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Abstract

A set of simple relations is proposed for the evaluation of soil
effects on normalized elastic response spectra (5% damping),
which are complementary to the relations for the fundamental soil
period and the peak seismic acceleration and velocity presented
in a companion paper. Namely, the soil surface-to-bedrock
outcrop ratio of the normalized spectral accelerations is related
to five (5) basic site and excitation parameters: the fundamental
vibration periods of the soil T and the bedrock T,, the predominant
excitation period T, the peak seismic acceleration at outcropping
bedrock a", and the number of equivalent harmonic cycles n.
As for the peak seismic acceleration and velocity, the effect of
each parameter was estimated from a multivariable regression
analysis of relevant data from more than 700 one-dimensional
equivalent-linear seismic ground response analyses, for natural
sites and seismic excitation conditions. The proposed relations are
verified against the aforementioned database, but mainly through a
detailed comparison with independent numerical predictions and
actual strong motion recordings from seven (7) well documented
case studies: a) two sites in the San Fernando valley during the
Northridge earthquake and b) five different seismic events recorded
by the SMART-1 accelerometer array in Taiwan.

1. INTRODUCTION

The companion paper [3] presents a set of relations for
the approximate estimation of soil effects on the non-linear
site period and the peak seismic acceleration and velocity.
This paper presents similar relations for the 5% damped
normalized spectral accelerations. The proposed relations in
both papers comprise an integrated framework describing all
aspects of seismic site response of engineering interest.

The general form of the relations draws upon 1-D wave
propagation theory for a uniform site with harmonic base
excitation [3]. In this way, the prediction of soil effects
becomes more refined, suitable for practical applications
when the more accurate site-specific numerical predictions
are not justified or cannot easily be implemented (e.g.
GIS-aided seismic microzonation studies [7]). A similar
compilation of actual seismological data, although more
rigorous, is not presently possible, as only a small part
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of the available recordings is accompanied by adequate
information regarding the engineering characteristics of the
site and the seismic excitation.

The data and the general methodology used herein are
the same as in [3]. Specifically, the proposed relations are
based on data from over 700 numerical analyses, for actual
seismic excitations and natural soil conditions, performed
with the equivalent linear method ([8], [6]). In this way, the
values of all parameters varied within a wide range, making
a multivariable regression analysis of the data reliable. The
relative error of the proposed relations is estimated on the
basis of the numerical analyses in the database, but their
validity is mainly verified against actual recordings and
related numerical analyses for seven (7) cases not included
in the database and presented in detail in this paper.

2. LIST OF SYMBOLS

H Thickness of soil column
Vs Shear wave velocity in uniform soil

[7s 0 Average elastic shear wave velocity in soil column
T, Fundamental soil period

Tso Fundamental elastic soil period

T, Predominant excitation period

T Fundamental structural period

Vs Shear wave velocity in (uniform) bedrock

Ty Fundamental (uniform) bedrock period (=4H/V})

a’ ..  Peak horizontal acceleration at outcropping bedrock
& s Peak horizontal acceleration at soil surface
A, Outcropping bedrock to soil surface peak horizontal
acceleration amplification ratio
Sa Spectral horizontal acceleration at 5% critical
damping
S Horizontal spectral acceleration for 5% critical
damping at soil surface
St Horizontal spectral acceleration for 5% damping of
critical at outcropping bedrock
As, Outcropping bedrock to soil surface amplification

ratio of horizontal spectral acceleration
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(S,))*  Normalized horizontal spectral acceleration at soil
surface for 5% critical damping

(S.2)*  Normalized horizontal spectral acceleration at
outcropping bedrock for 5% critical damping

Ag,*  Normalized outcropping bedrock to soil surface
amplification ratio of horizontal spectral
acceleration (for 5% damping)

Asap*  Peak value of Ag,*

Rysp™  Relative error in the estimation of Ag, ,*

Asq.,*  Residual value of 4g,*

Ryw,*  Relative error in the estimation of A, *

n Number of equivalent uniform cycles of excitation
M; Local magnitude of earthquake

D Depth to hypocenter of earthquake

R Distance to epicenter of earthquake

3. METHODOLOGY OUTLINE

Rather than the spectral acceleration itself, the emphasis
here is placed on the (5% damped) normalized spectral
acceleration S* = S / a ., and the corresponding soil
surface-to-bedrock outcrop amplification ratio:

S, %)
Ag,*= ( . )i 3.1)
Sll bedrock
This ratio can be equivalently written as:
As
Ag,* = A_a (3.2)

a

where A4, is the actual amplification ratio of the spectral
acceleration, while 4 is the amplification ratio for the peak
ground acceleration, estimated as proposed in [3].

As an example, Fig. 1 shows typical equivalent-linear
numerical predictions for the variation of A * in terms of
the structure-to-soil fundamental period ratio (7, /T,). The
predicted A, * spectra procure by applying the same site to
two (2) excitations with the same a’  (=0.30g), but with
widely different frequency content. Observe that:

a) The frequency content of the excitation has a secondary
effect on 4 *.

b) For rigid structures (7, = 0), 4, * = 1.

¢) For structures with T, ( T (resonance), the A, * reaches a
peak, hereafter denoted by 4 Sa’p*, and

d) For more flexible structures (7, / T, > 1), the 4 *
gradually decreases and tends asymptotically to a residual
value, denoted by 4, *.

As shown in Fig. 1, the numerical predictions for the
normalized spectral amplification ratio 4, * can be simulated
by this relatively simple analytical expression:

0 ~2
alg,. Q
l+Bl§ SZV8
¢ Ty =
Ag %= (3.3)
d a7, 0’0 4 1.0
;1_§ str8 g +§232 str8

According to Eq. (3.3):

_1+B

Asap* = 2B, (3.4

Asy,*= By (3.5)

Equivalently, the parameters B, and B, can be written as:

By =Ag,, * (3.6)
1+ 4 *

B, :&r* (3.7)
2ASa’p

This means that Eq. (3.3) can be readily defined in
terms of 4 Sa‘p* and ASM* alone. Hence, the results from the
equivalent-linear predictions regarding the amplification of
the elastic response spectra were tabulated in the database
in terms of these two (2) factors. Subsequently, two
independent statistical analyses were performed correlating
ASW* and 4, * to the four (4) parameters found to affect
soil amplification in [3]: the normalized soil period TJ/T,
the bedrock-to-soil fundamental period ratio 7,/T, and
the excitation characteristics @’ and n. Of the above
parameters, a” is provided by a seismological study in
practical applications, 7 is estimated as described in [3],
T, = 4H/V where H the soil column thickness, and only
T, and n need further explanation. In particular, 7, is the
predominant excitation period that is defined as the period
for which its spectral acceleration S (for 5% critical
damping ratio) takes its peak value, while n is the number
of cycles in the excitation time-history that exceed a level
of acceleration equal to a”  (M-1)/10, where M is the
earthquake magnitude.

Further details concerning the database and the
statistical analysis are presented in [2] and [3]. It is merely
noted here, that data were analyzed via an appropriately
weighted multivariable (least-square) regression analysis
with the Newton-Raphson method, considering the four (4)
aforementioned parameters affecting soil amplification as
the free independent variables. Table 1 outlines the range
of these parameters in the database, which also defines the
limits of application of the proposed relations.
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Figure 1: Example of bedrock outcrop-to-soil surface spectral amplification (5% damping).
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Table 1: Range of soil and excitation parameters in the database. ,?\ 1+ % T gcpz Tg ¢1
C — —
~ pl ’
I T, 2 T
PARAMETER RANGE 1 € et . ) ¢
. —— 0 aT, 0™ caTy @ Tg
normalized soil period, Ty/T, 0.06 - 13.3 Agp*=1l+cy, tepf—-§ n p E—-18, 1¢—=¢4
bedrock-to-soil fundamental 0.05-0.95 T ¢ s+ . ¢l = T,
eriod ratio, T,/T. 1 aT, § v T
L {/S 5 1 I+4c, +3c 3§—b8 n°Ps , 4¢-=
peak bedrock acceleration, @, (2) 0.01 - 0.45 T P p ¢Ts 2 T,
number of equivalent harmonic cycles, n 0.5-24 !
where: ¢ , = 0.318 , ¢ ,=0.058,c ., = 0279, c = -0.504,
P P2 P3 4
Cps= -0.613.
4. STATISTICAL ANALYSIS - RESULTS

4.1. Factors affecting ASa‘p*

Fig. 2 shows examples of the variation of 4, * as a
function of the normalized soil period 7/T, the most crucial
of the four (4) independent variables. Spe01ﬁca11y, the data
in this figure are presented in pairs of groups, by maintaining
two (2) of the three (3) other variables within a small range.
Specifically, Fig. 2a explores the effect of shaking duration,
forn =05 -1 and n =4 - §, while Fig. 2b, explores the
effect of soil to bedrock impedance, for 7,/T, = 0.05 - 0.15
(high contrast profiles) and 7,/T, = 0.6 - 0.8 (relatively low
contrast proﬁles) Finally, Fig. 2c, explores the effect shaking
intensity, fora’ =0.01-0.35gand a” =0.40-0.45g.

In all cases, the effect of T JT is srmrlar namely 4, *
increases with TJ/T from its value 1.0 at 7/7, =0 to a more
or less constant value for 7 /7 > 4. Furthermore A p*
decreases with increasing 7,/ and n, especially for T, 5/T >1
(Figs. 2a and 2b), but it is not significantly affected by the
intensity of shaking (Fig. 2c¢).

The above trends have been best-fitted by (Eq. 4.1):

The constants in Eq. (4.1) were determined using a
stepped multi-variable regression analysis of the results of
all numerical simulations. Specifically, the first analysis
corroborated the implication of Fig. 2c, i.e. that a”  does
not affect ASa‘p* in a systematic manner. Subsequently, an
analysis was performed for merely the data that fall within the
range of 1 < 7/T < 4. This analysis provided the values of all
constants in Eq. (4 1), except for ¢ ,. The latter was estimated
by merely the data that fall in the range of T/T < 1. Obviously,
by performing independent analyses for the three sets of data
outlined by the ranges of 7/T in Eq. (4.1), one could have
obtained more precise estimates. But such a methodology
would not ensure the continuity of the proposed relations at
TJT =1and 4.

Frg 3 presents a one-to-one comparison of A, *
predictions to the corresponding numerical results (¢ data )
for all the cases in the database. In addition, Fig. 4 presents
the relative error in these A, * predictions (R, *) defined
as the difference between predrctlons and data normalized
against the latter. Observe that the 4, * values from Eq.
(4.1) agree well with the ‘data’ for all cases in the database
(standard deviation of the error is (21.3%) and that the error
proves unbiased.
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Figure 2: Effect of site and excitation parameters on Ay, *
2ynua 2: Enidpaon mopouétpawv edapovs & oiéyepong 01'0 A, *.
o 5 ‘gg 2 %o
=
9 e O o)
E_ _ - 0.0 o @OO@ o o/O
= 2 9 O o _~ 0 perfect
*a g@o.- "0 agreement
8 - -
< 1 L L L L L
1 2 3 5
*
Sa p (data)

Figure 3: Comparison between predictions and data for A
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Figure 4: Relative error of proposed relation ﬁ)rASM *,
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4.2. Factors affecting A , *

The general procedure in the analysis of the data for 4, *
is the same as that followed for 4 ,p* Hence, Fig. 5 shows
examples of the variation of 4 * as a function of 7/7. In
this case, the initial decrease of A * for T/T, < 1, becomes
an increase for 7/T > 1, while 4 ¥ levels off for TJT > 6.
Furthermore, Flgs 5a and 5b show that an increase in 7,/
and n results in a decrease of Ay, *, especially for 7y/T, > 1.
Finally, Fig. 5S¢ shows that the a’  does not significantly
affect the value of 4

These trends are expressed analytically by Eq. (4.2):

e aT. 4§ T

T 1+cr1§_s8: —S¢1

T (;Te— Te

I 2 ~C4 Q ~

aT, Q* aT 0 T

ASar _‘:1+ Cr1 + Cr3$_b8 ncr5§_5_18 5 1¢—S¢6

T ¢ls ¢Te = T,

T s xCu

= aT, Q" T

I l+c, +50r3§—b8 n¢rs | 6¢ =

I (;Ts - TC

Estimated as for A
c,=-0302,c,

p* the constants of Eq. (4.2) are:
0 189 ,¢c,=-0.474, c . = -0.406.

Figure 6 presents a one-to-one comparison between
predictions and ‘data’ for A4 *, similarly to Fig. 3. In
addition, Fig. 7 presents the “relative error R, in the
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estimation of ASa,r*’ defined similarly to R Am‘p*. Observe
that the agreement between approximate predictions and
numerical ‘data’ is fairly systematic, with an unbiased error
having a standard deviation equal to +26.1%, for all the cases
in the database on which the statistical analysis was based.
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Figure 5: Effect of site and excitation parameters on Ay, *.
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Figure 6: Comparison between predictions and data for A, *.
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5. VERIFICATION CASE STUDIES

This section presents the application of the proposed
multi-variable relations in a series of ‘well-documented’
cases of soil amplification, 2 cases in the Northridge
earthquake and 5 cases in the SMART-1 accelerometer array
in Taiwan. The term ‘well-documented’ means that the sites
have well known geological and geotechnical properties.

RASa, r*

RASa,r*

RASa,r*

cycles n

Figure 7: Relative error of proposed relation for Ay, *.
Zyiuoc 7: Zyeté AaBog e mpoteivouevns ayéong yio.to Ag, *.

Furthermore, the term ‘well-documented’ means that the
digitized acceleration records for each event were available
at both the soil surface and the outcropping bedrock.

The predicted values of 4, and A4 for all seven (7)
cases are evaluated in [3]. Here, the emphasis is on the
elastic response spectra, which are predicted from a joint
application of the relations for 4, * and the relations for
A, and T proposed in [3]. Hence, besides the purpose of
verification, this section also serves as a guide on how to
apply the proposed relations in practice.

5.1. Northridge Earthquake

The Northridge earthquake struck the densely populated
Los Angeles basin on January 17" 1994 at 04:30 PST. It was a
strong earthquake (M, = 6.4) that occurred at an approximate
depth of 19 km. The epicenter region of the earthquake was
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the San Fernando Valley, an east-west-trending, deep alluvial
valley, whose basin floor is relatively flat. Fig. 8 shows the
main geographic characteristics of the San Fernando valley,
locates the Northridge earthquake epicenter and depicts the 3
sites of interest here: LDF: Los Angeles Dam, RRS: Rinaldi
Receiving Station and SFY: Arleta Fire Station.

01 2 3 miles f San Gabriel
_ Mts

Pacoima
Reservoir

Hansen
Dam

Verdugo

%
N Northridge Mts

Epicenter

HWY 101

HWY 101
Santa Monica Mts

Figure 8: Map with site and earthquake epicenter locations.
2ynuo. 8: Xaptng pe Oéoeis edopica@y Toumv Kot ETIKEVIPOU.

Figure 9 presents the geological profile and the measured
shear wave velocity variation with depth at the 3 sites.
Observe that while the RRS and SFY sites are relatively soft
near the surface (V; < 400 m/s for the top 16m), site LDF
is consistently stiffer (V> 600 m/s for all depths). Given

these geotechnical properties, as well as the close distance
between the sites (less than 4 miles) and the proximity
between the respective epicentral distances (approximately
8 - 10 miles), LDF is considered the bedrock outcrop site
and RRS and SFY the associated soil sites. The Northridge
earthquake was recorded at the surface of all 3 sites. The
horizontal acceleration time-histories and respective elastic
response spectra (5% damping) of these recordings were
retrieved by the University of California Santa Barbara web
database (http://smdb.crustal.ucsb.edu/). Table 2 outlines the
corresponding values of the peak horizontal accelerationa
and velocity V| _values.

Table 2:a,, , V,  forthe 3 sites and the Northridge earthquake.
LDF RRS SFY
Ao (2) 0.291 0.819 0.344
Vax (M/5) 0.756 1.640 0.401

The first step for applying the proposed multi-variable
relations is to quantify the seismic excitation in terms of:
a”max, nand T In this case, the recording at LDF serves as the
seismic excitation, and specifically its NS component that led
to the most severe peak horizontal acceleration and velocity.
For this recording, a” =0.291g,n=4and T = 1.0 sec.

The second step is to estimate the linear periods of the
soil 7 and the bedrock 7, =4H / V,. This entails assuming
the bedrock depth (and hence the thickness of the soil layers
H), and then estimating 7 and 7, based on the measured

Vs, (M/s)
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Figure 9: Geological and geotechnical information for LDF, RRS and SFY sites [4].
Zynuo 9: F'ewldoyikés ko yewteyvikés ovvinxes otig Oéoeic LDF, RRS kou SFY [4].
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V - profile. Hence, depths /' = 73.5m and H = 33.5m were
assumed for the RRS and SFY sites, respectively, and the
simplified version of the Rayleigh procedure [1] was used to
obtain the values of 7 presented in Table 3, along with the
respective values of 7).

The third and final step is to apply the proposed relations,
by first estimating the non-linear soil period T, the corner
stone of the methodology. The values of 7 for the two soil
sites during the Northridge earthquake are also presented in
Table 3.

Table 3: Soil site characteristics for the RRS and SFY sites.

H | Vso Ts, T, T

(m) (m/s) (sec) (sec) (sec)
RRS | 73.5 494 0.59 0.37 0.72
SFY | 335 408 0.33 0.21 0.42

The high relative difference between the 7 and T,
values implies that considerable soil non-linearity is
predicted for both sites. This is reasonable, given the intense
shaking caused by the Northridge earthquake at these small
epicentral distances.

Figs. 10a and 11a present a comparison of the predicted
elastic response spectra to the two horizontal recorded
spectra for the RRS and SFY sites, respectively. Specifically,

each of Figs 10a and 1la consist of 3 plots: the upper
plot that compares the normalized amplification response
spectra, A, *, the intermediate that compares the response
spectra at the soil surface, S and the lower plot that gives an
estimate of the error in the prediction in terms of the ratio of
predicted-over-recorded values of S .

For comparison, equivalent-linear analyses with
SHAKEDO91 [6] were also performed for the 2 soil sites with
characteristics shown in Fig. 9. The digitized time-histories
at LDF were used as seismic excitation in these analyses,
applied at bedrock outcrop. The results of these analyses for
the RRS and SFY soil sites are compared with the records
in Figs 10b and 11b, respectively, by using the same three-
partite plotting scheme. Finally, Figs 10c and 11c compare
the foregoing numerical results to predictions obtained
with the proposed multi-variable relations. Note that these
numerical analyses were not included in the database.

The proposed relations under-predict S, for the RRS site
(Fig. 10a), by practically the same amount for all structural
periods 7, , and slightly over-predict the recorded values for
the SFY site (Fig. 11a). However, Figs 10b and 11b show
that the numerical predictions offer similar results with
respect to the records. This is better shown in Figs 10c and
I1c, where the predictions from the proposed relations are
directly compared to the numerical results. Observe that the
former are usually within + 30% of the latter.
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Figure 10: Evaluation of proposed relations for the elastic response spectra for the RRS site during the Northridge earthquake.
2ynua 10: ATotiunon twv TpoTeEIVOUEVWY GYECEDY YIG. TO. EAOTTIKG. PaouaTo. onokpiong otn Oéon RRS Kkai to ceiouod tov Northridge.
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Approx. Relations vs Records Num. Predictions vs Records Approx. vs Numer. Predictions
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Figure 11: Evaluation of proposed relations for the elastic response spectra for the SFY site during the Northridge earthquake.
2ynua 11: Amotiunon twv TpoTeELVOUEVWY TYEGEDY YI0. T0. EAOTTIKG. PaouaTo. amokpiong oty Oéon SFY kot to oeiouo tov Northridge.
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Figure 12: Geological and geotechnical information for the O-07 site [10].
Zynuo. 12: Tewloyikés kou yewteyvikés oovOikeg oty Oéon O-07 [10].

5.2. SMART-1 Accelerometer Array ) o ]
configured in 3 concentric circles [9]. The array is located on

a flat plain in a basin of triangular shape that is 15 km wide

The SMART-1 accelerometer array is located in the and 8 km long [5]. The geologic materials of the flat plain
Lanyang plain of northeastern Taiwan. In brief, SMART-  consist of practically horizontal recent soil and alluvium
1 consists of a total of 39 triaxial surface accelerometers, layers (thickness 30 - 80m) at the surface and a stiffer
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Pleistocene layer (thickness 170 - 540m) that overlies the
Miocene rock basement [10].

Of special interest to this study are two stations: (a) soil
site O-07 and (b) bedrock outcrop site E-02 that is installed
at approximately 2.8 km south of O-07, where the bedrock
formation appears on the surface. Fig. 12 presents the V
profile with depth at the O-07 [10]. Observe that it is a
soft soil site, with V' as low as 120m/s near the surface and
greater than 400m/s at a depth of 80m. The V| contrast at
this depth led us to assume that it corresponds to the seismic
bedrock, although it is not clear whether it also corresponds
to an interface with Pleistocene materials.

For the V, profile of Fig. 12, the simplified version of the
Rayleigh procedure [1], yields 7, = 1.13s. The respective
value for the bedrock is 7, = 0.58s.

In this paper, 5 seismic events recorded at both the O-
07 and E-02 sites have been used, and their seismological
characteristics are presented in Table 4.

The application of the proposed relations starts by first
estimating the non-linear periods 7 of site O-07 (V =283m/
s) for the 5 events. Their values are provided in Table 5,
along with the seismic excitation parameters a’ , n and T,
of the same events. »

Note that due to soil non-linearity, the difference between
T and T is larger for the stronger events 39, 40 and 45 than
for the weaker ones 29 and 41.

Figures 13 through 17 present a comparison of the
predicted spectra against both components of elastic
response spectra from the recordings, as well as the results
from equivalent-linear analyses with SHAKE91 [6], which
are not included in the database. The format in these figures
is the same as that in Figs 10 and 11.

Note that the site parameters used as input for the
numerical analyses are presented in Fig.12. Based on Figs
13a through 17a it is deduced that the proposed methodology
provides reasonable prediction of the recorded amplification.

More importantly, observe that results obtained from
the numerical analyses are of similar accuracy (Figs 13b
through 17b). This becomes more evident in Figs 13c
through 17c, where the numerical results are compared
directly to the predictions from the multi-variable relations.
Overall it is argued that the proposed relations essentially
reproduce the numerical results. It should be underlined
here that whenever the numerical method fails to simulate
the recorded amplification, so do the proposed relations (as
in Fig.14). In other words, the proposed relations inherit
the shortcomings of the numerical method on which they
were based.

For example, the numerical method assumes that the
outcropping bedrock is similar to that underlying the soil
column and that the impeding seismic waves are vertical.
Whenever these conditions are not fulfilled then the results
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Figure 13: Evaluation of proposed relations for the elastic response spectra for the O-07 site during event #29.
2ynua 13: ATotiunon twv IpoTeVOUEVWY GYECEDY YIa TO. EA00TIKG Paouata onokpions oty Oéon O-07 koi to oeiouo #29.
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of both the numerical method and the relations will not
be accurate. In general, the proposed relations should be
used with the same reservations (and safety factor) as the
equivalent-linear method of one-dimensional analysis on
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which they were based. Further elaboration on the accuracy
of the numerical method, or in general on the difficulties
encountered when seismic records are interpreted in terms of
theoretical models are beyond the scope of this paper.
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Figure 14: Evaluation of proposed relations for the elastic response spectra for the O-07 site during event #39.
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Figure 15: Evaluation of proposed relations for the elastic response spectra for the O-07 site during event #40.
2ynua 15: ATotiunon twv IpoTelvousvmwy GYEGEDY YIa Ta. EA0TTIKG Qaouata onokpiong oty Oéon O-07 koi to oeiouo #40.
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Figure 16: Evaluation of proposed relations for the elastic response spectra for the O-07 site during event #41.
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Figure 17: Evaluation of proposed relations for the elastic response spectra for the O-07 site during event #435.
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Table 4: Seismological parameters for the 5 events and their
recording characteristics at E-02 and O-07.

" Aax (8) Vinax (8) D R | o
E-02 | 0-07 | E02 | O-07 | (km) | (km) | TF
29 | 0.033 | 0074 | 0.032 | 0040 | 28 | 46 | 6
39 | 0200 | 0.172 | 0.131 | 0319 | 10 | 22 |65
40 | 0.190 | 0.165 | 0.199 | 0303 | 16 | 67 | 65
41 ] 0050 | 0.033 | 0023 | 0024 | 22 | 71 |62
45 | 0.140 | 0.109 | 0.240 | 0.300 7 79 | 7

Table 5: Input data and results of TS computations for soil site O-07
for the 5 seismic events

# abmax Te n TS,o TS

© (sec) (sec) (sec)
29 | 0.033 0.22 1.13 1.19
39 | 0.200 0.16 2 1.13 1.45
40 | 0.190 0.20 1.5 1.13 1.44
41 | 0.050 0.19 3 1.13 1.22
45 | 0.140 0.20 2.5 1.13 1.36

6. CONCLUSIONS

Soil effects on the normalized spectral amplification
ratio (for 5% damping) 4, * have been quantified with a set
of approximate relations, based on results from more than
700 equivalent-linear analyses of one-dimensional seismic
ground response. Combined with the similar relations for
a, .V  and T presentedin [3], they comprise an integrated
tool for estimating seismic site response in engineering
practice. In summary it was found that:

a) The value of 4 * is a function primarily of the normalized
periods 7, /T, and T/T, and secondarily of the impedance
ratio 7,/T and the number of cycles n. The effect of a*
is statistically insignificant.

b) The relations for the peak 4 Sa,p* and residual 4; * values
of A * are in fair agreement with the respective numerical
predictions, with the error having a standard deviation
ranging from + 21.3 - 26.1%.

c) Given the seismic excitation, predictions of the soil
surface spectral acceleration S with the proposed
relations compared to recordings and numerical analyses
verified the above accuracy in seven (7) cases that are not
included in the database.

The limits of application of the proposed relations for
the 4, * are defined by the range of the site and excitation
parameters in the database on which they were based [3] ,

[2]. Overall, the set of relations presented here and in [3] aim
at the preliminary evaluation of soil effects. Also, they can
be used as a user-friendly alternative to the equivalent-linear
method, when the latter is too cumbersome to implement, as
in GIS-aided microzonation studies [7].
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Exrevig mepilnyn

HopapeTpkéc Xyéoerg Yroroyiopov
™¢ Eda@ukic Evieyvong
II. EAaotikd ®aocpoto ATokpiong

IF'EQPTIOX A. MIIOYKOBAAAX
Kabnyntg E.M.IL.

Hepizqyn

Ipoteiveton o opddo. amiiy oYécewy DTOLOYIoUOD THE EOOPIKNG
ETIOPAONG TTAL KOVOVIKOTOINUEVC, EAOCTIKG. POOLOTA ATOKPIONS (0O
nwoafean 5%), n omoia €ival COUTANPOUATIKI TOV OVTIOTOLYWV OYé-
TEMV Y10, T UEYIOTY OEIOWIKI] EmITaYVVON A, Kol ToxbtTo. V,  mov
TPOTEIVOVTOL G GVVOOO GpOpo. ZVYKEKPILEVD, O KAVOVIKOTOINUEVOS
AOYOG EAOTTIKNG POGUOTIKNG EVITYDGNS GO TO OVOODOUEVO DTEOPoPO
OTHV EMPAVELQ. TOD EOGPOVS GVVAPTATAL UE TEVTE (5) PoTIKES TOPOLLE-
TPOVE TOV EOGPOVS KO THG OIEYEPTNG: TIG 1010TEPLOOOVS THG EOCPIKNG
atijlng T ka1 tov vrofdbpov T, i deamdlovoa mepiodo g diéyep-
ong T, w uéyomy oelopxn emtdyovon oto avadvduevo vrofolpo
a’  wxortov apifus 1600bvaumy kbklwv appoviig kivions n. Onwg
koryiouga, woaV, ., neniopaon g kale mapousitpov extyiOnice
UECW TOIDTOPOUETPIKIC OTOTIOTIKIC QVEAVONS TYETIKGV OedOUEVOY
om0 wAéov twv 700 [ovodI6aTOTMV 1I600DVOLLO. YPOULIKDY OVOLDGEDY
OELOLIKNG OTOKPIONG, VIO TPOYUOTIKES EOOPIKES TOUES KAl TEIGUIKES
oeyépoeig. H aiomotio twv mpotervouevwy ayéoewv dloxpiffavera
UE GOYKPITN TV TPOPAEYEDY TOVS LE TO. ATOTEAETLLOTO, TV op1Oun-
TKOV OVOADGEDY THG PATHS EIOUEVV AAAG, KOPLWS E LETTOUEPH
oVYKpLON TV TPOPAEWEDY TOVGS LE OVESGPTNTES OPIOUNTIKES TPOLSAE-
WEIS 0AAG KO OEIGUIKES KATOYPAPES TTOD aPOPOLY Ge ETTC, (7) KOAWDS
TEKUNPIOUEVOL 1GTOPIKG, TEPLOTATIKG. EOOPIKNG ETXIOPOTHG: &) 0D0 Oé-
oelg oty koilado San Fernando kord, to oelouo tov Northridge, koa
p) mévte oeiouird, yeyovota, atny oo, G<on Tov TEPaUaTIKOD JIKTOOD
emroyvvoroypapwv SMART-1 oty Taiwan.

¥t0 ocvvodd apbpo [3] mapovoidloviol TOAV-TapapLE-
TPIKEG GYECELG VITOAOYIGHOD TNG €30QIKNG EMIOPAONS OTIC
TIMEG TNG MEYIOTNG GEICUIKNG EMTAYVVONG @, KOl TOOTN-
Tag v, , GLVOPTACEL BactkOV TOPAUETPOV TOL £3GPOVG,
Tov Ppaymdovg vrofdOpov Kot TG CGEGIKNG dEyePONG.
Y10 mapov Gpbpo, N TAPOVSINGT CVTH OAOKANPOVETOL LE
OVAAOYEG OYEGELS Y10, TOL EAOGTIKE (PAGLLOTO TOKPIGEMG, Y10
5% amocPeon g avodouns. YrevOouiletol 0Tt 0 6KOTOG
TOV TPOTEWOUEVOV oYécemV eival va Bedtiobel 1 axpifela
OV TPOGPEPOVV 01 SLoBECIES ONUEPO EUTEIPIKEG HEBODOL
VIOAOYIGHOU NG €d0QIKNG EMdPAUCTG Kot TapdAAN A va
OTOTEAEGOVV EVOAAOKTIKY] EMIAOYN GE TEPUITMOGELS OTOL
N €poproy TV oKpiéotepmv apOuMTKdV peBddmV dev
Yroplnbnre: 30.10.2002 Eyive oexri: 1.7.2004

AXIAAEAX I. TAITAAHMHTPIOY
Ap TTolMticdég Mnyovikog E.MLIL

etvat duvat MOy KOGTOVG 1) TEPLOPIGUMV AOYIGLLKOV (TT.Y.
oe ovotiuata G.L.S. [7]).

To dedopéva kat 1 yevik| pebodoroyia SloTdT®OONG TOV
véwV oyécemv etvar ta idta kat ota 600 dpBpa. Apyikd Eytve
oTOTIoTIKN emelepyaciao pog faong deSOUEVMV KOl ATOTEAE-
opdtov and TAéov Tov 700 aplBunTIKOV avaALGEDVY e TNV
16000voun-ypopykn 1EH0S0, TOL TPAYLOTOTOMONKAV LE TO
royiopukd SHAKE [8] kot kupimg pe to SHAKEIL [6]. H
a&lodoynomn g akpifelog tov oyécemv £ytve akoAovdmg o
oUYKPLOT L€ TO OMOTEAEGLLATO TOV 310V TOV aplOuNnTIKGV
AVOADGE®V, OAAG KO LLE TTPOLYLOTIKES CELGUIKES KATOYPUPES
oe entd (7) mEPMTOOES KAAA TEKUPLOUEVOV POIVOUEVOV
€00.01KNG «evioyuong» mov dev mepthappdvovtol ot Pdon
O€00LEVOV KO ATOTEAEGUATMV.

[pokeévov va amopovodel 1 edagkn enidpoocn oo
(QOOUOTIKO TEPIEYOLEVO TNG dOVN oG, BepnBnke N Kavovi-
KOO UEVT (G TPOG TN UEYIOTN EMTAYLVOT| TNG OLEYEPONG)
poopatikh emtdyovon S * =S /a avil yo my S
poopatikh emrdyovon S, Kabdg Kol 0 aviicTorog cuvTe-
Aeotg edaikng evioyvong A, *. Tomid omotedéopato,
amd aplOuNTIKEG aVOAVGELS TNG GEIGUKNG OTOKPIGNG TOL
€0a.povg (Zynua 1) deiyvovv 6Tt 0 cuvTELESTNG 0LTOG Etvart
TPOKTIKG aveEAPTNTOG OO TO PACHOTIKO TEPLEXOUEVO TNG
S1€yepoNG Kol EMTALOV:

(@) yivetar icog pe 1.0 ya dropmtn avodoun (7, = 0),
(B) Aappdvet t péyiotn Tiun tov, ion Tpog 4 Sa’p*, otV mept-

TTOGT GLVIOVIGHOV £8GPOVG-avmdopng (7, = T), Kot
(v) peidvetor oTadtoKd Kot avEOVOIEVNS TG TTEPLOSOV TG

avwdopng (7, / T > 1) teivel aovuntoticd npog uio

otabepn napapévovoa T, fon Tpog A, *.

Zvvendg, o cuvvieheotng A * exppdleTar oveALTIKG
GLVOPTHGEL TOV dVO AKPAiOV TIHAV TOV, TNG HEYIOTNG A Sa’p*
kot g mapapevovsag 4, * (EGomoeg 3.3, 3.6 kou 3.7).
H otototikn enefepyacio tov Swwbéoipov apBuntikdv
OTOTEAECUATOV £0€1EE aKOAOVB®G OTL 0L dVO AVOTEP® YO0
POKTNPIOTIKES OKPOLEG TIHEG UTOPOLV VAL VITOAOYIGHOVV MG
ouvaptNnon TPV (3) ES0PIKOV KOl CEIGUOAOYIKADV TOPOLLE-
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tpov (E&iodoeig 8 kat 9):
(a) Tov AOYOL NG 1W10TEPLOGOV TNG EAPIKNG GTHANG TPOG TN

deomdlovca mepiodo g diéyepong 747, ,

(B) Tov Adyov 1WBomEPOdMY TG GTHANG €0G.POVG KAt 15OV
vyovg 6TNANG Bpayddovg vrofadpov 7/T,, kot
(Y) Tov apBpov TOV 1GOSVVOU®OY OPUOVIKOV KOKA®V TNG

déyepong n.

H péylom cewopikn enttdyvovon oty eledbepn empd-
vew 10V Bpayddovg vroPabpov @’ , M omoiv eixe cvo-
LLOTIKY ETMPPOT] GTOVG GUVTEAESTESG EQUPIKTNG EVIGYLONG TG
HEYIOTNG GEIGHIKNG emiThyvvong 4, Kot taydntog 4, amo-
JEUVVETOL TOPO OTL EIVOL GTATICTIKA O LAVTT Y10 TOVG G-
VvteAeoTEC A Sa‘p* koA, * kot eGapgbnie anod Tig avticTor(eg
TPOGEYYIOTIKEG OYECELS.

Yta oynuoto 3 Kot 6 cvykpivovtal amevbeiog ot mTpo-
OEYYIOTIKEG TEG TMV ASW* kou Ag, * pe to avtictoya
amoteAécaTo TV apldunTikdv avaidcemy. Emmiéov, ota
ynuata 4 kot 7 TopovctdleTal | CXETIKN OTOKAIOT TOV
TPOGEYYIOTIKOV Kol aplOunTikdVv TpoPAEYE®V GUVOPTOEL
tov avesaptrov petapintov TJ/T, , TJT,, xor n. Ano Tig
avVOTEP® CLYKPIoELS QaiveTal OTL 1] ATOKAIOT TOV TPOGEYYL-
OTIKOV 07O TIG aplOUNTIKES TPOPAEYELS EIVOL GTATIOTIKA TL-
yoio, Sniadn aveEaptnt amd TIc LeTafANTEG TOV VITEIGEP-
YOVTOL GTIG TPOTEWVOUEVES GYEGELS, KOl TOPOVCLALEL TUTIKY|
amokAlon Tov Kopoaiverol petagd £ 21 - 26% g Tiung tov
aplOUNTIKOV TPOPAEYE®V.

[Tépav g a&ohdynong oe oxéon pe 1 Paon dedopé-
VOV KOl ATOTEAECUATOV amd TG oplOUNTIKES OVAADGELS, Ol
TPOTEWOLEVEG GYECELS EQUPLOGON KAV o€ enTd (7) GUVOAKA
TPOYLOTIKEG TEPMTMOCELS £OOUPIKNG EVIOYVONG, LE KOVO-
TOUTIKY] TEYVIKOYEMAOYIKT] KOl GEIGHOAOYIKT TEKUNPIOOT).
Ot 600 TPOTEG TEPWTMCELG APOPOLY OTNV KOAAda San
Fernando katd to cewopd tov Northridge (1994, M, = 6.4).
To Zynpoa 8 deiyvetl o PacIKE YE@YPUPIKA YOPUKTNPIOTIKA
™G TEPLOYNG, Kol eVTomilel TO EMIKEVIPO TOV GEIGHOV Kot
TIg Tpelg Béoelg kataypapng mov eEetdobnkav 6to TAL-
oo avtng g épevvag: Los Angeles Dam (LDF), Rinaldi
Receiving Station (RRS) kot Arleta Fire Station (SFY). Ot
YEOAOYIKEG TOUEG KOL 1) LETOPOAT TNG TOOTNTOG LETASOONG
CEWGUKOV (SLoTUNTIKOV) KOPATOV He To BABog TS TpELg
avtéc Béoeig mapovoidlovtol 6to Zynpa 9. Ex tov tpudv ko-
viivov Bécewv, n LDF Beopnnke og Béon kataypapng ent
avadvopevov Bpayddovg vrofadpov kot ot RRS kot SFY mg
Béoeic Kataypapns ent edapkdV anobiécemv.

Ot vmorowmeg TEVTE (5) MEPITTOGELS OLPOPOVV GTO TEL-
pOoUaTIKO celooAoykod diktvo SMART-1 omv kotldda
Lanyang tng Popetoavotorikng Taiwan. Xto mapov dpBpo
TO EVOLOPEPOV EMKEVTIPOVETOAL GE OVO KOUBOVG TOV GELGLLO-
Aoyucov dktdov, tov O-07 emi edapikdv oamobécewv Kot
tov E-02 eni tov avadvopevov Bpaymddovg vrofdbdpov. H

petaBoAn pe to Pabog mg Toxdtag ¥y otov koupo O-07
napovctaletot oto Zynua 12 [10]. A 116 10YvpEG GEIGHL-
KEG OOVNOELS OV £YOVV KOTOYPAUPEL Kol GTOVG dVO KOpPOVG
EVOL0PEPOVTOG, EMELEYNGOV TEMKDG TEVTE N péyedog M, =
6 + 7 ko péyrom opldvtia emtdyvvon (otov otadud E-02)
a’ =0.033g-0.20g (Iivoxag 4).

Yta Zynuoto 10a xor 1la cvykpivovtol ot mpoceyyt-
OTIKEG TPOPAEYELS KO O KOTOYPOUQES OTIG e00PIKES BETELS
RRS and SFY. ITo cvykekpipéva, KaBe £va omd To GYnLOT
aVTA cvviocTatol omd Tpio EMUEPOVS dlaypApLOTO: Eva YLl
T0 QAo ed0PIKNG evioypong A *, £va yia To EAaCTIKE Qb
CUOTO GTNV EMPAVELDL TOV £66POVG S Kot TEAOG £val Yia TO
AOY0 TOV puopbTeY S amd TG OVOAVTIKEG TPOPAEYELG KoL
T1g Kataypapés. o minpéotepn a&loAdynon TV mpotel-
VOLEVOV GYECEWMV, 1 GEICUIKY omoKplon tov Bécewv RRS
kot SFY mpocopoiddnke emiong pe 16030V YPOLUIKEG
aplOuNTIKéS avaivoels. To amoTeEAECHOTO TOV AVOAVGEDY
aVTOV GLYKpivovTal pe TIG Kataypapés ota Zynpata 10b
kot 11b, Kol pe TIG TPOCEYYIOTIKEG GYEGELS OTO ZyYNLLOTA
10c ko 11c. Ta Zynpota 13 émg 17 cuykpivouy emmiéov ta
(QACLLOTO TOV TPOEKLYOV OO TIG TPOCEYYIOTIKES CYECELG LLE
TO OVTIGTOLYO PAGLLATO TOV KOTOYPOPOV KOL TV oplOunTi-
KOV avardcoeov yio ) 8éon O-07 tov diktvov SMART-1. H
TAPOVGILOGT) OTO GYNLLOTO QLTA ELVOL TOPOLOLL [LE OVTY TOV
Yymubraov 10 ko 11.

Ta cvpmepdopato Tov TPOKHTTOVY ATO OAES TIG AVOTE-
p® GLYKPICELS etval KOWEA. ZVYKEKPLUEVA, TOPE TNV TOPOL-
TNPOVUEV] GMUOVTIKY SGTOPE, 1| CUHE®VIO HETOED TV
TPOGEYYIOTIKOV TPOPAEYEDY KoL TV KOTOYPUPDV gfval G-
CTNUOTIKY Kot tkovoromTiky|. E&icov onpavtin givat Opmg
Kot 1 SmicTOOoN OTL 1) ATOKAICT] TV TPOGEYYISTIKAOV TPO-
BAEYE®V OO TIG KATOYPAPES EIVOL GTUTIOTIKG IGOSVVOLN [LE
™V amoOKAoT TOV oplOunTIKOV Tpofréyemv. Ot domoTo-
oelg autég voypoppilovv BEPata TIG YVOOTES OVTIKELEVL-
k&g duokoAieg mOV avTiLeTOTILEL 1| BEPNTIKY TpOGOLOimoN
TPOYLOTIKAOV KOTOYPOO®V, KUPLOG OU®MG TEKHUNPLUOVOLY TNV
TPOOTTIKN YPNONG TOV TPOTEWOUEVOV GYECEMV GTO TTAOL-
Ol0 TPOKTIKOV EQAPLOYDV, MG EVYPNOTOV TPOKATAPKTIKOV
VIOKOTAGTOT®V OPOUNTIKOV OVOAOGEDV.

EYXAPIXTIEX

H epsgovntikn] pog mpoomndbeia ypnuatodotndnke omd
tov Opyoviopd Avticelspikod Xyedtacpot kot [lpootaciog
(O.A.Z.IL.). Ta ceicporoykd dedopéva amd To TEPUUATIKO
diktvo SMART-1 oty Taiwan pdg mapoympndnkay goyevi-
k6 and tov dpa N. ®godovAridn, Atevbuvtr Tov IvetitovTov
Teyvikng Xewoporoyiog kot Avticewopikov Katackevdv
(IL.T.Z.A K). Tovg euyapiotodpe 6Aovg Beppd.

I'edpyrog A. Movkofahag

Kabnynmmg, Zyoin HoMrtwadv Mnyavikav, Topéag F'emteyvikng, EOvikd Metoopio [Torvteyveio.
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