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Deformation characteristics of natural soils from the city of Thessaloniki 
Propriétés mécaniques caractéristiques des deformations des sols naturelles de Thessaloniki

TH.M.Tika, P.A.Kallioglou, E.K.Sturaitis, D.G.Raptakis & K.D. Pitilakis - Aristotle University of Thessaloniki, Thessaloniki, Greece

ABSTRACT: The paper presents results from a laboratory investigation into the deformation characteristics o f natural soils from the 
city o f Thessaloniki in Greece. The investigation included resonant-column and cyclic triaxial tests and it was carried out in relation to 
the metro infrastructure of the city. The resonant-column tests allowed the determination o f shear stiffness and damping ratio o f soils 
at small to intermediate strains (10 ' 7 to 10°), whereas the cyclic triaxial tests at intermediate to large strains ( 1 O'4 to 10'2). The influ
ence of various factors, such as strain level, confining stress, plasticity index and void ratio on these deformation properties is pre
sented and discussed. Finally, a comparison o f laboratory and field seismic measurements is presented.

RESUME: Cette thèse présente les résultats d ’une recherche de laboratoire en ce qui concerne les caractéristiques de déformation des 
sols naturelles de la ville de Thessalonique en Grèce. La recherche est reposée sur des essais tri axiales cycliques et sur des essais avec 
des colonnes raisonnants. Elle a tenu compte l’infrastructure de la ville en ce qui concerne le métro. Les essais avec des colonnes rai
sonnants ont aidé â la détermination de la dureté et la proportion de l’amortissement de l’intensité de la vibration du sol en ce qui con
cerne les pentes petites et intermédiates ( 10 ' 7 - 10 '3), tandis que les essais tri axiales cycliques concernent les pentes intermédiates et 
grandes (10'4- 10'2). L ’influence d ’éléments variés, comme par exemple, la pente, la diminution de la pression, l’indice de la plasticité 
et la proportion de l’espace vide, sur ces caractéristiques de déformation, est présentée et mise en discussion. Finalement, est présen
tée une comparaison entre de mesurages de laboratoire et de mesurages séismiques.

1 INTRODUCTION

Any estimation o f the ground movements around an engineering 
structure requires the knowledge o f both the magnitude and 
variation of stiffness with strain level in both static and dynamic 
deformation problems. Field measurements have shown that un
der working stress conditions, the ground experiences strains o f 
the order o f 0.001% to 0.1% (Simpson 1999 & Burland 1989). 
The importance o f accurate deformation measurements at small 
to medium strains has therefore, increased significantly in both 
dynamic and static analyses over the past years.

The paper describes the deformation characteristics at rela
tively small to medium strains o f soils, encountered in the geo- 
technical investigation performed before the construction of the 
metro infrastructure o f the city o f Thessaloniki in Greece. The 
deformation characteristics o f the soils were determined by 
laboratory dynamic tests, such as resonant-column and cyclic' 
triaxial tests.

2 GEOLOGY

Thessaloniki, a major seaport on the gulf o f Thermaikos in the 
northern Aegean sea, lies on a bay bounded on the south by the 
Calamerian heights and on the west and north by a broad plain, 
formed by alluvium from the Axios and Bistritza rivers. The city 
rises from sea level at its southeastern section to an elevation of 
about 150m in its ascent along a hill to the north, that is com
posed of a leucocratic gneiss with gneissic or flaser structure. 
The coastal area is formed o f both naturally deposited loose ma
terial and artificial fill and debris. These are neogene sandstones 
with micro conglomerates locally interbedded and marl horizons 
at places, as well as red to red brick clays with mica and calcare
ous concretionary bodies, and Holocene deposits comprising 
coastal deposits (sand and gravel), valley deposits and red clays 
with calcareous concretions bodies and conglomerates. The 
natural soil lies 6 m or more below the present surface. The cen
tral part o f the city rests on red clays.

Figure 1 shows a map o f the city with the sites where the 
samples for the tests were retrieved.

3 LABORATORY INVESTIGATION

3.1 Samples tested

The tested soils are grouped in the following categories:
i). A brown silty sand with gravels from site C (Ydmm= 15-5 
kN/m3, Ydmax= 19.9 kN/m3 and emin =0.373, ema>t= 0.763).
ii). Low plasticity marly soils, typical o f the red clays o f the city, 
from site A. These were a red-brown very hard clayey sand with 
gravels (SC) and a red very hard silty sand with gravels (CL). 
Both soils were characterized by calcareous concretions bodies 
and conglomerates and had an undrained strength equal or 
greater than 370 kPa.

iii). Brown soft to firm sandy-silty clays o f low plasticity 
(CL) with gravels from sites B and C. Their undrained shear 
strength was o f the order o f 35 - 50 kPa.

Figure 1. Map o f  Thessaloniki showing locations o f sites where soil 
samples were retrieved
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Table 1. Physical properties o f tested soils

Site Test no. Type of test a'v (kPa) w (%) LL (%) PI (%) %<2um e Sr (%) uses
C TH1 RC, CTX 78 - - NP 2 - - SM

A TH2 RC 246 13.4 40.1 19.0 7 0.380 96 SC

A TH3 RC 185 13.6 30.7 13.7 19 0.424 88 CL

B TH4 RC, CTX 157 20.5 28.6 10.8 16 0.527 100 CL

C TH5 RC, CTX 196 17.0 28.9 13.3 17 0.449 100 CL

C TH6 RC 154 21.0 35.3 18.7 25 0.512 100 CL

C TH7 RC 121 25.6 44.0 23.9 32 0.771 90 CL

The physical properties o f the tested soils are presented in 
Table 1. All soils were normally consolidated to lightly overcon
solidated. Thin wall metal and plastic tube sampling was used 
for sampling.

3.2 Resonant-column tests

A resonant-column apparatus o f the fixed-free type was imple
mented (Dmevich 1967). A solid cylindrical specimen, that has 
platens attached to each end, is subjected to an isotropic confin
ing stress, a '0. An electromagnetic sinusoidal longitudinal or tor
sional excitation is imposed to the top platen (free-end). The 
bottom platen is rigidly fixed (fixed-end). The frequency of the 
excitation is adjusted until the first mode resonance o f the 
specimen is established. Measurements o f the resonant fre
quency, acceleration and amplitude o f the applied vibration ex
citation are made at the free end. The measurements during the 
longitudinal and torsional excitation are then combined with the 
apparatus characteristics to calculate the rod modulus, E, rod 
damping ratio, DL, the shear modulus, G, and shear damping ra
tio, DT, o f the soil respectively. Damping can be determined 
using the steady-state vibration method or the free-vibration de
cay curve method. The first method was used in this study. Re
sults from measurements o f shear modulus and shear damping 
ratio are presented here.

The silty sand specimen (TH1) was prepared to the nominal 
dimensions (D0=70mm, H0= 140mm) using the wet tamping 
method. The undisturbed specimens (TH2 -  TH7) were trimmed 
down to the nominal dimensions (D0=70mm, H0= 140mm). Dou
ble membranes were used to enclose the specimens in order to 
minimize the undesirable air diffusion into the soil, which would 
reduce the saturation degree and back pressure was applied in 
order to achieve sample saturation. After the saturation process 
was completed (B=76-98%), consolidation was performed to 
various levels o f isotropic confining stress.

Measurements o f the shear modulus and damping ratio o f un
disturbed specimens were made at each confining stress level, 
after 24 hours stress application time, For the silty sand speci
men (TH1), measurements were made after 0.5 to 2 hours stress 
application time, but always after the completion o f primary 
consolidation. The vibration excitation, at each confining stress, 
was imposed under undrained conditions. The calculations were 
made, as suggested in the ASTM (D4015-87) testing procedure.

3.3 Cyclic triaxial tests

A cyclic triaxial apparatus manufactured my MTS was used for 
the tests. The operation principles o f the system are described by 
Sturaitis & Tika (2001). It is a servo-hydraulic system which can 
perform cyclic tests under axial stress or axial strain-controlled 
conditions.

The specimens of silty sand tested (TH1) were prepared to 
the nominal dimensions (D0=50mm, Ho=100mm) by the wet 
tamping method. After saturation and isotropic consolidation, the 
specimens were loaded under undrained cyclic axial stress- 
controlled conditions in order to evaluate the liquefaction poten
tial o f the soil. The loading sequence consisted o f fifty cycles of 
a specified level o f cyclic deviatoric stress ratio (ad /  2 a '0) at a 
frequency of 0.1 Hz, until the specimen developed a single am
plitude axial strain, (ea)sA o f 12%. Four tests on the silty sand 
were run in total.

The undisturbed specimens (TH4 & TH5), after they were 
trimmed down to the nominal dimensions (D0=50mm, 
H0=100mm), were consolidated under K0 conditions and then 
loaded under cyclic axial strain-controlled conditions in a series 
o f phases ( 1 to 6 ) with gradually increasing level o f double am
plitude strain, (e„)DA. During each phase the specimen was sub
jected to eleven cycles o f loading at a constant double amplitude 
axial strain level and a frequency o f 0 .1Hz under undrained con
ditions. Between each loading phase the specimen was left for 
sufficient time to consolidate from any excess pore water pres
sure developed during undrained cyclic loading. At the end of 
the sixth phase, the specimen was left again to consolidate and 
then was subjected to an undrained monotonic loading.

4 RESULTS

Figure 2 shows the results from the resonant-column tests for the 
small-strain modulus of the silty sand. Figure 3 shows the nor
malized shear modulus and damping ratio against the shear strain 
and Figure 4 shows the excess pore water pressure, observed in 
both the resonant-column and cyclic triaxial tests. As shown in 
Figure 3, the elastic threshold strain, taken arbitrary at 
G/Gmu=0.98 and defined as the shear strain at which transition 
from linear to non linear elastic behaviour o f soil takes place, is 
o f the order o f 10'5. This value agrees with the observed 1.6*10 ' 5 

and 1.9*10 '5 for a fine to medium fine sand and a silty sand re
spectively (Tika et al. 1999). Similarly, as shown in Figure 4, 
the volumetric threshold shear, defined as the shear strain at 
which permanent volume change or residual excess pore water 
pressure occurs, is o f the order o f 1O'4, o f the same magnitude as 
the observed previously with other sands and silty sands. The re
sults o f the cyclic triaxial tests are shown in Figure 5.

The results for the red clays and the sandy-silty clays are pre
sented in Figures 6  and 7, and 8 to 10 respectively.

5 DISCUSSION

Kallioglou et al. (1999) expressed the small-strain shear modulus 
of the natural undisturbed normally to slightly overconsolidated 
clays from Greece by the following relationship :

Gmax = 1.421 e 1505 a 0° 623 (kPa) (1)

The small-strain shear modulus o f the undisturbed soils nor
malized by the function o f the void ratio, f(e), is compared with 
the corresponding values o f previously tested soils in Figure 11. 
The laboratory small-strain shear modulus for the red clays cor
responds to a shear waves velocity o f the order o f 280m/sec and 
420m/sec at a depth o f 13m and 20m respectively. These com
pare with the field value from 280m/sec to 450m/sec, determined 
by the cross-hole method for the red clay at other sites and 
depths from 5m to 20m (Raptakis et al. 1998). Similarly, the 
laboratory small-strain shear modulus for the sandy-silty clays 
corresponds to a shear waves velocity o f the order o f 139m/sec 
to 192m/sec at a depth from 7.5m to 14.5m. These compare with 
the field value o f 170m/sec to 280m/sec, determined for sandy- 
silty clays by the cross-hole method at nearby sites from a depth 
o f 7.5m to 21,5m.
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Figure 2. Small-strain shear modulus versus effective confining stress for 
silty sand
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Figure 5. Variation o f  the cyclic stress ratio with number o f  cycles for 
silty sand
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Figure 3. Nomalized shear modulus (a) and damping ratio (b) versus 
shear strain for silty sand
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Figure 6. Small-strain shear modulus versus effective confining stress for 
red clays
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Figure 4. Nomalized excess pore water pressure versus shear strain for 
silty sand

Figure 7. Nomalized shear modulus (a) and damping ratio (b) versus 
shear strain for red clays
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Figure 8. Small-strain shear modulus versus effective confining stress for 
sandy-silty clays
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Figure 11. Nomalized small-strain shear modulus versus estimated in- 
situ mean effective stress
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Figure 9. Nom alized shear modulus (a) and damping ratio (b) versus 
shear amplitude for sandy-silty clays
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Figure 10. Nomalized shear modulus (a) and damping ratio (b) versus 
shear amplitude for sandy-silty clays
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The small-strain damping ratio o f the undisturbed tested soils 
is compared with that o f previously tested soils in Figure 12 
(Tika et al. 1999). The small-strain damping ratio o f the red 
clays is o f the order o f 6% to 9%. Values of the order o f 8.5% to 
12.5% have been found for the same soil type using the surface 
waves inversion method and 8 .2 % using the spectral ratio tech
nique combined with down-hole seismic measurements (Rap- 
takis et al. 1994). The resonant frequencies o f the red clays in the 
resonant-column apparatus were o f the order o f 166Hz to 290Hz, 
as compared with the frequencies o f 30Hz to 250Hz in the field 
seismic tests. Such high values o f small-strain damping ratio 
have been also observed in resonant-column tests on other marly 
soils with gravels containing calcareous concretions. These high 
values may attributed to frequency effects and also the brittle 
breakage of cementation bonds at very small shear strains, 
smaller even than the elastic threshold limit. This breakage may 
take place within groups o f particles or conglomerates without 
affecting the overall behaviour o f the specimen, as far as shear 
modulus is concerned.
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Figure 13. Damping ratio versus normalized shear modulus for tested 
soils

The results for the variation o f shear modulus with shear 
strain follow the trend, observed previously, with the G/Gmax 
versus y curves shifting to higher values o f y with increasing 
plasticity index. The damping ratio o f the soils increased with 
increasing shear strain. The measured damping ratios o f the 
soils, at confining effective stresses equal to and higher o f the 
estimated mean effective in-situ stress, versus normalized shear 
modulus are plotted in Figure 13.

6 CONCLUSIONS

The paper presents results concerning the deformation properties 
of soils from the city o f Thessaloniki in Greece, which were en
countered along the main route o f the infrastructure metro to be 
build. The results for the small-strain shear modulus, as well as 
the normalized curves agree with those o f previously tested soils. 
The high values of small-strain damping ratio observed for the 
marly red clays may be attributed to frequency effects and also 
to the brittle breakage o f cementation bonds at very small strain 
that takes place within groups or conglomerates o f particles 
without affecting the behaviour o f the soil, as far as shear stiff
ness is concerned.
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