal and vestical carthquake ground motions cn a frec rock surface, based on analysis of
cbservation records on rock. This methed should bo useful for calculating design-basis carthquake
ground motion used for seismic design of nuclear power fecilities, We also showed that the evalustion
method could adequately explain cbservations of near-source regions.
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