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Abstract — The city of Noto belongs to a seismic area scenario earthquakes have been used to evaluatectie

located on the eastern zone of Sicily (ltaly). The
following in situ investigations were carried out n

order to determine the soil geotechnical
characteristics: Down Hole (DH) tests, Dilatometer
tests (DMT), Multichannel Analysis of Surface Waves
(MASW) and geotechnical borings. Moreover the
following investigations in the laboratory were caried

out on undisturbed samples: Resonant Column,
monotonic compression loading Triaxial tests and
Direct shear tests. Finally synthetic seismogramsalve

been drawn at the bedrock with the aim to perform
the ground response analysis at the surface, in tes

of time history and response spectra, by a linear-
equivalent model.

. INTRODUCTION

The city of Noto, located in the South-Eastern Igici
was affected in the past by several destroyindigqaetkes
of about magnitude greater than 7.0. The areanpslto
the Ibleo-Maltese escarpment, is placed near tiéacto
between the African and the Euro-Asiatic platesl @is
therefore a seismogenic area. According to theureqy
and the importance of the seismic effects suffémgoast
times, Eastern Sicily must be considered one ofbst

site response analysis at the surface. The grasmbnse
analysis at the surface, in terms of time histoaes
response spectra, has been obtained by a 1-D -linear
equivalent model.

II.  SEISMICITY AND GEOLOGICAL
CHARACTERISTICS OF THE AREA

Over the last 9 centuries the strongest earthquikie,
epicentral intensity falling within the interval Nland Xl
MCS, are only 8, and the last of these with epiegnt
intensity of VIII MCS, dates back to 11 January 694
([1], [2]). Afterwards, the strongest earthquakeoat 140
years later, is the Sicilian Earthquake of Deceniigr
1990, with the epicentre close to Augusta and magim
intensity of VII - VIIIl MCS.

The old city of Noto, few kilometers in the uppearpof

the city of Noto, was destroyed by the Val di Noto
earthquake of January 11, 1693; the build-up areas
suffered also heavy damages in occasion of theadamnu

, 1727 earthquake. The December 13, 1990 earthquake
damaged several eighteenth century constructioN®fia

and called the attention on need of safeguardirgy th
artistic monumental patrimony of this city, maximum
expression of Sicilian baroque ([3], [4], [5], [6])

high seismic risk areas in ltaly. The area is dgnse In physiographic terms, SE. Sicily consists basjcaf a

populated territory; a huge patrimony of historieadd
monumental buildings is placed in the area.

In situ and laboratory investigations have been@aout
in order to determine the soil dynamic charactiessin
the Noto tests sites.

In the tests sites some boreholes have been pexdoamd

plateau - the Hyblean Mountains - dissected by casy
and bounded towards north and west by loawer, dmhpoot
undulated to flat lands [7]. The area, as definedeh
extends over 4300 Kmand has a population of about
800,000 (Figure 1). The epicentres of the hisadric
scenario strong earthquakes which heavy damaged the

undisturbed samples were retrieved. In the borshale cities of Noto, Augusta and Siracusa are reported i
Down-Hole geophysical survey and MASW tests wererigure 2 [8]. The strongest are those of 1169, 15693,

performed. On the undisturbed samples static ssiist
and dynamic soil tests were performed (Resonanir@ol
Tests).

1848 and 1990.
In the Hyblean Mts., limestone, marlstone, calcieen
and intermediate rock types, mostly well lithifiedre

Finally, accelerograms and synthetic seismograms qdfredominant.
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volcanic rocks in a significant part of the N-E teecas
well as in the peninsula at the S-E Hills and daiorth
and west of the Hyblean mounts. Are also undertgin
sedimentary rocks, mostly sand and sandstone witbrm
amounts of both coarser and finer materials; howeve
here the degree of consolidation is lower. Impdhian
attitude of strata is sub-horizontal throughout Hrea
illustrated above [9]. For all these reasons, thalagy of
this Region is considerably uniform. A compreheasiv
study on ancient earthquake-triggered landslidm&-E
Sicily was proposed by [7].
The city of Noto is located in theval di Meti’ and is
: characterized, from a geological point of view, lapds
RAN& - owned to the Trubi Formation (Lower-middle Pliocgne
B overcoming the Tellaro Formation that consists of
20 Km carbonate shelf deposits and representing the giealo
substratum.
The site investigation was performed within the
municipal area of Noto and reached a maximum depth

T 11 Sedimentary rocks,
—1"1 mostly well consolidated

Tectonised sedimentary terranes

-

Voicanic rocks S1m.
Sedimentary rocks,
: mostly poogy consolidated Il1l.  BASIC SOIL PROPERTIES
-~ - Buried front of overthrust nappe Laboratory tests have been performed on undisturbed
samples retrieved by means of an 86 mm Shelby tube
Figure 1. Location of Noto (Sicily) and geologytioé sampler. The Pliocene Noto deposits of Trubi Foionat
area, after [7]. mainly consist of a medium stiff, over-consolidated

lightly cemented silty-clayey-sand [10], [11].
The pre-consolidation pressure’, and the over-
consolidation ratio OCR ="/ 0, were evaluated from

Ms C} N
TN &21 \\\\

the 24h compression curves of incremental loadihy (
) 56-60 oedometer tests. Moreover, 9 Marchetti's flat dite¢ter
O’ 51.55 tests (DMT) were used to assess OCR and the ciesiffic

of earth pressure at rest, Kollowing the procedure
suggested by [12].

For depths of about 15 m, DMT results show an OCR
from 1to0 4.5 (K=0.5+1.0).

The OCR values inferred from oedometer tests (OCR
from 1 to 3) are lower than those obtained fromsiioi
tests. One possible explanation of these differecoald

be that lower values of the pre-consolidation prese’,

are obtained in the laboratory because of sample
disturbance.

The value of the natural moisture content wn prewvidy
range from between 12 - 37 %. Characteristic vafaes
the Atterberg limits are: we 37 - 69 % and y= 17 - 22

%, with a plasticity index of Pl = 15 - 47 %. Thietained
data indicate a low degree of homogeneity with eyt

the deposits [10], [11].

0 <50

30 km IV. STIFFNESS AND DAMPING RATIO
Shear modulus G and damping ratio D of Noto soil
Figure 2. Location of the epicentres of the histali were obtained in the laboratory from resonant colum
scenario strong earthquakes which heavy damaged thetests (RCT). These tests were performed on Shelby t
cities of Noto, Augusta and Siracusa, after [8]. specimens retrieved from Noto site. The Resonant

Column/Torsional shear apparatus were used for this
Clay or clay-rich layers are locally interbeddedthwi purpose [10], [11]. PP
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G is the unload-reload shear modulus evaluated from 12 [T
RCT, while G is the maximum value or also "plateau"” NOTC
[ i 1p—so—Bromong RCT |1f]
value as observed in the G-lgp(lot. Generally G is LS
constant until a certain strain limit is exceed€llis limit 0.8 ‘*S
is called elastic threshold shear strefijy;)and it is g T
believed that soils behave elastically at straimsler o o TestN". 1 O'O\n.
thany® . The elastic stiffness gty is thus the already %41 7¢ Testhe 4 AN
defined G. For RCTs the damping ratio was determined o, |° " ° 198 g
using two different procedures: following the steathte ‘ ‘ ‘ ‘ ‘HH {

method, the damping ratio was obtained during the ©
resonance condition of the sample; following the  0.0001 0.001 0.01 0.1 1
amplitude decay method it was obtained during the vy

decrement of free vibration [13].

Five Resonant Column (RCT) tests have been peredrm Figure 3. G/G-ycurves from RCT

by using the same apparatus to evaluate the shear
modulus G and damping ratio D of the municipal ata 44

Noto soil. o TestN°. 1
The laboratory test conditions and the obtainedllsma m TestN°. 2
strain shear modulus,@re listed in Table 1. 10 o TestN°. 4
Swy A TestN°. 5
Table 1. Test condition for Noto soil specimens. £ 10 | — Yokota etal. (1981)
Tesf H | o] on| v e [PI] G, | RCT ©° R e =S
No.| [m] |[kPa]|[kPa]|[kN/m"] [MPa] SN
1| 4.50| 144 144| 15.97| 1.23¢ - | 122 u-S ggc r o
2 | 7.60| 145 145| 18.81| 0.777 - | 185 u-S ‘ ‘
3 110.00 190| 163| 19.69 | 0.74041| 49 U-H 1
4 11750 336 336] 19.13] 0.747 - | 465] U-S 0 0.2 04 06 08 !
5 [17.50 380| 380| 16.40| 1.238 - | 244| U-S Gleo
6 (10.00 225( 195| 19.47 | 0.81741| - u-S .
where: U = Undrained. S = Solid cylindrical specimkl Figure 4. D-G/G curves from RCT.

1
T

ollow cylindrical specimen. As suggested by [14], the inverse variation of disgp

ratio in respect to the normalized shear modulis dra

The specimens were first isotropically reconsoi&dato ; . o
P pically exponential form, like that reported in Figure 4:

the best estimate of the in situ effective strazs then
subjected to RCT (Resonant Column Test).

The size of solid cylindrical specimens are Radiug5 (v)
mm and Height = 100 mm while the size of hollow D(Y)(%):nﬁx{‘l%} @
cylindrical specimens are External Radius = 25 mm, °

Internal Radius = 25 mm and Height = 100 mm.

Figure 3 shows the results of RCTs normalised by, \hich: D§) = strain dependent damping ratip;=
dividing the shear modulus @(for the initial value Gat ¢ aar strain and, A = soil constants. The values pf=
very low strain. 20 andA = 1.941 were obtained for the city of Noto. For

The experimental results of specimens were used Re city of Noto equation (2) assumes the maximaine
determine the empirical parameters of the equatio

= 0 = ini =
proposed by [14] to describe the shear modulus;deca%rga7X %Zf%r/é;{c))/rGGv_)/f" 0 and a minimum value
. 0 - .

with shear strain level: 0 ) ) )
Therefore, equation (2) can be re-written in tHeofaing
G(y) _ 1 ) normalised form:

G, 1+ay(%)

o

The expression (1) allows the complete shear madul ™)
degradation to be considered with strain level. Tdlees max
of a = 115 andB = 1.206 were obtained for the city of
Noto.

DM _ ex;{_ N 5@} @3)
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V. SHEAR MODULUS FROM IN SITU TESTS Vs [misec]

.. . 0 100 200 300 400 500 600 700
Dynamic in situ tests were performed on Noto ahea. 0 £
Figure 5 the Poisson ratio variation with depthtagted o Ao I
from a Down Hole (D-H) test, is plotted to showesit Fﬂm
characteristics. It is seen that from the top 16the, 20 :
values oscillates around 0.36. 20
E #Vs 1 - Site 1 [m/sec] A
Poisson Ratio T 40 1+-vs 2 - Site 2 [m/seq]
00.30 0.33 0.35 0.38 0.40 0.43 0.45 0.48 0.5( 50 -4-Vs 3 - Site 3[m/sec]
®
. f 0 0 ol
10 }ggm - HOLE}i 70
5+ o
= Figure 6. Poisson ratio from in situ tests.
.<\
25 where: G, o', and R are expressed in the same unit; 1
30 N\\ bar is a reference pressure; are respectively thie u
- weigth and the coefficient of earth pressure at, ras
inferred from DMT results according to [12].
) ) ) o In Figure 7 the Gvalues obtained by equation (4) based
Flgure 5. Poisson ratio from In situ tests. on DMT resu|ts are plotted against depth
Moreover seismic stratigraphic models were obtaimed G, [Mpal

some of Noto sites by inversion of surface wave 0 20 40 60 80 100 120 140 160

dispersion curve of Rayleigh artificially generatsith a 0 =

striking mass of 20 kg and with the use of a swatinon 2 R - .

projectile gunpowder (4 - 6 g of explosives). Thegre 4 - )

used geophones of 4.5 Hz and 1 Hz, for greateantists 6 R B -

[15]. S LR

The measures were analyzed by FTAN technique™® L " = -t
(Frequency Time ANalysis). The FTAN method ([16], .

[17]) is based on the analysis of the two-dimersion ** - "

time-frequency signal and allows the separation of ° ‘ -
individual modes propagation starting from the ctete ;z T POl A hyciw (1999 -
signal. Thanks to the introduction of an additional

filtering "floating point filtering” it is more easthe ) . )

selection of the signal. The analysis is two-diniemesl Figure 7. G from empirical correlation by DMT
since the dispersion curve is a function of twoalaes:

time and frequency. It is possible to localize gnai in VI GROUND RESPONSE ANALYSIS
terms of dispersion curves of more ways represgrtia Since the areas studied here appear rather flat and

spectral amplitudes snapshots in function on tine taind  characterized by lithological units trending sub-
speed group. For the inversion the Hedgehog namline horizontal, it was performed a one dimensional lloca
method is used ([18], [19]). The results obtaingd b seismic response analysis to assess the ground
FTAN technique are showed in Figure 6 for Site lamplification due to local stratigraphic conditios®, the
performed on Tellaro Formation and for Site 2 aitd 3  analyses was performed using 1-D code, assuming a
performed on Trubi Formation. geometric and geological model of substrate as 1-D
It was also possible to evaluate the small stréieas physical model. These analyses were carried out her
modulus in the Noto area by means of the followingwith EERA[21] and STRATA [22], both linear equiesit
empirical correlation based on dilatometer testM{lp codes operating in the frequency domain. The layers
results available in literature by [20]: characteristic of the model have been carried ounf
geological surveys. The 16 1-D columns have a heafh
35 m and are excited at the base by the synthegied
G = 530  Yplyy -1 KOG 05 (4) seismograms of 1693 earthquake, with a PGA of 6.200
o~ (0,/p,)°25 2.7- Yoy o~ o, ) 0.225g corresponding to a return period of 475yé@a
Ve o the current Italian seismic code “seismic hazard an
seismic classification criteria for the Nationatritry”
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obtained by a probabilistic approach in the inttvac
Further analyses have bees

seismic hazard maps.

12

performed using scaled accelerograms of 199(& /\

earthquake in the Sortino recording station. Figu€l0 Sos A

show the results i.e. for site 1 respectively ime of 2 oo /\ /\

maximum accelerations with depth, in terms of g ﬁ/\/ \,\

amplification ratio and in terms of response sgectr e YV
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Figure 8. Maximum acceleration with depth.
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Figure 9. Fourier amplification ratio against Fregucy.

Similar studies have been performed for the zonatio
on seismic geotechnical hazards in the city of data

(Italy) [23-28] and for the Abruzzo Region (Italgturing

L'Aquila earthquake [29-32]. Results of site respon [8]
analysis are useful for soil-structure interacti@haviour

in the mitigation of seismic risk of buildings [33.

VIl.  CONCLUSIONS

In this paper some information on the geotechnical

characterisation of the city of Noto have been gmésd.

Figure 10. Response spectra against period.

Available data enabled one to define the smallirstra
for uncohesive soil and empirical equations to dbsc
the G and D variation with strain level. Trough 1-D
numerical analyses performed it has been possible t
evaluate the influence of stratigraphic effectséismic
response of Noto central area. In some cases seshdiv
an important amplification of the seismic signapwsed
on the basis of the model.
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