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Abstract

Soil effects on peak seismic acceleration and velocity are
expressed by simple relations, in terms of 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 significant cycles n. Furthermore, relations are
proposed for the estimation of T in terms of the soil thickness
H, the average shear wave velocity of the soil V and a’, . All
relations were established in two steps: (a) the basic parameters
were first identified through a simplified analytical simulation
of the site excitation, and (b) the effect of each parameter was
subsequently estimated from a statistical analysis of relevant data
from more than 700 one-dimensional equivalent-linear seismic
ground response analyses. The soil profiles used in the numerical
analyses correspond to natural sites, while the seismic excitations
originate from actual seismic motion recordings. Comparison
with strong motion recordings, from seven (7) case studies, shows
that the accuracy of the proposed relations is comparable to that
of the equivalent-linear method. Hence they can be readily used
as a quick alternative for routine applications, as well as for
spreadsheet computations (e.g. GIS-aided seismic microzonation
studies) where the more accurate numerical methods are
cumbersome to implement.

1. INTRODUCTION

Soil alters the characteristics of seismic waves, in such
a way that the amplitude as well as the frequency content
of seismic motions on the free soil surface and on the free
surface of the bedrock is different. Although it is well
understood today that the topography of the ground and that
of the bedrock basin are sometimes equally important for the
definition of seismic ground motions, soil effects are the first
to be considered in practical applications.

In broad terms, the methods used for this purpose may be
divided into two categories:
a) Empirical, which correlate seismic motion characteristics
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from actual recordings with soil conditions at the recording

site. Soil conditions are commonly characterized either in

pure geological terms (e.g. [15], [6], [1], [24]) or with
the aid of some representative soil parameter such as the

average shear wave velocity (e.g. [19], [9], [7], [8])-

b) Numerical, which employ wave propagation theory either
in the frequency or in the time domain and may simulate
the details of any given soil profile and seismic excitation
(e.g. [14], [17], [18], [22]).

Currently available empirical methods offer the
advantage of immediate and fairly inexpensive application,
but often fail to provide the accuracy required for engineering
applications [3]. On the other hand, numerical methods are
more accurate, but their application to routine projects is
limited by the time and cost required in order to collect all
necessary input data and to perform the analyses. To fill this
gap, a set of relations is established here and in a companion
paper [5], which draws upon the theory of 1-D seismic wave
propagation in order to identify the basic factors affecting
soil response and to evaluate their influence. In practical
terms, such relations could prove useful in routine projects,
or in cases where numerical methods cannot be easily
implemented, such as in seismic microzonation studies of
wide areas that are commonly performed with the aid of
G.I.S. systems (e.g. [21]).

The new relations are based on data from equivalent-
linear site response analyses, performed to simulate actual
seismic excitations and natural soil conditions. In this
way, the values of all parameters varied within a wide
range, making a multivariable regression analysis of the
data reliable. To guide the regression analysis, the basic
parameters of the relations were first identified by means
of an analytical solution for uniform soil and harmonic base
excitation. To verify their validity for practical applications,
an extensive evaluation is presented here pertaining to
comparisons with strong motion data and related numerical
analyses for seven (7) case studies.
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This paper focuses upon soil effects on the peak ground
acceleration, the peak ground velocity and the fundamental
site period. The effect of soil on elastic response spectra is
the subject of a companion paper [5].

2. LIST OF SYMBOLS

|4,]  Amplitude of outcropping bedrock to soil surface
amplification ratio
A;,  Complex amplification ratio within soil

A,,  Complex amplification ratio within bedrock
o Impedance ratio
a* Complex impedance ratio
Po Mass density of bedrock
Ps Mass density of soil column
S Critical damping ratio of bedrock
& Critical damping ratio of soil column
H Thickness of soil column
Vi Shear wave velocity in uniform soil

Vo Elastic shear wave velocity in uniform soil
Vy*  Complex shear wave velocity in soil

v, Average elastic shear wave velocity in soil column

T, Fundamental soil period
T,*  Complex fundamental soil period
Tso Fundamental elastic soil period

T, Predominant excitation period

Vi Shear wave velocity in (uniform) bedrock

T, Fundamental (uniform) bedrock period (=4H/V)
k, Wave number for soil

k* Complex wave number for damped soil
Cos Overall damping ratio of soil column
k;, Wave number for bedrock
Peak horizontal acceleration at outcropping bedrock
Peak horizontal acceleration at soil surface
A, Outcropping bedrock to soil surface peak horizontal
acceleration amplification ratio
Ry, Relative estimation error of 4,
nx  Peak horizontal velocity at outcropping bedrock
V.  Peak horizontal velocity at soil surface
Ay Outcropping bedrock to soil surface peak horizontal
velocity amplification ratio
R, Relative estimation error of Ay
n Number of equivalent uniform cycles of excitation
y Cyclic shear strain amplitude

3. PARAMETER IDENTIFICATION

The basic parameters contributing to soil effects may be
identified with the aid of one-dimensional wave propagation
theory for a uniform, visco-elastic soil and bedrock profile
under harmonic base excitation. Given the algebra outlined
in the Appendix, the ratio of the amplitude of motion at the
free ground surface to that at the outcropping bedrock is
expressed as:

Tb 7Z'TS
ex, — | =
p{f" T [2 T, H
T, . T
cos s +ia sin s
2T, 2T,

where (p, , &) and (p, , &) denote the pairs of mass density
and damping for the soil and the bedrock, 7, and T, are
the fundamental vibration periods of columns of soil and
bedrock of the same thickness H, T is the excitation period,
T*= T(I-ii,), while
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For small values of the impedance ratio ( and the critical
damping ratio ¢, Eq. (3.1) may be approximated by:
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These analytical relations refer to the steady state
response of the soil profile. Accounting for the transient
phase of the response, the amplification ratio 4 has to be
related to the duration of the excitation, or to the number
of cycles n. Thus, 4; can be considered overall a function
of five independent factors: 7,/T, TJT, pJp,, &, &, and n.
Furthermore, for non-linear soils, the peak acceleration of
the seismic excitation a” _should be added to the above
factors, as it affects both the T and the & of the soil.

In this study, priority is given to the effect of four (4)
of these factors: TJ/T, T,/T,, a’ _and n. The effect of the
remaining factors is overlooked since ¢, and pJp, show
little variability, while £, is mostly a function of earthquake
-induced shear strains and, in turn, of ¢ _and n.

4. DATABASE AND STATISTICS

The proposed relations are based on a multivariable
regression analysis of the input data and the results of
more than 700 numerical analyses of seismic ground
response. The site model used for these analyses consists
of a number of horizontal soil layers, with non-linear visco-
elastic response, resting upon a uniform, linear visco-elastic
bedrock. Computations follow the equivalent-linear method,
assuming vertical propagation of earthquake-induced shear
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Figure 1: Acceleration time histories of seismic excitations used in the equivalent linear numerical analyses.
Zyniua 1: Xpovoiotopieg emitayvvong mov ypnouoromonkay otic 16000vouo. ypouuixes optuntikés avalooeg.
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Figure 2: Elastic response spectra (5% damping) of excitations used in the equivalent linear numerical analyses.
Zynua 2: Elaotika pacuatoa amoxpions (awoofeon 5%) tawv S1eyEPoE@Y TV 16000VOUA-YPOUULKDY aplOUnTIKOY OVOLOGEWDV.

waves from the seismic bedrock to the ground surface and
vice-versa [22, 14]. This method has been the standard
analysis tool worldwide for a long time, and consequently its
advantages and limitations are better understood than those
of alternative true non-linear approaches (e.g. [17], [18]).
Furthermore, its overall accuracy for low and moderate
levels of ground shaking has been directly or indirectly
demonstrated in a number of recent case studies, through
comparison with data from seismic array recordings (e.g.
[11], [20], [10], [12], [23]).

The more than 700 equivalent linear analyses were
performed using 12 different (base-line corrected)
seismic records as outcropping bedrock excitations. The
characteristics of the recordings are presented in Table 1
and in Figures 1 and 2. No alteration was introduced to the
records, other than the scaling to the desired value of a’

per analysis, depending on the project at hand. Defining as
predominant period 7, of the excitation the period for which
its spectral acceleration S, (for 5% critical damping ratio)
takes its peak value, observe that 7 in the excitations used
varies from 0.1 to 0.8 sec, capturing a wide spectrum of
potential seismic events.

For each excitation, n was estimated as the number of
cycles in the time-history that exceed a level of acceleration
equal to a’ (M-1)/10, where M is the earthquake
magnitude. This empirical “rule of thumb” is an extension
of the relation between equivalent uniform and maximum
shear strains adopted in the numerical analyses of seismic
ground response [14]. Observe that for the excitations used,
n = 0.5 to 24, again capturing a wide spectrum of potential
seismic events.

In the majority of the analyses, the seismic bedrock was
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defined within Neogene or older geological formations, with
shear wave velocity V, = 550m/s and p,=2.2Mg/m’.

The analyses were performed for 105 soil sites where
geotechnical investigations were available, including
measurements (mainly crosshole) of shear wave velocity, as
part of major infrastructure development projects in Greece
(e.g. microzonation studies, design of motorways, gas and
oil transmission pipelines). Each site was usually analyzed
for 2 to 4 excitations and 1 to 2 levels of &” , depending on
the project at hand.

Soil non-linearity was introduced in terms of the shear
modulus degradation and hysteretic damping ratio curves
[25], for soils of different plasticity (e.g. Fig. 9). With
few exceptions, the soil profiles considered in this study
consisted of cohesionless non-plastic sand, silt or gravel,
as well as of low plasticity clays and marls. Hence the
theoretical predictions refer to soil layers of plasticity index
between 0 and 50%. Such soils exhibit a higher potential for
non-linearity relative to more plastic clays.

The overall variability of the site conditions is outlined in
Table 2, by means of the range and frequency distribution of
the major site characteristics. In addition, this table provides
the range and frequency distribution of the main parameters
that affect soil amplification, namely: 7y/T, T,/T, &’ _and n.

Table 1: Characteristics of recordings.

Name Aax Vmax R
# (date) @ | ms | M| @m | ©mP
A C"é‘_’gf%;ke 0321 | 251 |58 | 9.6 | N320°
B| Japan236 | 0.168 | 6.1 |84 | 185 | NS

p .
C A(lzlzygné‘i‘;s 0301 | 244 | 6.7 | 32 | Trans
D Sa‘(lglf;‘_’;i“)ld" 0346 | 145 |65 | 23.1 | N21°
E C"é‘_’gf%;ke 0417 | 437 |58 | 9.6 | N230°
F ﬁ;lafgg)‘ 0273 | 236 62| 4 | EW
G Sa‘(lglf;‘_’;i“)ldo 0278 | 125 |65 | 23.1 | N291°
H C(?;hi‘lgg‘;a 0142 | 84 | 70| 34 | NS
I (2P : gf{‘;z) 0454 | 193 | 55| 3 | Trans
J (P;g}‘éf_lglg; 0264 | 142 | 6.1 | 439 | N295°
K C(;gh;‘lgg‘;a 0239 | 98 [62| 13 | EW
L (é{gélff)‘;) 0.543 | 48.1 |62 | 18 | NI50°

Observe that site characteristics as well as soil
amplification parameters in Table 2 cover a wide range of
values, typical for the great majority of potential cases.

The general form of the proposed relations was defined in
advance of the statistical analysis of the relevant data, from a

joint evaluation of appropriate analytical solutions (e.g. Eq.
3.2) and the trends exhibited by the numerical predictions
themselves. Then, a multivariable regression analysis of
the entire database, according to the Newton-Raphson
iterative procedure, calibrated the 3 to 5 constants of each
of the relations. Appropriate weighting was introduced in
the statistical analysis to counterbalance the non-uniformity
of the database, especially in connection to o’ . an
independent variable with significant influence on all aspects
of the response, since it is related to soil non-linearity. In
what follows, the results of the equivalent-linear analyses are
denoted as data, although they are also simulations and not
actual recorded data.

5. PEAK GROUND ACCELERATION

Fig. 3 shows the variation of the relative amplification
ratio for the peak ground acceleration, denoted hereafter as
A, with the normalized soil period 7/7 . In this figure, the
data are presented in pairs of groups, by maintaining 2 of
the remaining free variables fixed within a narrow range,
and significantly changing the third variable. Specifically,
all data in Fig. 3a correspond to fixed 7,/7, and n values,
but significantly different values of a” = 0.01 to 0.14g
(moderate shaking) and a” = 0.4 to 0.45g (strong shaking).
In Fig. 3b, differences in the data correspond to significantly
different values of n = 0.5 to 1 (impulse-like motions) and
n =4 to 6 (long duration motions). Finally, in Fig. 3c, the
differences correspond to significantly different values of
T,/T;= 0.05 to 0.4 (high contrast profiles) and 7,/T, = 0.5 to
0.9 (low contrast profiles).

Observe that the effect of normalized site period 7/7,
is similar in all figures. Namely, 4, tends to 1.0 as 7/T,
tends to zero, it becomes maximum close to 7/7=1.0 and
it decreases gradually as 7/7, exceeds 1.0. This trend is
strongly reminiscent of the response of single degree of
freedom (SDOF or mass-spring-dashpot) systems subjected
to harmonic base excitation. Hence, drawing upon the theory
of SDOF vibrations under support excitation (e.g. [2], [13]),
the data in Fig. 3 have been fitted by:

1+C1,a(rv /Te)2

M-@ .y}« ety

According to Eq. (5.1), Aa takes the following characteristic
values:

(5.1)

a =

1.0 forT,/T,=0
A, =1 (1+C,)/Cy, forT, /T, =1 (5.2)
C, forT, /T, > ©

The fact that 4 tends to a fixed, nonzero value at large
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normalized site periods 7/7, is the only basic difference
from the response of a SDOF system, which eventually
diminishes to zero. This differentiation was conservatively
introduced in order to take into account the contribution to
the response of the higher modes of vibration.

25
-(a) T/T4=0.05-040,n=05-2
2F o X ab,,.=0.01-0.14g
Foo# o a,,=040-045
o = 040 - 0.459
15 0 o ,
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Figure 3: Effect of site and excitation parameters on A .
2ynpa 3: Emidpaon mopopétpwy e6apovg ka iéyepang oto A, .

In general, the coefficients C, and C,, should
be expressed as functions of the three (3) remaining
independent variables, i.e. a’, , T,/T, and n. However, the
data in Fig. 3 show that C, , i.e. the asymptotic value of 4,
at large normalized soil periods, is not affected by 7,/T,
but increases consistently as 7 and a” _become higher and
lower, respectively. Moreover, the value of 4 at resonance
increases with increasing n and decreasing a”, . Hence, C 1
can be expressed as a function of ’, _and n only:

dZa
amax '
Cl,a:dl,a(_J g(n) (53)
g
with
ndS,a
o) =——— (5:4)

and d, (0, d, <0, d, >0. Note that the general form of
g provides an asymptotic increase of C, and 4 towards
the steady state values, at a large number of cycles n. This
effect resembles the transient response of SDOF systems in
resonance conditions (e.g. [13]), and is also consistent with
the response displayed by the data in Fig. 3b.

Finally, the data in Fig. 3c indicate that the peak value
of 4, tends rather to decrease as the normalized period of
the bedrock 7,/T, becomes higher. This is reasonable since
T,/T, represents essentially the contrast in dynamic stiffness
between the soil and the underlying bedrock, and it is
consequently a measure of the radiation damping.

Table 2: Range and Frequency Distribution of Parameters.

Parameter Range Distribution
@
_ ¥ oo o#
H 120 [ ’g,ia s & s
bl 3.5-240 ol £ &
0
_ Fos
120 1/'\& vg
Vo 50 - 700 ol i ra
(m/s) F "
o]
400 — &
Vs 200 ° & &
@) 100 — 1000 C oo |g £
0
Ts 0.04 - 3.33
(sec)
Ty
(sec) 0.02 -1.75
T,/ Tg 0.05-0.95
T/ T, 0.06 - 13.3
&
max 0.01 —0.45
(2
200 P~
" 0.5-24 I »
(cycles) ) toor R 00 ¥
0]

To simulate this effect, C,, was correlated with 7,/T
through a linear relation, of the same form as Eq. (3.3),
which describes the equivalent critical damping ratio:
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T,
C2,a = d4,a + dS,a T_b

N

(5.5)

withd, ,d; >0.

The constants in Eqs (5.3), (5.4) and (5.5) were
determined from a statistical analysis of all available data.
This procedure led to a best fit relation for d, =1.20, d, =
-0.17, d, =0.50, d, =1.05 and d  =0.57. Practlcally, th1s
best-fit relatlon ensures that A, is over- -predicted in 50%
of the cases and under-predwted in the remaining 50%
(median value). Note that by changing to &, =1.75 and
retaining the values of the other 4 constants Eq. (5.1)
produces conservative upper bound estimates, i.e. ensures
overprediction of 4 in 84% of the cases in the database, for
added conservatism.

Fig. 4 presents a one-to-one comparison of 4 values, based
on the proposed relations (predictions) and the equivalent-
linear analyses for all the cases in the database (data). This
means that after statistically calibrating Eq. (5.1) for best fit
and upper bound predictions, an a posteriori prediction of 4,
for all the cases in the database was performed, as an index of
the overall predictive ability of the relation. In addition, Fig. 5
presents another comparison of the best-fit predictions and the
data, in terms of the relative error R, , defined as the difference
between approximate predictions of 4 and data normalized
with respect to the latter. Observe that the relative error of
the best-fit relation has practically no bias with respect to the
included parameters and that the standard deviation of the
error in predicting 4 is +24%. Anyway, some conservative
overprediction of 4 is expected for very flexible soil profiles
and relatively intense shaking. On the other hand, Fig.4b
shows that that the proposed upper bound relation provides
a consistent overprediction of the whole range of data, and
can be used instead of the best-fir relation if significant
conservatism must be incorporated in the design.

m best fit

S B 000 .0 SR
— o)

5 ®

2 4=

he} -

o F 0@ &0

a Q

- H perfect

© -

< agreement || I | (a)
—~ 3

%) upper bound 0

= B (=9)

.0 ® o o®

©

5 1 0 GO,

=

o =
RS H perfect

o Ha t

< grepmen Ll ] (b)

1 3
A, (data)

Figure 4: Comparison between predictions and data for Aa.
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Figure 5: Relative error of proposed relation for A,
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6. PEAK GROUND VELOCITY

Numerical predictions for the relative amplification
of peak ground velocity 4,, are plotted in Fig. 6 against
the normalized soil period 747 Specifically, Figs. 6a, 6b
and 6¢ show examples of the effects of the bedrock to soil
period ratio 7,/T, the peak bedrock acceleration a’ _and the
number of equlvalent cycles n, respectively. The effect of the
various factors on A4, is similar as in the case of 4 , except for
two main differences.

The first is that 4, is not consistently affected by
the duration of the seismic motion, Fig. 6¢c. The second
difference is that the maximum amplification of the velocity
occurs at normalized soil periods T)/T 1. This is because the
predominant period of the velocity time history of seismic
motions is usually higher than that of the corresponding
acceleration time history (e.g. peak spectral velocity usually
occurs at larger structural periods than the peak spectral
acceleration in tri-logarithmic plots of elastic response
spectra).
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Figure 6: Effect of site and excitation parameters on 4.
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According to the data in Fig. 6, the peak amplification occurs
at approximately 7, = 1.50 7. Hence, Eq. (5.1) is re-written
as:
1+C,, (T, /1.5T,)
Av: l,v(zs e) (61)
\/[1 (1, /1.5T€)2] +C3,(1, /15,7

where:
s,
g
T
Gy, =dy, +dy, (6.3)
' ’ ST
withd, <O andd, ,d,, > 0.

The constants in Eqs (6.2) and (6.3) were again
determined from a multi-variable regression analysis of
all available data. According to this, the best fit relation is
obtained ford, =0.88,d, ,=-0.124,d, =1.087 and d, =0.598,
Practically, this best-fit relation provides a median value of
4,, but by changing to d, =1.25 and retaining the values of
the other 3 constants, Eq. (6.1) produces conservative upper
bound estimates, i.e. ensures overprediction of 4, in 84% of
the cases in the database, for added conservatism.

The predictions of 4, are evaluated in Figs. 7. and 8, in
the same format as that used to evaluate 4 . In this case, the
best-fit predictions agree well with the data for 4, >1, with
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the unbiased relative error R, having a standard deviation
of +19.9%. Anyway, some conservative overprediction of
A4, may be expected for very flexible soil profiles, over stiff
bedrock and relatively intense seismic excitations, similarly
to 4. Finally, note in Fig. 8b that the proposed upper bound
fit does provide a consistent overprediction of the whole
range of 4, data.

7. FUNDAMENTAL SOIL PERIOD

In order to apply the previous relations in practice, one
has to provide the peak acceleration at the outcropping
bedrock @’ , the predominant period of the excitation 7,
as well as the fundamental vibration periods for the bedrock
T, and for the soil 7. Among these parameters, a’ and T
are usually provided by a seismic hazard study while 7, is
related by definition to the soil thickness A and the elastic
shear wave velocity of the bedrock V, (i.e. T,=4H/V)). In
contrast, estimation of 7 is not equally straightforward,
even if the variation of elastic shear wave velocity with
depth is known. This is mostly due to the fact that soil
response during shaking is non-linear and consequently
the fundamental period 7 is related to the applied shear
stresses and strains in addition to the elastic soil properties.
Fig. 9 shows typical experimental curves for the variation
of the shear modulus G, normalized against the elastic shear
modulus G, with applied cyclic shear strain amplitude 7,
for soils with different plasticity index L [25]. Analytically,
these curves are approximately expressed as:

G 11 (7.1)
G, l+xy

For instance, Eq. (7.1) with k=6, 2=0.91 and v in (%) is
compared to the experimental curve for Ip =30% in Fig. 9. In
terms of shear wave velocities, Eq. (7.1) becomes:

2
Vs 1
Vso 1+ xy;'

where V denotes the shear wave velocity for cyclic shear
strain amphtude 7, while V, denotes its value for y < 107.
Based on Eq. (7.2), a general relation for the fundamental
soil period 7 is:

2
=)
TS,o

where T denotes the elastic soil period (for y <107%).

(7.2)

L+xy” (7.3)

As a first approximation, the y may be related to a’ ,
as an index of the shaking intensity, and the average elastic
shear wave velocity V. (=4H/T, ), as an index of the
dynamic soil stiffness. Hence Eq. (7 3) is written as:

2 d
T s d bmax T
s =l+d1,T( s,o) 27| & max
TS,o g

withd, ., d >0andd +<0.

1LT> 73T

(7.4)

The values of these constants were estimated from a
multi-variable regression analysis, as: d, . = 5330, d, ,=-1.30
andd, = 1.04.

Fig. 10 presents a one-to-one comparison between T
predictions and results from the analyses (data). Fig. 11
provides the relative error R as a function of the two basic
input parameters a®  and V It is argued that Eq. (7.4)
follows closely the trends of the data, in qualitative and
quantitative terms (standard deviation +24.3%).
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Figure 9: Variation of G with shear strain .
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Figure 10: Comparison between predictions and data for TS.
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Figure 11: Relative error of proposed relation for T
2ynpa 11: Zyetxd 1a8og e mpotervouevig ayéong yio to Ty

8. DISCUSSION

The proposed relations estimate soil effects on peak
ground acceleration and velocity in terms of four (4) basic

parameters: period ratios 7/7 and T,/T, a"

.. and n. These

four parameters are treated as independent, given that their
covariance coefficient is in all cases smaller than 0.15 (note

that a covariance coefficient equal to 1.0 corresponds to
total dependence between two variables). According to the
statistical analysis, the effect of 7/T is the most systematic
and pronounced, at least for low values of 7,/T (< 0.40).
The effects of the remaining parameters are relatively less
significant.

The effect of soil non-linearity on 7 is estimated as a
function of two (2) obviously independent variables: the
average small-strain shear wave velocity V of the soil, and
a’ . In this case, the statistical analysis indicates that the
importance of these variables is broadly equivalent.

In addition to the evaluation of the proposed relations
against the numerical predictions used in the statistical
analysis, their accuracy was verified in a series of case
studies (not included in the database): a) two (2) sites in
the San Fernando Valley during the Northridge earthquake
(January 17th 1994), and b) five (5) seismic events recorded
by the SMART-1 accelerometer array in Taiwan. Full details
of the site characteristics (e.g. geology, V profile with
depth) and the recordings (i.e. earthquake magnitude, elastic
response spectra) for these case studies are provided in [5]. In
this paper, the information regarding the site characteristics
and the recordings for the seven (7) case studies is outlined
in Table 3, in the processed form of the parameters entering
the proposed relations. Observe that the sites and the seismic
events considered cover a wide range of potential cases,
rendering this evaluation representative for a wide range of
applications in practice.
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Figure 12: Evaluation of best fit (() and upper bound (o) relations against seismic recordings and numerical predictions; (a), (b) & (c) for
Aa; (d), (e) & (f) for AV.
2ynuo 12: Amotiunon péltiotawv ayéoewy (() kai ayéoemv avw opiov (0) Evavti GEIGUIKOY KATOYPAPDY Kol opLOuntikdy mpofréyewv: (a),
(b) & (c) yra 1o Ao - (d), (e) & (f) yrato AV.
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Table 3: Outline of site and seismic excitation input parameters for
the verification case studies

# abmax Te n TTS‘,(J §S,0 Tb
(8 | (sec) (sec) | (m/s) | (sec)
29 | 0.033 0.22 5 1.13 283 0.58
39 | 0.200 | 0.16 2 1.13 283 0.58
40 | 0.190 | 0.20 1.5 | 1.13 283 0.58
41 0.050 | 0.19 3 1.13 283 0.58
45 | 0.140 | 0.20 25 | 1.13 283 0.58
R]SR 0.291 1.00 4 0.59 494 0.37
SFY | 0.291 1.00 4 0.33 408 0.21

For each one of the seven (7) case studies, soil
amplification was estimated by three methods: a) direct
calculation from the actual recorded time-histories in
the surface of nearby ‘soil’ and the ‘bedrock’ sites, b)
approximate calculations via the best fit proposed relations,
and c) numerical calculations with the equivalent-linear
method [14]. The three sets of data are compared to each
other in Fig. 12 (solid circles). Observe first that the
approximate relations estimate the recorded 4, and 4,
with a safety factor equal to 2 and no systematic bias (Figs
12a and 12d). Note also that the same lever of accuracy is
obtained from the simulations with the equivalent-linear
method (Figs 12b & 12e). This is clearly an indication of
the widely acknowledged difficulties encountered when
field data are interpreted on the basis of theoretical models.
Finally, note in Figs 12¢ & 12f that the approximate best fit
predictions fall consistently within +45% of their numerical
counterparts, without any systematic bias. On the other
hand, the comparisons for approximate upper bound
predictions in the same figure (hollow circles) show that
these consistently overpredict numerical and recorded data,
ensuring a reasonable level of conservatism.

9. CONCLUSIONS

A set of approximate relations has been established to
evaluate soil effects on @, _and V_, and also to estimate
the basic site parameter, i.e. the non-linear soil period T -
The basic parameters of the relations are identified through
a simplified analytical simulation of the problem. Their
effect is quantified via a statistical analysis of data obtained
from over 700 equivalent-linear analyses of seismic ground
response and not from seismic recordings. In summary, it
was found that:

a) Soil effects on @, _are a function of the period ratios 7/
T and T,/T, the peak bedrock acceleration a” and the
equivalent number of cycles n. Soil effects on ¥, _depend
on the same parameters, except for n.

b) The non-linear soil period T is related with the elastic

soil period T , the average elastic shear wave velocity

V,over the entire soil depth, and @” .

c) Predictions obtained from the proposed best-fit relations
are usually within = 19.9 to 24.3% from the respective
estimates from equivalent-linear analyses. On the other
hand, the upper bound relations provide consistently
conservative upper bound estimates of the numerical
results.

d) Evaluation of the proposed relations in well-documented
cases of actual recordings and numerical analyses that
are not included in the database verified the above safety
margins.

Nevertheless, the accuracy of the proposed relations
is conceptually related to, and limited by, the accuracy of
the equivalent-linear method ([14], [22]) used to obtain the
numerical predictions in the database. Furthermore, their
application should be limited to cases where the site and
excitation characteristics fall within the limits summarized
in Table 2. Further details concerning the relations and their
verification can be found in [4]. Overall, the relations should
be considered as approximate, aimed at the preliminary
evaluation of soil effects. In addition, 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 [21].
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11. APPENDIX

Analysis of soil effects for harmonic excitation and
uniform visco-elastic soil and bedrock conditions

Based on one-dimensional wave propagation theory, the
amplification of the seismic excitation from the outcropping
bedrock to the free soil surface, in the simplified case of a
uniform soil and bedrock site, is expressed as (e.g. [16]):

1
AS,O = * * * (Il)
cosk, H+ia sink, H
where
* H * 1+
kst—w* Ve =V (1+ié, ) , a*=a ic, )
V, 1+i&,
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and
ol Ty
Pp Ts
Taking into account that for small values of £ (i.e. &s <
0.10): ksH ~k;H(1—i&;) and that by definition cos(ix)=
cosh(x) and sin(ix)= i sinh(x), the complex trigonometric
terms in Eq. (I.1) are written as:

cos(k.H )~ cos[kSH(l —ic; )] =
=cos(kH )cosh(Ek H ) +isin(kH ) sinh(Ek H )

(1.2)

and:

sin(k,H ) ~ sin[kSH(l —ic, )] =
=sin(kH ) cosh(ékH )—icos(kH ) sinh(Ek H )

(L3)

Furthermore, for small values of &,

1+id, e
7%, ~all+i(g &, )]

1.4)

a*=a

Hence, Eq. (I.1) is expanded as shown below (Eq. 1.5):

= cos(k H)cosh(¢ k H) + acos(k H)sinh(§ k (H)

- akés - E.:b )Sin(ksH)COSh(E.ssksH)
| sin(k,H ) sinh(Ek H )+ o sin(k,H )cosh(Ek,H )+
T ae —& )cos(k,H ) sinh(Ek H )

and consequently (Eq. 1.6):

2
AL =cosz(kSH)+sinh2(§SkSH)+

S,0

a2[sin2(kSH)+sinh2(§SksH)][l+(§S —4”,,)2]

2 COSh(ézsksH) smh(fngH) -
* (&, =&, )cos(k,H ) sin(k,H )

For the special case where the bedrock and the soil have the
same properties (i.e. a=1, &s=¢b), Eq. (1.6) simplifies to:

AL =cosh(&pky H )+ sinh(EpkyH ) =exp(Epky H) (1.7)
b,0

Furthermore, for low values of &s and &b, as well as high

contrast between the shear wave velocities of the bedrock

and the soil (i.e. low a values), Eq. (I.6) may be written as:

= ! (L8)

A
\/cos2 (kSH)+ [fe,s (ksH)]z

5,0

or, introducing the excitation period 7e = 2m/®w and the
predominant soil period 7S = 4H/V

A |- ! (19)
’ 2
2| Ts T Ts
cos”| == |+ ==
(2 TEJ :e’s(z TEJ
where:
2 T,
5e,s és . T

s

Egs. (I.7) and (1.9) provide the amplification ratios for
seismic waves propagating vertically within the seismic
bedrock and within the soil. Hence, the relative amplification
ratio, from the free surface of the seismic bedrock to that of
the soil is given in complex function form as:

Tb T[Ts
ex, =
b [5” T, J 27,
|4,| = - - (1.10)
T, . x T
cos| ——— |+io sin| ———
or, approximately:
Tb ”Ts
ex, =
P [Q’ Tst TJ
|AS = (L11)
2
2| Ts T Ts
cos®| —— |+| ¢, | ==
[2 TeJ ge,s[z TeJ
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Exteviig mepilnyn

HopapeTpikéc Xyéoerg Ymroroyiopov
™¢ Eda@ukic Evioyvong
I. Méywotn Zewopukn) Emrayvvon kot Tayvtto

T'EQPTIOX A. MIIOYKOBAAAX
Kabnyntmg E.M.IL

Hepizqyn

H emidpoon o0 €06povg atn UEYIGTN OELTLIKI EMITOYVVON KOI TOYD-
THTO EKPPOLETOL LETQ OTADY TYETEDY DTOAOYIGUOD, WG TOVAPTHON
7évTe (3) POOIKOV TOPOLETPOY TOD EOGPOVS KOL THS OIEYEPTNS: TV
1910mep16dwy Tov edapovg T kar Tov vrofdbpov T,, g deomdlov-
oag mep1éoov e diéyepons T, TG HEYIOTHS CEIGUIKNG ETITGYVVONG
010 avadvousvo vropalpo a®  Kkoi tov apifuod 16oddvauwy Kb-
KAwv n. Emmléov, mpoteivetar ka1 pio. oyéon yio. t0v DTOAOYIGUO
g Ty wg ovvdptnon tov mdyovg g edagixiis otiing H, t¢ uéong
TOYOTHTOS OLOTUNTIKOY KDUATWV 6T0 Edapog V | 1ol Te a’ . Oleg
oVTES 01 ayéoels datvrwbnkay axolovbwvrag dvo Pruara: (o) o1
Pocikés mopaueTpor ovayvwpicOnkoy 1Ecw OVOAVTIKING TPOTo-
HOIWONS THS E0QPIKNG ATOKPIOHS IO OPUOVIKH O1€yepan Kol ()
n emiopoon S Kabe mapopETpov ekTiuOnke UECW OTOTICTIKHG
oVaIVONG GYETIKMV JedoueEVWwY amo mAéov twv 700 povodidora-
TV 16000VOUO. YPOLUIKDV AVOADCEDY TEICUIKNG OTOKPLONG. 2TIC
op1Ountikés  avalboels ypnoyomwofnkay edapikd TPOPIA wov
OVTIOTOLYOVV O€ TPOYUOTIKEG DE0EIS KO OEIGUIKES OIEYEPTEIS TOD
TPOEPYOVTOL OTO TPOYUOTIKEG KATOYPOPES oelouv. H adykpion ue
enta (7) TPOYUOTIKES KOTOYPOPES EOOPIKNG ETIOPAONS OELYVEL OTL 1
OKPIPELO TV TPOTEIVOUEVY CYETEWY EIVOL GUYKPIOIUN UE QDT THS
16000VoLO. Ypoyarng 1ebooov. Zoverwg, o1 v A0yw oyéoels pumo-
POV va ypnoyomwoinfodv wg uio LypHoTy EVOALOKTIKN THS EITE VIO
TPOKOTOPKTIKES UEAETES EITE YIOL UEAETES UE YPHON AOYIGTIKOV POA-
Awv (T.y. wikpolwvikés ueréteg pe ypron GIS) omov n evewudrwon
op1Ountik@y wedoowyv eivai 0vcKon.

Eivar ofjpepa evpéwg amodektd 61t 10 £60.00¢ d1opopo-
TOLEL TOL YOPAKTNPIOTIKE TOV GEIGUKOV KOUATOV £TG1, OOTE
1660 M évtaot 0G0 KOl TO QUGLOATIKA YOPUKTNPLOTIKA TNG
CEIGHIKNG 6OVIONG OTNV EAEVBEPT] EMPAVELN TAUPAKEIPUEVDOV
€00QIKAOV Kot Bpoywddv oynuaticpodv vo dweépovv. To
QOVOLEVO 0VTO EIVOL YVOOTO WG KEIAPIKI EVIGYVONY, AV KOL
dev odnyel mavtote oe gvioyvomn g dOVNoNG. AvTioToKEg
BéPara pmopet var givol Kol ot ETSPACELS TG TOTOYPAPIOG
OV €0GPOVG KOl TNG YEMUETPiag Tov VIOPabpov oe pia
Béom, oALd M avAAVOT| TOVG KOTA TOV OVTIGEIGHKO OYEdL-
acUO TEYVIKOV Epyav Emetal cLVABMG TG avaAvong g
€00.Q1KNG EVIGYLONG.

Yropinbnxe: 30.10.2002 Eyve dexrij: 1.7.2004

AXIAAEAX I. MAITAAHMHTPIOY
Ap TToMtucdég Mnyovikog E.MLIT

O1 péB0d0L TOGOTIKNG AMOTIUNONG TNG EOAPIKNG EVIoYL-
ong olaywpilovral oe:

e) Eumeipirég, o1 omoieg cvoyetiovv Tig ed0apikég cuvOniKeg
LLE TO YOPOKTNPIOTIKG TNG GEIGLUKTNG dOVNONG, KOl £X0VV
TpoéADeL amd oTATIOTIKY emelepyncio TPAYHATIKOV CEL-
opkav kotoypaeav (m.y. [11, [6], [7], [8], [9], [15], [19],
[24]).

f) ApiQunmirég, ol 0moieg TPOGOUOUDVOLV TN HOVOSLICTOTN
HETAB00T| GEIGLUKOY KUUAT®OV, OO TO GEICUIKO VoPa-
Bpo onV ehevbepn emPAVELD TOV £6APOVS KOt AVTIOTPO-
oo, pe ™ pébodo tov Ienepacpuévov Zroyeiov 1| TV
[enepoouévav Awpopdv (w.y. [14], [17], [18], [22]).

O eumeipixés péBodor givar GuVNO®G LOVO-TIOPULETPL-
KEG KOl £TGL 1] EQAPLOYN TOVG Eivart Gpeon kot amAn. Onog
glvat OpmG PLOKS, dgv PUTOPOVY Vo, AABOLY VTTOYN OAEG TIg
TTOYEG TNG OAANAETIOpaoNG €00.QIKNG OTAANG - d1€yEPONG
(.. cLVVTOVIOUOG 1 EMOPACT CTPOUATOYPUPING EGAPOVG),
HE GLVETELD VO, TPOGPEPOLV HElOUEVT axkpifela, Waitepa
0€ OYEOT € TOV OVTICEICHIKO GXEOOOUO TEXVIKOV £PYMV
[3]. Ot apiBuntikés puébodor givor omoAAOyUEVES GO TOVG
AVOTEP® TEPLOPIGHOVG, OAAG 1 EPAPLOYT TOVG O GLVION
TEYVIKA £PYOL TPOCKOTTEL GLVIOMG GTO YPOVO KOL TO KOGTOG
OV OTOUTEITOL Y10, T AETTOUEPT OMOTIUNOT TOV EQAPIKAOV
TOPAUETPOV KOL TIV EKTELECT] TOV OVAADCEDV.

O1 oyéoelc, mov Tpoteivovtal €30, Eival TOANTUPUUETPL-
KEG Kol avomTOYONKaY, TPOKEWEVOD VO, YEQLPWOEL TO KEVO
peta&d EPTEIPIKAOV Kot oplOunTikdv pedoddwv. Me v gico-
YOYN TEPIGGOTEP®V YEDTEYVIKAV KOl GEGUOAOYIKMOV 7oL
POUETP®V Ol TPOTEWVOUEVEG GYECELS TEPLYPAPOVY TAEOV L
HEYOADTEPT] AETTOUEPELD, TO POLVOLEVO TNG EOUPIKNG EVIGYL-
oMG, EVO S0TNPOVV TO TAEOVEKTILLO TNG GUECNS KOl OTANG
epapuoyns. Idwitepng onuociog Bempeitar To yeyovog Ott,
oe avtifeon pe tig apBunticég pebodovg, pmopovv gbkola
va evoopatobodv oe Feoypapucd Xvotmpata [TAnpopopt-
@v (G.I.S.), kot étol va oopPdiovv oty aVTOLOTOTOINON
TV Mixpolwvikdyv Melet@v GEIGIUKNG ETIKIVOLVOTITOG
ACTIK®OV TEPLOY®V [21] 1) exTETOUEVOV £pY®V VTOSOUNG (TT.Y.
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GLGTNHOTO YYDV, 0OIKA dIKTLO K.AT.).

H npwtotuntio 61N S10TOTOGCT TOV VEQV OXECEDV EYKEL-
ol o€ 600 kupimg onueia. Koatd mpdtov, n emiloyn t@v
YEDOTEYVIKAOV - GEICUOAOYIKOV TAPAPETPOV £Yve pe Pdon
OVOADTIKEG ADCELG KUUHOTIKNG O013d00MG Yo OLOOHopOa
1E®O0EANOTIKG €6GON KOl OPLOVIKEG CEIGUIKEG O1EYEPOELC.
Katd dedtepov, 1 datdnwon Tov oyécemv Eyve PETO and
oToTIoTIKY emelepyocio amoteAecpdtov mAéov tov 700
AP TIKOV 0VOADCEDY CEIGUIKNG ATOKPLONG TOV £6A(POVG,
Y. TPOYLOTIKEG CEICUIKEG OLEYEPGEIS KL PUGIKG €3GQM,
TIG OTO1EC £YOVV EKTEAEGEL Ol GLYYPUPEIG 6TO MANICIO Te-
YVIKOV UEAETOV KOl EPELVNTIKOV TTpoypappdtev. Oleg ot
apOUNTIKEG OVOADOELS £YIVOV GOUPOVO LLE TNV 1000DVaun-
ypoyyurcy n€B0do, 1 omoia gival 1 cuvnBEécTEPA YPMGYLOTOL-
ovuevn katd v tedevtaio 30-gtio, SnAadn pe Ta AoyiopiKd
SHAKE [22] kot xvupimwg 10 SHAKEI1 [14]. Avtictoyn ota-
TIOTIKY EMeEepyucia GEIGLOAOYIKMY S£dOUEVAOV deV eivat et
TOL TOPOVTOG EPIKTY, HESOUEVOD OTL KPS POVOV TOGOGTO
TOV O100£01LOV GEIGUIKOV KOTAYPOPOV £X0VV Yivel og 0é-
GELG LLE YVOOTH YEDMTEYVIKA YOPUKTNPIOTIKA.

To mapdv apbpo avapEpeTal OTIG OYECELS EOAPIKNG EVi-
OYLONG Y10, T PEYIOTN GEIGUIKT] EMTAYVVON @, KoL TOXVTN-
T0 VKOl GTOV VITOAOYIGUO TNG 1310TEPIOSOV TNG EGAPIKNG
oting T, evd T0 6uvodo GpBpo [S] avapépetol oe avaroyeg
OYECELG Y10 TO EAACTIKG QACLOTO ATOKPIOTG. ZVYKEKPIUEVAL,
Y10, TN cvoyEtion Tov a, ko V. oty ehedlepn emipdvelo
TOV €0G.POVG KoL TOL TOPAKEILEVOL PBpayddovg vofddpov
opifovtar d0o cvvreheotés edugikng evicyvong 4, kot 4,
(E&odoeig 5.1 kot 6.1) cvvaptoet Tov )G Pacikdv Tapa-
LETP@V TOV £6A(QOVS Kat TNG dEyepomng, OnAadn:

() Tov AOYOL NG 110TEPLOSOL TNG EGAPIKNG GTHANG TPOG TN

deomdlovca mepiodo g diéyepong 747, ,

(B) tov Adyov 1810mePOd®Y TG OTAANG £6APOVE KOl 15OV

vyovg otAng Bpayxddovg vrofddpov 747,

(Y) g LEYIOTNG GEIGLUKNG EMTAYLVOTG 0TV EAEVOEPT] ETL-

@dvet Tov Bpayddovg vroPadpov o’ Ko
() Tov aplBUOY TOV 1GOSVVOUOV UPHOVIKOV KUKA®Y TG

diéyepong n.

H 181omepiodog T exppdletar mg cuvaptnon g avti-
oTOYMNG YPAUHKNG tomeptddov T Ko 300 avedapthtmv
napapétpov (E&icoon 7.4):

(a) g péong ToyvTNTAG HETAS00NG CEICHKAOV (doTunTi-

K®OV) KOUATOV 670 £6090G V¢ Ko
(B) g HéYIOTNG CEIGLUKNG EMTAYLVOTG OTNV EAEVOEPT] ETL-

@aveta Tov Bpayddovg vroPadpov a .

I Tovg cuvtekeotés edagikng evioyvong 4, kot 4, N
naphuetpog TJ/T, avodewvietor og N mhéov Papivovoa,
TOVAGYIGTOV Y10 EVTOVEG SLPOPEG SOVCKOUWING EGAPOVS Kot
Bpoxddovg vroPadpov (7,/T; < 0.40), ywpic dpmg va pmo-
pel vo opeAnOei n copPoin kopudg amd T VTOAOUTESG TPELS

TapApETPOVG. Avtifeta, yio TV 1010mePiodo TG €S0PIKNG
oting T, ko1 o1 00 TEPAUETPOL, TOL VREICEPYOVTOL OTN
oyéon €yovv v 1010 Papdra.

Apywd, ot mpotewvopeveg oxéoelg aSlohoynnkav ce
oUYKPLOT| LE TO OTOTEAEGLOTO TOV OpOUNTIKAOV ovaADCE-
@V TOL YPNCLOTOWNONKAV Y10 TN OTUTICTIKN emegepyacia
Eyrota 4, 5, 7, 8, 10 xou 11). Awd 11 ovykplon avt)
TPOKVATEL OTL 1] AMOKAION TOV TPOGEYYICTIKOV OO TIG
apOUNTIKEG eKTIUNAOELG Ogv TTapovatdlel PeydAn dtoomopd
(tomikn amorhon tov AdBovg + 20 - 24%), po To To oo~
VvTiKo givarl OTL 1 OO OOKALGT EIVOL TPOKTIKMG TUYOL,
dMradn dev cvoyetiletar pe Kamola oo Tig aveEapTnTeg oL
PaUETPOVC. AKOAOVOMG, £ylve Kot GOYKPLON LE TPOLYLOTIKG
CEIGHOAOYIKA dedopéva amd entd (7) KOAG TEKUNPLOUEVES
TEPITTOGELS E00.PIKNG eVioyvong: 0o (2) amd TV KOada
San Fernando xatd to ceiopd tov Northridge (Iav. 1994)
Kot GAAeg TTEVTE (5) 0md T0 oelGHoloYKO diktvo SMART-1
¢ Taiwan. AENTOUEPTG TOPOVGIOOT TOV IGTOPIKAOV TTEPL-
OTOTIKOV Topovctaletal 6To cuvodd apbpo [5]. Zro mapdv
apBpo eppavietar pévov 1 GOYKPION TOV TPOCEYYIOTIKOV
EKTIUNCEDV TV A KOL A, IE TIG OVTIOTO(EG KOTAYPOPEG K
LE TIG APOUNTIKES AVOADGELG TTOV £YLVOV LLE TNV 160DV -
ypogrcy LEBOOO Y10 TIG GUYKEKPIUEVESG EAPIKEG GLVONKEG
Kot GEGIKES deyépoelg (Zynua 12).

Téhog, toviletar 0TL 01 véeg oYEoelg Tapovalalovy pev
oapT TAEOVEKTNHATA OKPIPELOG KoL EVYPNOTING OE GUYKPL-
oM LE TG EUTEPIKES Kot aplfuntikég pnebddovg aviiotorya,
OALG TOPOUEVOLY OTTADG TPOGEYYIOTIKEG KOl KOT® EMEKTAOT
KOTAAANAESG Y10, TPOKOTOPKTIKOVS HLOVOV VITOAOYIGHOVG TNG
€d0a.kng evioyvong. [lepatrtépm, n epoppoyn tovg Bo mpémet
va mepopileTol 6€ TEPUTTMGELG OOV Ol TIHES TOV PUCIKMV
YEDTEYVIKAOV KOl GEICLOAOYIKAV TAPAUETPOV OgV Tapafidi-
Covv Ta avTioTOo(O OpLoL TV SEGOUEVMV TOV (PN CLULOTOO1)-
Kav oTig aplfunticég ovaAdoelg Kot to omoio, cuvoyifovtat
otov [Tivaxa 1 tov apbpov.

EYXAPIXTIEX

H epegovntikn pog mpoomdbeia ypnpatodotndnke amd
tov Opyoviopd Avticeiopikol Xyedtacpot kot [lpootaciog
(O.A.Z.IL). O kabnynmg k. I. Tkalétog cuvéPare pe ypnot-
po oyOAto €Tl TG TAPOLGINGCTG, Ol dE GUVASEAPOL TOMTIKOL
punyavikoi ®opdg Moavovpydg kot Miydaing Kiovfog cuvé-
Boiov ot ototioTiKy enegepyacio TV doedopévev. Emmhé-
0V, 1 EMOKENTNG OTOVIAGTPLO, TOMTIKOG Pnyavikog ko Niki
Kringos (TU Delft) Boridnoe otn cOyKpion Le TG Tporypott-
k&g kataypapés. Tovg evyapiotodie 6Aovg Beplid.

Tedpyrog A. Mtovkofahag

Kabnyntig, ZyoAn [HoAtikdv Mnyavikav, Topéag F'emteyvicng, EBvikd Metoopio [Torvteyveio.

Ayréog I MMoradnuntpiov

Ap ohticdg Mnyavikog, Xyodn [Tolrtucdv Mnyoavikav, Topéog Femteyvikng, EOvikd Metoofio ITorvteyveio.



