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OF SPECTRAL VALUES

N. Theodulidis® and B. Papazachos™”

ABSTRACT

Seismic hazard in Greece, to date, has been assessed in terms of macroseismic
ensity, peak ground acceleration and velocity. Design spectra were then
cermined by scaling standard spectral shapes to the design values of the
ound motion parameters. In crder to overcome disadvantages incorporated in
“standard spectral shape” methodoclogy, regression analyses directly on
onse spectral values have been performed utilizing both strong motion
cords from shallow earthquakes in Greece and suitable records from interme-
liate depth subduction earthquakes. The resulting attenuation relations are
directly in seismic hazard analysis for the assessment of uniform hazard
sponse spectra. It is intended that seismic hazard parameters expressed
rectly in terms of spectral values, as well as careful consideration of both
llow and intermediate depth earthguake hazard contribution, will form the
s for developing more realistic design wvalues in the seismic code of

INTRODUCTION

Seismic hazardl ¥ Greece has been assessed by many investigators in rerms
macroseismic ifftensity (Papaiocannou 1984,1988, Papaiocannou et al. 1985,
zachos et al. 1985,1993) or in terms of peak ground acceleration and
ocity (Macropoulos 1978, Dracopoulos and Macropoulos 1983, Papaioannou
4, Macropoulos and Burton 1985, Papazachos et al. 1993). From the suggested
smic hazard maps one could easily estimate the distribution of the seismic
e coefficient over the country and then compute seismic horizontal base
from common seismic design formulas.

The new seismic code provisions in Greece (NEAK 1992) for the computation
of the lateral-force coefficient, £y ., follows the formula,

BAT)

En=EoYn =] (1)

)

where £, is the expected “effective” acceleration during the design peried
sidered, Y the importance factor, B(T} the spectral coefficient dependent
building's natural period, g the guality factor of the building and & the
dation factor. It is clear that the adoption of one or another spectral

hape for a certain region in Greece can significantly change the final values
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‘distance, which are mainly based .on strong motion data from western United

i » ¥ % L e '%“i

of €He lattkuéufeéee'é&ef!fcihﬂt.
The conventional way for arriving at spectral coefficients is the adoptiol
of standard spectrall shapes, independent of earthquake magnitude and source

Stédges. Until recently efforts to predict response values, peak acceleratlon
oL any strong motion parameter) for that matter, were handicapped by th&
searc;ty of"'strong motion data in Greece. The development and coperation of a
strong.motion metwork theoughout the counfry during the last decade, enablet
ug =th acquire a“significant number off strong motion records from shall
earthquakes in Greece (Anagnostopoulos et al. 1985, Anagnostopoulos et al.
1987) capable of producing attenuation relations (Theodulidis and Papazacho
1992,1994) as well as spectral acceleration amplification factors. Due to
of strong motion data from intermediate depth subduction earthquakes
Greece, relevant data have been gathersd from other regions of the world wit
similar seismectectonic characteristics and appropriate attenuation relation
have been also defined (Theodulidis and Papazachos 19590) .

In this paper, spectral acceleration amplification factors for two sok
conditiens, namely “rock” and “alluvium”, based mainly on data from shallf
earthquakes in Greece are defined. Furthermore, utilizing a recently pro
source model in Greece (Papazachos 1992) and the above mentioned attenuatif
relations, expected peak ground accelerations and uniform hazard accelerat
response spectra are assessed for 11 sites almost uniformly distributed ovi
Greece. Some important differences in spatial change of spectral shape a
pinpointed. Expected spectral values are also assessed for these sites
on expected peak ground accelerations and spectral acceleration amplifica
factors. These spectral wvalues are compared with those of uniform h
spectra and the resulrting differences are discussed.

METHOD APPLIED AND DATA USED FA’ ’

The method adopted for seismic hazard analysis was that of Cornell (1!
According to this method, using all the available seismological, seismotec
and geological data, the region under study is divided into seismic so
Within every individual source the occurrence of future events is cons
to be equally probable at any location. For each source, the rate of occ
of events above a chosen threthold, the seismic parameter b of the freg
magnitude relation as well as the maximum earthquake magnitude that can o€
are estimated. Then, with the aid of attenuation relations between a de
strong motion parameter (macroseismic intensity, peak ground accele
etc.) and the independent magnitude-distance, the total probability,
certain level of this strong motion parameter is to be exceeded at a si
estimated. Calculations have been made by using an appropriate ccmputer
namely the EQRISK (McGuire 1976). Some minor modifications have been pe
in this code allowing for the incorporaticon of individual attenuation rela
for every seismic source. Thus, the problem of simultaneous contribut
seismic risk at a site from both shallow and intermediate depth s
earthquakes is overcome.

Calculations in the EQRISK code can be represented in the most basi»
by the "“total probability theorem” (McGuire 1976):

P{A}=[lP(A/s and r}fg(s) fp(ridsdr (2)

where P idicates probability, A is the event whose probability is so;.
represents the event that a specific value of ground motion 1nt=_
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ot exceeded at|the site of interest during
an (arthquake S and R are continuous,
1ndapandent random variables which influ-
ence A and represent earthquake size and
distance from the site of interest.

For the calculation of spectral accel-
eration amplification factors a subser of
the strgng metion data used in a previous
‘paper gxgggéplidis and Papazachos 1992)
has been used., This data subset consists
of 18 horizontal components recorded on
"rock” and 38 horizontal compenents on
"alluvium”, cbtained from earthquakes with
surface wave magnitude Ms from 5.5 to 7.5
and epicentral distances between 9%9km and
236 Km.

As an intermediate depth subduction
Shallow (la..... 19b} and source model the one proposed by
intermediate depth (la.b,c. Papazachos(1990) consisting of © sources
2a,b,c in open circles over yag yged, while shallow source model the
the shadowed zones) seismic . roposed by the same investigator
SelEces: AN Create and sux- {Papazachos 1992) consisting of 68 sources

rounding area(Papazachos X
1990.1991). Black circles Was adopted (fig. 1). In tables 1,2 the

{I,.... XI) denote the Pbarameters necessary in seismic hazard
sites where seismic haz- analysis are given for every individual
ard has been assessed. source of shallow and intermediate depth

earthguakes, respectively. The a,b are
ameters of the frequency-magnitude (Gutenberg-Richter) relation, r is
he annual rate of events with M>=5.0 and Mmax the maximum magnitude of the
seismic source.
As an attenuation model for peak ground acceleration., a, , the following
elations for shallow and intermediate depth subduction earthguakes, re-
spectively, were used (Theodulidis and Papazachos 1990,1992),

lnag=3.88+1.12MS~1.651n(Rep+15}+0.415 (3)
lnag=3‘47+0.75Mw-0‘851nRCER+0.275 (4)

where Ms is surface wave magnitude and Mw moment magnitude, Rep epicen-
tral and Reggr from the center of energy release distances and S a binary
iable which takes values 1 for "rock” and 0 for "alluvium”

For the attenuation of pseudovelocity, PSV(T), the appropriate scaling
‘coefficients C1({T), C2(T), C3(T) and C4(T) of the formula,

InPSVIT)=C1l(T) + C2{(T)M + C3(T)In(R+R0O) + C4(T)S (5)

were used, where RO is equal to 15 for shallow and equals to 0 for
ntermediate depth subduction earthguakes. 1In tables 3 and 4 these scaling
coefficients, at certain period values used in seismic hazard assessment
damping D=0.05, for shallow and intermediate depth earthquakes, re-
pectively, are given (Theodulidis and Papazachos 1990,1994)

RESULTS
The resulting mean spectral acceleration amplification factors and the
one standard deviation are given in table 5 and figure (2). The maximum
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I_irahla 1: Paremeters)of the 4B mﬁn!c sources of -i:ia shallow earthguakes (fig. 1)
Greece and surrounding area. ]

gourcel S (%) a | b r Mmax'Source §(*) a b X
Ia = 85 =477 1.07"psey "w1"=mp  0.50 4.58 1.0 0.38
l¢” 0,40, 4.50_.1.0 ,0.32 6.5 1d 0.69 4.70 1.0 0.50
lef .. Jold S LECEc ] Edd kY 6.4 2a 0.25 4.68 1.0 0.48
2b & @.55 5,15 _1.0 _ 1.41 7.2  2c 0.37 4.77 1.0 0.59
2x %055 499 | 1.00=0o.98 6.5 34 .58 4.73 1.0 0.54
35 0.98- 4.43 1.0 0.27 7.1 #Ma~"lp.65 4.41 1.0 0.25
3B 1.16 4.69 1.0 0.49 6.5 "4a 0.66 4.77 1.0 0.59
4b 0.71 4.50 1.0 0.32 7.2  4A 0.96 4.78 1.0 0.60
4B 0.80 4.58 1.0 0.38 6.5 5a 0.58 4.65 1.0 0.45
Sh 0.42 3.94 1.0 D.09 7.2 5S¢ 0.76 4.63 1.0 0.43
53 0.47 4.46 1.0 0.29 6.5 5B 0.58 4.60 1.0 0.40
6a 0.62 4.53 1.0 0.34 5.5 &b  0.41 4.29 1.0 0.19
6 0.36 3.09 0.8 0.12 6.5 64 0.50 3.46 0.8 0.29
e 0.51 3.19 0.8 0.15 6.5 6f 0.46 3.21 0.8 0.16
7a 0.56 3.89 0.9 0.25 6.4 7b 0.36 3.48 0.9 0.10
7c 0.41 3.68 0.9 0.15 6.4 7d 0.58 3.57 0.8 0.37
Te 0.52 3.18 0.8 0.15 6.5 7f 0.83 3.32 0.8 0.21
Ba 0.30 4.38 1.0 0.24 6.6 B8b 0.30 4.56 1.0 0.36
8 0.43 4.63 1.0 0.43 6.7 9a 0.43 4.03 1.0 0.11
9b 1.18 3.93 1.0 0.09 6.5 9c  0.B0 3.43 0.8 0.27
9d 0.71 3.98 0.9 ©0.30 7.0 9e 0.65 3.93 0.9 0.27
9f 0.63 3.78 0.9 0.19 6.8 10 0.82 3.87 0.8 0.74
1la 0.42 3.58 0.9 0.12 7.0 11b  0.39 3.93 0.9 0.27
12a 0.8B4 4.07 0.9 0.37 6.9 12b 1.68 4.18 0.9 0.48
13a 0.52 3.77 0.9 0.1%9 6.4 13b 0.72 4.00 0.9 0.32
13c 0.B8 3.88 0.9 0.24 6.8 13d 0.11 3.74 0.9 0.17
14a 1.11 3.64 0.8 0.44 7.0 14b 0.94 3.59 0.8 0.39
l4c 1.73 3.74 0.8 0.55 7.2 14d 1.71 3.50 0.8 0.32
14e 1.41 3.78 0.8 ©0.60 7.1 15a 1.81 3.07 0.7 0.37
15b 2.41 3.01 0.7 0.32 7.6 16a 0.76 2.92 0.7 0.26
16b 0.76 2.84 0.7 0.22 6.7 17a 0.64 3.01 0.7 0.32
17b 0.45 2.51 0.7 0.10 6.8 17c¢ 0.43 2.86 0.7 0.23
178 0.28 2.34 0.7 0.07 6.4 18 0.44 2.42 0.7 0.08
19a 0.51 2.34 0.7 0.07 7.0 19 0.71 2.47 0.7 0.09
BS(**) 20.9 2.46 0.8 0.03 6.0

{*)Surface X10.000 km* (**)Background seismicity

Table 2: Parameters of the 6 seismic sources of intermediate depth aerthquakes
1) in southern Aegean.

Source S(*) a b ¥ Mmax Source S5(*) a b r

la 3.46 2.33 0.56 0.34 7.9 1b 3.15 2.43 0.56 0.43
lc 1.33 2.26 0.56 0.29 8.0 Za 1.15 2485 Q715 0:13
2b 1.89 3.00 0.75 0.18 7.1 2c .51 2.5% 0.7% 008

(*)Surface X10.000 km?

value of the mean factor on “rock” is equal to 3.45 at T=0.15 sec, whi
*alluvium” is equal to 2.46 at T=0.30 sec. In figure (3) the distributi
the data used tc derive the attenuation relation (3), in a magni
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= AWngiaxkn cuhhoyn _
3% i{&xﬂ 'uf{ stance space is shown. For the
At m ‘ﬁe culation of the spectral ac-
D=0.05, for 9"'4110"" events. eration amplification factors
igure (2) only the record-
. with magnitude greater or
,l to 5.5 were used.
Estimates of 5%-damped uniform
ard horizontal acceleration
cnse spectra for 11 Greek cit-
(numbered in fig. 1), using
previously mentioned seismic

.Tmm f%m&ﬁ%m%ﬁ?iﬁ
B An.Gn o

0.021 1.534

-1.830 -0.683 sources and attenuation models
-0.696 1.684 -1.910 -0.843 as input into the probabilistic
-3.137 2.114  -2.121 -0.989 | apalysis, are given in figure (4).
-3.693 2.173 -2:151 0.2k These spectra are referred to

*rock” and "alluvium” soil con-

d:5caling coefficient of the attenu- ditions and to mean return pe-
ation relationi{dt,for damping riod, Tm =475 years.

D=0.05%, for intermediate depth .
. 2 In table 6, the expected hori-
subduction events. .
zontal peak ground accelerations

cl(T) c2(T) C3(T) C4(T) for the 11 Greek cities , for vari-
-1.032 0.694 ~0.778 0.309 ous mean return pericds, Tm , on
0.315 0.657 -0.822 0.253 | "rock” and on “alluvium®, are given.
0.B14 0.652 -0.805 0.228 By using the expected peak ground
0.826 0.644 -0.697 0.110 acceleration for Tm =475 years and
0.661 0.681 ~(.634 -0.052 the mean spectral acceleration
0.280 1.014 ~0.991 -(.187 amplification factors of table
~1.250 1.287 ~0.987 ~0.334 5, the "standard spectral shape”
-1.961 1.309 -0.885 -0.442 response spectra for the 11 cit-
-4.223 1.077 ~0.209 -0.577 ies were estimated.

-4.906 1.204 -0.350 -0.495

DISCUSSION AND CONCLUSIONS

Spectral acceleration ampli-
factors proposed in this study (fig. 2) are based on two categories
classification. Certainly, this classification requires more re-
ent after the enrichement of the relevant dat: bank. On the other hand,

T isech
T r . n(:;:hm = “Rock” -
Da00s T o Allm 4
ROCK 18 henzontsl companant s
themy " F 1
.(--,.ALI.IJVIUHU’ horizental components) T .
N P L
IR
50 PR o3
1 i 1
1 [T "r;:z ] H . 3
e L1 1o
i M,
5 w 3 i x C . o -
Fig. 3: Distribution of strong
motion data used for the
Spectral acceleration am- estimation of the rela-
plification factors pro- tions {23 030 .64
posed for the area of {Theodulidis and
Greece, Papazachos 199%2).
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Table 5: Dran and mean +1 standard devd

el spectral acceleration ]
# ficarion factors (PSA/ag) in Greed
Y for |critical damping D=0.05.
4 "Rock” *Alluvium”
13 T(sec) Mean 1 SD Mean 1 SD
b o.05# 8.29 0.18 1.13 0.20
¥ 0407 y2.00 0.51 1.60 0.54
3.15 8. 45 0.886 1.84 0.48
2 0.20 2.64 ©0.81 2.23 0.65
o 0.30 1.61 0.76 2.46 D0.66
; 0.50 1.03 0.60 2.28 0.95
S p.75 0.52 ©0.35 1.55 0.77
1y 1.00 ©0.28 0.1% 1.21 0.73
o 2.00 0.07 0.05 ©0.54 0.58
. 3.00 0.03 0.02 0.34 0.53
i

Lp

classifying accelercgrams into the 8
corresponding groups has enabled us
carry out a crude, but simple, test
the possikle effects of local site
ditions on the amplitudes of the
corded strong ground motion (Theod
and Papazachos 1992). The relat
higher spectral acceleration ampli
tion factors proposed in this stud
on “rock” at periods arcund 0.15

comparison with those of Se
al.{1976),2.5, may be due to var
characteristics (source spectrum, &

aticn path, site effects) of str
tion in Greece. In order to quanti
influence of each individual fact
ther research based on better docun
data is needed. It is also ¢
that at long period values, T>1
the Seed et al.‘s (1976) spectral &
eration amplification factors be
than double from those proposed
study. Given that the mean
magnitude of our data set used,
0.67, is comparable with that o
al. (1976), an additional reaso
difference could be attribute
different data processing proce
pecially in the selection of

Fig. 4: Uniform hazard acceler
sponse spectra for 11 °
Greece. Thick line reffer
luvium~ and thin to “re

TR R e i e condictions.
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. Wnpakn culdoyn o
BlBhlﬂE!nm] \

[y Pxpected horizontal peak ground accel

erations (in cmlseeij Foxr 11

475 950 1900

198 240 274
132 154 1739
440 507 582
284 338 388
576 723

295 377 459
476 600 754
315 401 496
434 615 764
119 398 486
323 392 464
; 219 256 299
IWII Volos R 268 352 457 588 719 859

1 All 179 234 300 394 474 569
IIII Athens R 136 161 130 234 261 289

y All 100 121 137 150 181 205

IX Argostoli R 393 515 660 883 1062 1273
|G All 263 351 448 607 731 870
| X Heraklio R 169 216 249 275 298 322
& all 127 158 195 215 224 233
X1 Rhodos R 186 242 297 385 468 553
all 133 168 211 264 315 373

(*):"Rock”, (**}:"Alluvium”

pency filters. It is generally observed a dependence of the spectral
cceleration amplification factor on distance, for a given type of soil,
ince closer sources are enriched in higher frequencies. But the limited
mber of strong motion data used in this paper did not enable us to carry
out such a sensitivity study.

In figures (5a) through (5d) some com-
parisons between uniform hazard and “standard
spectral shape” response spectra are at-
tempted. Spectra of figure (5a) reffer to a
site of the background seismicity with very
low annual rate, rp..c g =0.03, spectra of
figure (5b) to a site of relatively low
shallow earthguake seismicity, rp.-g5 p
=0.32, and spectra of figure (5c) to a site
of relatively high shallow earthquake
seismicity, T p.-5 g =1.41. The site of
figure (5d) is mainly affecred by interme-

Fig. 5: Comparisen between uniform hazard
(solid lines) and “srtandard spec-
tral shape” methodolegy {(dashed
lines) acceleration response spec-
tra for 4 sites in Greece.
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diate d*t‘.h sources. From these figures
it ean be deduced that for background
and low rate shallow earthguake
‘seismicity both methodologies give com-
parable expected response spectra but
for the gites of high seismicity there
are differences at long periods, T>0.8
sec g/ with the uniform hazard spectra

E gi¥ing’ systematically higher spectral
’f* ‘accelerations and retaining comparable
| = spectral shapes. Regarding the response
e T E TR TR e e spectra of figure (5d), a change'oﬁ
T spectral shape becomes apparent with

the uniform hazard spectra shifted at

Fig. 6: Normalized, ton the maximum 3

) " longer periods.
pseudoacceleration, uniform p ; o
R C_omparlson of the no.rmallzled te tha;
11 sites is Greece. Spectra maximum pseudoacceleration un;f?ry ha??
which decline from the gen- @ard spectra for the 11 Greek cities i
wral shape are pinpointed. shown in figure (6) . Changes of spectral

shape is mainly observed at the site of

Heraklio, Rhodos, Athens, which are essentially affected by the intermediate

depth scurces. The site of Argostoli although presents enriched spectral

values at long periods, is still characterized by similar spectral shape with
the rest of examined sites.

Concluding, we can say that the use of different but appropriate attenuatiol
relations for shallew and intermediate depth subduction earthgquakes is a
realistic step and it seems to be vital in seismic hazard assessment in Greece
in terms of spectral values. Observed changes of spectral shape due to the
contribution of intermediate depth subduction earthquakes may essentiall:
affect the development of rational design values in the seismic code of Greece,
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