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Summary
The paper reviews the in situ freezing method to retrieve undisturbed sandy and gravelly soil samples and available

laboratory equipments to test coarse grained soils. As for the triaxial equipments, the importance of local strain measure-
ments and other key issues are discussed.

It is also shown a case of undisturbed sampling of gravelly soils by in situ freezing in Tuscany (Italy).
Comparison of stiffness and material damping ratio of undisturbed and reconstituted specimens is also shown. The

main conclusion is that the normalized stiffness and material damping ratio of undisturbed and reconstituted specimens is
very similar. It was not possible to compare the liquefaction strength of undisturbed specimens to that of reconstituted ones.
Infact, after completion of tests on undisturbed specimens, the cell pressure of the triaxial equipment failed and there was
not enough budgets to repair it. Therefore the data have been compared to those available in the literature. From this com-
parison, it emerges that the liquefaction strength of undisturbed specimens is much larger than that typically observed for
the reconstituted ones.

The experimental results of this research also suggest that liquefaction of gravelly soils is possible only in the presence
of a given percentage of fine sands and silts. Anyway, this point deserves further researches.

1. Introduction

The scope of this paper is to show some experi-
mental results obtained in the framework of a more
comprehensive research project aimed at the eva-
luation of the “Seismic Response of granular depo-
sits in some areas of Tuscany”. Such a project (PRIN
2002 – coordinated by M. Jamiolkowski of the Poli-
tecnico di Torino) was supported by the Italian Mi-
nistry of University and Research and co-financed
by the Regional Government of Tuscany (RT).

More specifically, the paper refers to the geote-
chnical characterization of Holocene granular de-
posits by means of in situ and laboratory tests, per-
formed on undisturbed and reconstituted speci-
mens. Undisturbed samples were retrieved by
means of the in situ freezing method.

As already mentioned, the experimental activi-
ties have been done in the framework of a Research
Contract between RT and the Politecnico di Torino
aimed at the characterization of some areas of re-
cent industrial development [LO PRESTI et al., 2004].

After a brief resume of the in situ freezing
method the paper describes the test site (Terrarossa
at Licciana Nardi, Massa Carrara) and the experi-
mental activities undertaken:
– in situ penetration testing and conventional bore-

holes;
– sampling by in situ freezing;
– laboratory testing on undisturbed and reconsti-

tuted samples.

2. In situ freezing

Since the first attempt, carried out at Fort Peck
Dam in 1938, of retrieving undisturbed samples of
coarse grained soils by means of the in situ-freezing
technique see HVORSLEV [1949], the research activity
on this topic has focused on the following aspects:
– assessment of the effectiveness of such a techni-

que in preserving soil density and structure;
– comparison of the stiffness and strength of un-

disturbed and reconstituted samples, in order to
assess the practical relevance and the need of
the sampling method; 

– optimisation of the sampling technique. 
The capability of in situ freezing method to ob-

tain undisturbed samples of coarse-grained soils has
been shown through systematic studies [YOSHIMI et
al., 1977; 1978; SINGH et al., 1982; KONRAD and MOR-
GENSTERN, 1982; KONRAD, 1990; DAVILA et al., 1992].
Freezing of pore water causes volumetric strains,
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which in turn can produce a certain disturbance and
soil destructuration. The above studies have shown
that such a volumetric strain of soils is mainly influ-
enced by the following variables:
– soil characteristics such as permeability, amount

of fines and grains mineralogy; 
– degree of saturation; 
– rate of cooling;
– level of the effective overburden stress.

More specifically, the following aspects have
been clarified: 
– In the case of one-dimensional freezing of satu-

rated clean sand, the volumetric strains, indu-
ced by the freezing process, are negligible for an
overburden pressure equal or greater than
10 kPa and for cooling rates up to 60°C/h. The
rate of cooling (dT/dt) is defined as the change of
temperature at the frost front per unit time and is
related to the temperature gradient (dT/dt) and
the rate of frost penetration in radial direction
(dr/dt) as [dT/dt=(dT/dr) (dr/dt)]. For rate of
cooling of less than 15°C/hr volumetric strains are
negligible, irrespective of the overburden pres-
sure; where:

C = degrees centigrade;
T = temperature;
t = time;
r = radial co-ordinate.

– Volumetric strains due to the freezing process
are less pronounced in more permeable soils.
Free-drainage condition, at the boundaries of
the target zones, is therefore a crucial require-
ment for a successful in situ freezing. 

– The presence of fines (<74 μm) increases the
amount of volumetric strains and represents a crit-
ical aspect. More specifically, in soils containing
fines, the water rather than being expelled, is at-
tracted by the freezing front. This produces ice
lenses involving high volumetric strain and soil de-
structuration, unless very high overburden stresses
are present. As a practical rule, it is generally ac-
cepted that sandy and gravelly soils with fine per-
centages greater than 20%, and clay fraction great-
er than 5%, cannot be successfully retrieved by
means of the in situ freezing technique. The above
rule applies to fines, which consist of inactive min-
erals. For soils containing a large amount of fines,
rich of active clay minerals, specific tests should be
performed to evaluate the frost heave susceptibili-
ty [KONRAD and MORGENSTERN, 1983]. 

– The freezing-thawing process does not modify
the stiffness and strength (drained strength pa-
rameters and cyclic undrained strength) of cle-
an sands. 

– The radial freezing process does not produce
any relevant variation of horizontal consolida-
tion stresses and does not induce any shear

stresses, in the case of clean sands frozen in the
laboratory inside a rigid container with a diame-
ter greater than 1.0 m. It is therefore assumed
that in situ freezing does not produce any chan-
ge of geostatic stresses. 

– The insertion of the freezing pipe into the soil
produces densification in loose material and di-
lation in dense and relatively dense soils. The
disturbed zone extends to a radial distance
equal to 2 pipe-diameter if the borehole is exca-
vated by means of a cup auger (self-boring tech-
nique). For pushed-in pipes such a distance in-
creases to 4 diameters. 

– Volumetric strains in partially saturated soils are
less important. The condition of partially satu-
rated deposits is encountered in the field when
the soils to be sampled are above the water table.
Very few cases of freezing in unsaturated granu-
lar soils are available in the literature. [GOTO et
al., 1987; 1994] retrieved samples of unsaturated
gravelly soils by injecting water during ground
freezing process. KONRAD [1990] has successfully
obtained frozen samples of unsaturated fine
dune sands by gravity-induced percolation of
water for 1h before freezing. 
Sampling technique, by in situ freezing, has been

optimised, for the last 20 years, mainly in Japan
[YOSHIMI et al., 1977; 1978; 1984; HATANAKA et al.,
1985; 1988; GOTO et al., 1987; 1992; 1994; KOKUSHO

and TANAKA, 1994]. Actually, the radial freezing
method is widely used in Japan. As for Figure 1, such
a method consists of the following:
– installation of a double-tube freezing pipe to ex-

tract the heat from the soil by conduction. The
coolant is supplied through the inner tube and
flows upward in the outer tube. The outer tube
is installed in a pre-bored or self-bored hole.
Obviously, it is necessary to remove any water
from the pre-bored hole; 

– after a soil column of a given radius has been
frozen around the freezing pipe, samples are re-
trieved by means of double-tube or triple core
barrels. Usually, the outer freezing tube has a
diameter of 73 mm. The disturbed zone around
the freezing pipe has therefore a radius of about
150 mm. Considering that four samples are re-
trieved at each depth around the freezing pipe
and that, in the case of gravels, sample diameter
is about 300 mm, it is necessary to freeze a soil
column of about 1000-1200 mm in diameter; 

– different types of coolant have been used such as
liquid nitrogen (-196°C), ethanol and dry ice
(-70°C) and liquid calcium chloride or chilled
brine (-30°C). The most efficient coolant has
proved to be the liquid nitrogen (LN2); 

– as for the drilling fluid, either the liquid calcium
chloride or the ethylene glycol is used. The dril-
ling fluid is usually kept at -10 or -15°C; 
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– if the target zone is at a certain depth below the
ground surface, in order to reduce costs, it is ne-
cessary to pre-drill a hole, about 1200 mm in
diameter, to the depth of the soil that should be
frozen and install guide-tubes for the freezing
pipes and sampling places (Fig. 1). The neces-
sary temporary support of the bottom and late-
ral surface of the pre-drilled hole should also be
installed. In this case, the outer freezing tube
should be heat-insulated above the target zone; 

– a monitoring system of the temperature into the
soil should be installed to control the freezing
process; soil coring is usually started after rea-
ching a temperature of – 10°C;

– both ends of the retrieved samples are cut, in si-
tu, by means of a diamond saw in order to obtain
specimens 300 mm in diameter and 600 mm in
height, ready to be used for laboratory tests; 

– specimens, covered with a membrane and with an
appropriate protection against possible damage
during transportation and handling, should be
stored at -25°C until their employ in laboratory; 

– usually, specimens are allowed to thaw in the
triaxial cell under a moderate confining pressu-
re i.e. 20 kPa. HOFMANN [1997] recommended a
unidirectional thawing procedure in the triaxial
cell under 90 % of the estimated in situ effective
stress level and in situ pore pressure condition.

The recommended procedure is especially rele-
vant in the case of partially saturated soils. 
Available theoretical predictions, see as an ex-

ample SANGER and SAYLES [1979], of time and coolant
consumption necessary to freeze a target zone
proved to be rather inaccurate [SEGO et al., 1994],
[HOFMANN, 1997], because of the complexity of the
problem. An approximate idea of the time and
quantity of coolant required to freeze a certain por-
tion of soil, with a given method, is shown by
KOKUSHO and TANAKA [1994], (see Fig. 2). The data
shown by these authors refer to a freezing method,
which uses a main central freezing pipe and neigh-
bouring sub-freezing pipes where the evaporated
LN2 is re-circulated. Such a method has been devel-
oped to save costs when a great volume of soil has to
be frozen. Figure 3 and Table I summarize a limited
number of published data on the time consumption
in the case of various freezing methods. Correlation
of time consumption with soil diameter seems better
than that with soil volume.

3. Test site selection

Selection of the test site has been accomplished
according to the following criteria:
– geological evidences;
– water table depth;
– site accessibility and logistic aspects;
– interests of RT.

Several sites have been considered. Eventually,
after several surveys conducted in conjunction with
geologists of the RT Seismic Survey and of the Uni-
versities of Pisa and Chieti, two sites have been se-
lected:

Fig. 1 – Sampling procedure by in situ freezing [after GO-
TO et al., 1992].
Fig. 1 – Schema per il prelievo di campioni di terreno con la 
tecnica del congelamento [GOTO et al., 1992].

Fig. 2 – Liquid Nitrogen (LN2) consumption and freezing
days vs. frozen soil volume [KOKUSHO and TANAKA, 1994].
Fig. 2 – Consumo di idrogeno liquido (LN2) in funzione del 
volume di terreno congelato [KOKUSHO and TANAKA, 1994].
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Tab. I – Available data on time and coolant consumption.
Tab. I – Dati disponibili in letteratura relativi al tempo necessario al congelamento e al consumo di fluido refrigerante.

(+) D10 (mm); (*) Average Fine Content(%); (**) Diameter of the frozen zone (mm); (+) multiple-freezing-pipe method

Reference
D50

(mm)
Uc

(-)
Sampling depth 

(m)
D (**)
(mm)

Time (hrs) Cons. (kN) Coolant (Temp.)

YOSHIMI et al., 1977 0.11 – 0.17 1.76 – 2.46 0.0 – 4.35 420 16 6
ethanol + dry ice

(-40 to -60 °C)

YOSHIMI et al., 1977 0.11 – 0.17 1.76 – 2.46 0.0 – 5.82 380 16 7
ethanol + dry ice

(-40 to -60 °C)

YOSHIMI et al., 1978 0.4 1.9 0.0 – 2.9 400 10 -
ethanol + dry ice

(-70 °C)

YOSHIMI et al., 1984 0.28 – 0.31 1.7 – 1.9 0.0 – 10.5 600 40 50 LN2

YOSHIMI et al., 1985 0.28 – 0.43 8,2 – 15.3 8.0 – 10.6 400 38 40 LN2

YOSHIMI et al., 1989 0.23 – 0.25 1.4 – 1.6 5.0 – 9.3 610 504 -
Chilled brine 
(-26 to -28 °C)

HATANAKA et al., 1985
0.3–0.5
0.3–0.6

9-16
3-15

0.0 – 10.0
8.5 – 10.5

600
400

40
37.5 40

LN2

LN2

HATANAKA et al., 1988 5.6 – 19.5 13.9 – 121.7 18.5 – 21.0 1200 160 400 LN2

HATANAKA & UCHIDA, 1995 - - variable 1200 96 - LN2

HATANAKA & UCHIDA, 1996 0.16 – 0.75 1.6 – 22.3 variable 800 30 - LN2

GOTO et al., 1987 (+) 2.0 10 5.5 – 9.5 2000 672
Chilled brine 

(-30 °C)

GOTO et al., 1992 2.0 – 20.0 30 - 50 4.3 – 14.1 2000 144 - LN2

GOTO et al., 1994 (+) 1.5 8.2 6.0 – 8.0 2000 672 -
Chilled brine 

(-30 °C)

SEGO et al., 1994 - - 12.0 – 19.7 1200 260 550 LN2

KONRAD, 1990 0.4 2 0.0 – 0.6 240 4 -
ethanol + dry ice

(-30 to -40 °C)

HOFMANN, 1997 0.20 12 (*) 27.0 – 37.0 1820 384 400 LN2

HOFMANN, 1997 0.12 – 0.32 6.8 (*) 12.2 –16.7 2000 220 160 LN2

HOFMANN, 1997 0.2 – 0.3 3.0 (*) 8.0 – 12.8 2000 214 200 LN2

HOFMANN, 1997 0.1 – 0.2 10 (*) 3.0 – 6.7 1300 –1900 480 290 LN2

HOFMANN, 1997 0.35 2.1 1.0 – 6.0 620 – 920 20.4 12 LN2

HOFMANN, 1997 0.38 2.6 1.0 – 6.0 520 – 760 10.0 6 LN2

Fig. 3 – Time consumption from various freezing techniques: a) time consumption in relation with frozen diameter of soils;
and b) time consumption in relation with frozen volume of soils (data from references in Tab. I).
Fig. 3 – Tempo necessario per il congelamento del terreno con differenti tecniche: a) tempo necessario in funzione del diametro della 
colonna di terreno; and b) tempo necessario in funzione del volume di terreno (riferimenti dei dati in Tab. I).
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– Terrarossa at Licciana Nardi (Massa Carrara),
along the banks of the Magra river;

– Gallicano (Lucca), along the banks of the Ser-
chio river.
In both cases the geological maps show the exi-

stence of recent alluvial deposits with a thickness of
about 10 to 15 m overlying the bedrock, which
mainly consists of grey-blackish claystone.

In order to check the lithological conditions, bo-
reholes have been planned and performed at each
site. More specifically a rotary borehole (158 mm in
diameter) with Large Penetration Test (LPT) mea-
surements every 1.5 m has been carried out at each
site. Details on the LPT (Italian Practice) are availa-
ble in the works by CROVA et al. [1992] and JA-
MIOLKOWSKI and LO PRESTI [2003]. The water table
depth was at 4.0 m at Terrarossa and 3.7 m at Gal-
licano. An open tube piezometer was installed in
each borehole for the purpose of periodically che-
cking the water table.

The following criteria have been used to select
the site on the base of soil litology:
– fines not exceeding 20 %;
– minimum or nil presence of pebbles.

BOZZOLA [2003] performed grain size analyses of
the retrieved soil and analysed the LPT measure-
ments. On the basis of the above mentioned criteria
she concluded that the site of Terrarossa was more
appropriate for the application of the in situ freez-
ing method. More specifically, the site of Terrarossa
showed acceptable conditions for in situ freezing at
depths below 4.0 m down to 12.0 m.

LPT data were used by BOZZOLA [2003] to assess
the in situ relative density (Dr). The method pro-

posed by CUBRINOWSKI and ISHIHARA [1999] was
adopted for such a purpose. It was found that Dr was
mainly in between 30 and 55%.

Two Standard Cone Penetration Tests (SCPT)
were also performed by Pagani s.r.l. at Terrarossa
site. The distance between the borehole and the
SCPTs was of about 2 m. In one test a cone with an
apex angle of 90° (according to the ISSMGE stan-
dard) was used. In the other test the cone had an
apex angle of 60° (according to the Italian Stan-
dard). Penetration test results and grain size analy-
ses will be discussed in more details later on.

4. Sampling at Terrarossa, Licciana Nardi 
(Massa Carrara)

Figure 4 shows the location of the Terrarossa site.
It is possible to notice that the conventional borehole
and SCPTs (previously mentioned) has an elevation
of 63.90 m while the area where the soil freezing has
been realized has an elevation of 61.0 m.

Due to budget restraint, it was decided to re-
trieve frozen samples from a depth of 2.0 m below
the ground level down to 6.0 m. For this purpose
guide pipes have been preliminarily installed in
agreement with he usual practice [HATANAKA et al.,
1988; GOTO et al., 1992]. More specifically five steel
pipes about 2.0 m long connected by two flanges at
the ends have been installed in a pre-drilled hole of
about 1.5 m in diameter. After the installation of the
guide pipes and the check of their verticality, the
pre-drilled hole was filled with concrete. This oper-

Fig. 4 – Site location.
Fig. 4 – Ubicazione del sito.
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ation was accomplished three weeks before the start-
ing of the in situ freezing. The central pipe was used
to install the double - tube freezing - pipe, necessary
for the circulation of the LN2. The freezing pipe ex-
tended down to 8.0 m below the ground level. The
shallower portion of the freezing pipe (about 2.0 m)
was thermally isolated. Three pipes were necessary
to guide the double core barrel; the fourth pipe was
used to install a number of thermocouples. This
pipe was inclined of about 4° to locate the thermo-
couples at increasing radial distances with depth.

Figures 5a and 5b show respectively a picture of
the guide-pipes and the plant of the guide-pipes at
ground level. Unlike the usual method [GOTO et al.,
1992] only three frozen samples were retrieved at
each depth, because of budget restrain. On the
other end, instead of retrieving a fourth sample, the
temperature into the soil was monitored at different
depths and radial distances. More specifically, 7

thermocouples were installed. The shallower ther-
mocouple was located at 2.0 m depth with a radial
distance of 0.35 m. The other thermocouples were
installed at increasing depth and radial distances as
precisely shown in Figure 6.

Figures 7a and 7b show respectively, the tem-
perature monitoring and LN2 consumption with
time. Thermocouples were fixed onto a PVC tube,
which was inserted into the inclined guide-pipe and
inclined hole. The space between the PVC tube and
the hole was filled with mortar pumped from the
bottom. Initial high temperatures are due to the
chemical reactions of mortar. As for the tempera-
ture, it is clear that a target value of about –10°C was
reached in most of the target zone after about 5 days
(120 hours), which is in good agreement with the
trend shown in Figure 2. On the other end the
deeper and more external thermocouples never
reached temperature below zero °C. It is supposed
that the frozen zone had a radius of no more than
0.70 m. Moreover, temperature into the soil rapidly
increases above zero °C at short distance from the
frozen front, showing a very high gradient.

Consumptions are expressed in litres. In order
to freeze the soil about 290 kN of LN2 were neces-
sary. The total consumption of LN2 was of about
500 kN.

a)

b)

Fig. 5 – Guide Pipes: a) picture, b) plant.
Fig. 5 – Tubi guida: a) foto, b) pianta.

Fig. 6 – Thermocouples location.
Fig. 6 – Disposizione delle termocoppie.
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Figure 8 shows a retrieved sample. Figure 9
shows the individual geotechnical drilling opera-
tions and the full set of samples retrieved. Samples
have a diameter of 298.0 mm and height of appro-
ximately 600.0 mm.

5. Laboratory testing

5.1. Main characteristics of available equipments in re-
search laboratories worldwide

Based on the early works by CONVERSE [1950] and
HALL [1950], it is generally accepted that the ratio
between the specimen diameter D and the maxi-
mum grain size Dmax should be not less than 5.0,
even though and ideal value of such a ratio should be
equal or larger than 8 in order to consider the spec-
imen as an elemental volume of a homogeneous
continuum. This fact involves the use of large size
specimens and, consequently, laboratory testing of

gravelly soils is performed by means of specially de-
vised prototypes, developed at several research cen-
tres. Table II summarizes most of the equipments
that have been developed to study the stress-strain-
strength response of both undisturbed and reconsti-
tuted coarse-grained soils. The majority of the
equipments reported in Table II are triaxial appara-
tuses that can accommodate large size specimens.
Usually, the axial strain is determined by measuring
the relative displacement between top and bottom
(b). In some cases, axial and radial strains are meas-
ured locally (a, d), on the central portion of the spec-
imen. It is worth mentioning the large-scale tor-
sional shear apparatus [YASUDA and MATSUMOTO,
1993; 1994], which accommodates hollow-cylindri-
cal specimens, the free-free torsional resonant col-

Fig. 7 – Freezing monitoring at Licciana Nardi: a) LN2 consumptions, b) temperatures.
Fig. 7 – Monitoraggio del congelamento a Licciana Nardi: a) consumi di azoto liquido (LN2), b) temperature.

Fig. 8 – Sample A3, depth: 4.10 ÷ 4.70 m.
Fig. 8 – Campione A3, profondità: 4.10 ÷ 4.70 m.

Fig. 9 – Retrieved sample.
Fig. 9 – Campioni prelevati.
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umn [MENQ and STOKOE, 2003] and the true triaxial
equipment developed by ANH DAN [2001].

In the last 15 years the triaxial apparatus has
been deeply innovated and enhanced. Some of
these innovations are vital to obtain accurate stress-
strain measurements. In particular, the following
requirements are tremendously important when
testing gravelly soils:
– Local axial strain measurements are always pre-

ferable and are strongly recommended for any
kind of soil. In particular, local strain measure-
ments are imperative when testing hard soils or
soft rocks that usually exhibit very small strains
during the reconsolidation to the in situ geosta-
tic stress.

– LDTs [GOTO et al., 1991] have proved to be very
effective in the measurement of local axial
strains of hard soils (gravels, sands) and soft
rocks. In the case of samples that experience
large consolidation strains, the use of submersi-
ble LVDTs or proximity transducers seems to be
preferable. The ability to re-setting the sensor
position from outside the cell [FIORAVANTE et al.,
1994] can be very useful.

– Different techniques have been proposed for lo-
cal radial or lateral strain measurements [FIORA-
VANTE et al., 1994; TATSUOKA et al., 1994; 1994B;
GOMES CORREIA and GILLETT, 1996]. This type of
measurement is important because volumetric
strain measurements, during drained stages,

Tab. II – Available equipments for testing coarse-grained soils.
Tab. II – Apparecchiature di laboratorio per prove su terreni ghiaiosi.

a=local axial strain; b=top-bottom axial strain; c=global axial strain; d=local radial or lateral strain; e=volumetric strain; f=shear strain. 
A=load cell inside the pressure chamber. 1=frictionless loading rod; 2=stress (load) controlled; 3=strain (displacement) controlled. 
TX=triaxial; TTX=true triaxial; TS=torsional shear; TRC=torsional resonant column; NA= not available (*)= equipped for geophy-
sical testing

Reference Specimen shape
Specimen size 

(mm)
Strain 

measurement
Stress 

measurement
Actuator Notes

TATSUOKA et al., 1994 Cylindrical
H=600
D=300

a,b,c,d,e A 1,2,3 TX

YASUDA et al., 1994 Cylindrical
H=550-600

D=300
NA NA 2 TX

TANAKA et al., 1994; KOKUSHO & 
TANAKA, 1994

Cylindrical
H=200-600
D=100-300

a,b A 2 TX (*)

SANTUCCI et al., 1999; TATSUOKA et al., 
1994B; KONGSUKPRASERT, 2003

Prismatic (square 
horizontal section)

H=190
L=95

a,b,c,d,e A 1,2,3 TX

HOQUE et al., 1996; ANH DAN, 2001
Prismatic 

(rectangular 
horizontal section)

H=500
L1=220
L2=250

a,b,c,d,e A 1,2,3 TTX (*)

HATANAKA et al., 1988; HATNAKA & 
UCHIDA, 1995, 1996; KONNO et al., 1994

Cylindrical
H=600
D=300

b,c A 1,2 TX

GOTO et al., 1992; 1994; NISHIO & 
TAMAOKI, 1988

Cylindrical
H=600
D=300

b,c A 1,2 TX

HYNES, 1988 Cylindrical
H=978
D=381

b,c A 2,3 TX

PIETROBONO, 1998; FIORIO, 2003 Cylindrical
H=600
D=300

a,c,d,e A 1,2,3 TX

YASUDA & MATSUMOTO, 1993; 1994 Cylindrical
H=600-800
D=300-400

b,c A 1,2,3 TX

YASUDA & MATSUMOTO, 1993; 1994 Hollow cylindrical
H=800

OD=800
ID=400

f A 2 TS

GALJAARD et al., 1996 Cylindrical
H=300
D=150

a,d,e A 2 TX

GALJAARD et al., 1996 Cylindrical
H=320
D=160

a,d,e A 2 TX

GALJAARD et al., 1996 Cylindrical
H=800
D=400

a A 2 TX

GOMES CORREIA and GILLETT, 1996 Cylindrical
H=600mm
D=300mm

a,d,e A 2 TX

FLORA & MODONI, 1997 Cylindrical
H=820
D=355

c,e A 2,3 TX (*)

MENQ & STOKOE, 2003 Cylindrical
H=300
D=150

f - 2 TRC
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are rather inaccurate. Unfortunately, the cor-
rect measurement of lateral strain has not been
satisfactorily solved yet. Probably the limited ac-
curacy in the lateral strain measurement, espe-
cially relevant at small strains, is due to the
membrane compliance.

– A number of researchers have attempted to de-
termine the propagation velocity of body waves
in triaxial equipments for coarse-grained soils
by means of geophysical testing [NISHIO and
TAMAOKI, 1988; TANAKA et al., 1994; MODONI et
al., 2000; ANH DAN et al., 2002]. The measure-
ment of the body wave propagation velocity in
the laboratory can give a useful indicator of the
sample quality if in situ geophysical measure-
ments are also available. In the case of equip-
ments with a limited accuracy in stress and
strain measurement the small strain stiffness
representing a reference value cannot be deter-
mined. In this case the small strain stiffness
could be inferred from the propagation veloci-
ties. However, in spite of the apparent simplici-
ty, geophysical testing is not an easy task. The
general uncertainties involved in laboratory
tests [ARROYO et al., 2003] and specific problems
related to gravelly soils have been pointed out
by JAMIOLKOWSKI et al. [2004]. Additional useful
information can be found in the works by TAT-
SUOKA and SHIBUYA [1991], MODONI et al. [2000]
and ANH DAN et al. [2002].

– A cell structure with very low compliance and a
loading ram virtually frictionless are also critical
[TATSUOKA, 1988].

– The actuator resolution and its ability to apply a
given constant strain rate is another essential
feature of laboratory testing that should be care-
fully considered. The actuator should also be
able to apply small and large cyclic loading un-
der displacement control without backlash. Two
examples of system having these characteristics
can be found in the literature. TATSUOKA et al.
[1994A] used an analogue motor with electro-
magnetic clutches to change the direction of
loading ram motion without backlash. SHIBUYA

and MITACHI [1997] used a digital servomotor to
control a minimum axial displacement of
0.00015 micrometer spanning over several or-
ders of the rate of axial straining.

– Particularly for cyclic or fast loading tests, it is
necessary to have a simultaneous data acquisi-
tion for stress and strain measurements or, at
least, the time lag between measured stress and
strain should be enough small to accurately de-
termine damping ratios of less than 1% [TAT-
SUOKA et al., 1994B].

– Membrane penetration effects reduce as the
specimen diameter and the membrane thick-
ness increase. From this point of view the mem-

brane penetration effects should be less impor-
tant in the case of gravelly samples. Unfortuna-
tely, the peripheral voids of specimens increase
with the soil grain size and therefore, the mem-
brane penetration effects become extremely im-
portant in the case of reconstituted gravel sam-
ples [EVANS, 1987; HYNES, 1988]. Several metho-
ds have been proposed in order to mitigate the
membrane compliance effects [NICHOLSON et al.,
1993A, 1993B; TANAKA et al., 1991], even though,
the problem cannot be considered yet solved.
Anyway, in the case of undisturbed samples, re-
trieved by means of in situ freezing, the lateral
and end surfaces of the specimens are very smo-
oth and consequently it is possible to assume
that both bedding error and membrane com-
pliance effects are small.

5.2. Characteristics of the equipments used

The triaxial cell and the equipment used to de-
termine the minimum and maximum dry densities
of the soil are briefly described in this section.

5.2.1. TRIAXIAL CELL

The triaxial cell was designed and realized in
the framework of a research contract between
ENEL-CRIS of Milan (which is the owner of the cell)
and the Politecnico di Torino [LO PRESTI et al.,
1997]. A preliminary use of the cell was also done in
the framework of such a research contract [LO PRE-
STI et al., 1997; PIETROBONO, 1998]. The cell has been
given in use to the Politecnico di Torino by the cour-
tesy of ENEL-CRIS and has been improved in re-
cent years [FIORIO, 2003; RINOLFI, 2005; LO PRESTI et
al., 2004].

The main characteristics of the triaxial cell
structure are similar to those accepted for advanced
equipments [TATSUOKA, 1988; LO PRESTI et al., 1994]
and can be summarised as follows (Fig. 10):
– the structure is very stiff (low compliance);
– the tie rods are inside the pressure cell;
– the loading ram is fixed to the top cap (any type

of stress-path is possible);
– the loading ram is virtually frictionless, which is

a basic requirement for an accurate control of
the applied stress or strain [TATSUOKA, 1991];

– the correct alignment between loading ram, top
cap and specimen is guaranteed by the high ac-
curacy in the cell construction and limited tole-
rance required;

– the weight of the loading ram and top cap is
counter-weighted;

– because of the size and weight of the cell an ap-
propriate system to move it is required.
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The loading system consists of a reaction frame
and a hydraulic piston with a capacity of 1000 kN
and a maximum stroke of ±100 mm. Hydraulic pis-
ton and loading ram are connected by a spherical
bearings. The piston is controlled by an MTS Sys-
tem and it is possible to operate under both dis-
placement, pressure or force control. For specimens
having a diameter D = 300 mm and height H = 600
mm the minimum strain and stress that can be con-
trolled are εa = 1.7*10-3 % and Δσa = 0.3 kPa.

The minimum and maximum displacement ra-
tes are respectively 1·10–9m/s and 400 m/s. When
using sinusoidal waveform it is possible to operate in
the frequency interval from 0.001 Hz to 80 Hz.

Cell and back pressures are regulated by means
of PC-controlled electro-valves having a resolution
of 0.1 kPa.

Data acquisition and stress or strain path con-
trol are accomplished by means of a PC equipped
with a 16 bit A/D converter (333000 samples/s).
Control software has been developed under Lab-
VIEW (National Instruments).

The following stresses and strains are measured
during a test:

– External axial strain by means of an LVDT (stro-
ke ±100 mm, resolution < 0.01 mm);

– Local axial strain by means of three LDT [GOTO

et al., 1991], located along the lateral surface of
the specimen at 120°. (stroke 20 mm, resolution
< 0.002 mm);

– Axial load by means of an internal load cell (ca-
pacity = ±200 kN, resolution < 0.02 kN);

– Cell and pore pressure by means of pressure
transducers (maximum capacity 10 bar);

– Measurements of volume change have been do-
ne using a low-compliance burette system
equipped with a differential pressure transducer
in agreement with the suggestion by PRADHAN et
al. [1986]. The smallest accurate measurement
of volumetric strain is 0.0018%.

5.2.2. PROCEDURES FOR SPECIMEN RECONSTITUTION

Each specimen was reconstituted in 20 layers.
Each layer was formed by hand - pouring the soil in
a mould. Levelling the upper surface of each layer
was also accomplished by hand. No compaction has
been used and generally a density slightly lower
than that of undisturbed samples was obtained. In
order to guarantee a high saturation degree, the wa-
ter level inside the forming sample was progressi-
vely raised during the reconstitution process so that
the water height was coincident with the current
specimen height.

5.2.3. OTHER EQUIPMENTS AND TEST PROCEDURES

Minimum and maximum dry density were de-
termined according to the ASTM 4253-00 and
ASTM 4254-00. For the minimum density a large-
size funnel with a maximum diameter of 400.0 mm,
height of 300.0 mm and nozzle of 50.0 mm was
used. For this type of measurements, the soil was
scalped, using only the material passing the 25.4
mm mesh.

Grain size distribution was determined by
means of conventional equipments and referring to
the usually accepted standards.

6. Experimental results

6.1. Grain size distribution

Grading of the soil retrieved from the conven-
tional borehole and of frozen samples was determi-
ned. In both cases 100% of the retrieved soil was
examined. It is worthwhile to compare the percen-
tages of different soil types as obtained from con-
ventional borehole [BOZZOLA, 2003] and in the case
of frozen samples [SICILIANO, 2005]. The figure
shows the percentage of pebbles, gravel, sand and

Fig. 10 – Triaxial cell.
Fig. 10 – Apparecchiatura triassiale.
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silt vs. depth as determined in the case of the soil re-
trieved from conventional borehole (symbols are
connected by lines) and for the frozen samples (the
same symbols but without lines). It is clear (see
Fig. 11a) that the percentage of very coarse soil
(pebbles) is small in the conventional borehole while
is quite large in some frozen sample. This fact could
be a consequence of the different diameter between
conventional borehole (158 mm) and frozen sam-
ples (298 mm). Anyway, at the same depth, the fro-
zen samples exhibit different percentages of peb-
bles etc. (Fig. 11a). This fact can be explained by
considering a relevant non - uniformity of soil depo-
sit and non - planarity of strata. Such a non – unifor-
mity is also confirmed in terms of mean grain size
(Fig. 11b).

6.2. Relative density

The relative density of frozen samples was de-
termined as usually:

where: γd=g·ρd = dry unit weight of the frozen sam-
ple; γd max = g·ρd max = maximum dry unit weight of
the soil; 

γd min = g·ρd min = minimum dry unit weight of
the soil; ρ = mass density.

The dry unit weight was determined by accura-
tely measuring the diameter (D) and the height (H)
of the frozen sample (before consolidation in the
triaxial cell) and the dry weight (Wd) of the sample
(after the triaxial test has been completed); i.e. 

The maximum and minimum dry unit weights
were determined according to the already mentio-
ned ASTM standards. For both types of tests 30 kg
of soil was dried at 105°C, after scalping at 25.4 mm.
A mould having a diameter of 279.4 mm and height
of 230.9 mm was used for both minimum and maxi-
mum dry unit weights.

Tests for the determination of the minimum dry
unit weight were repeated 10 times for each sample.
In the case of the maximum dry unit weight a single
test was performed for each sample because of the
soil crushing and the increase of the fine percentage
after such a test.

Results are summarized in Table III showing:
the absolute minimum value of γd min , the mean va-
lue of γd min (mean of ten measurements), the coeffi-
cient of variation (COV), the measured value of
γdmax, the assessed value of γd and the calculated re-
lative density.

Figure 12 shows the relative density, as inferred
from the frozen samples [SICILIANO, 2005], and that
obtained from the in situ test results using the CU-
BRINOWSKI and ISHIHARA [1999] approach [BOZZOLA,
2003]. Data shown in Figure 12 confirm a very high
spatial variability of the tested soil. For this reason it
is not possible to judge the validity of the CUBRI-
NOWSKI and ISHIHARA [1999] method.

6.3. Soil stiffness and damping ratio

Triaxial tests were performed on isotropically
consolidated specimens. Table IV summarizes the
test conditions at the end of consolidation.

One-way cyclic compression loading triaxial
tests were performed in undrained condition under
strain control using a triangular waveform with

Fig. 11 – Grading at Licciana Nardi: a) soil composition, b) mean grain size.
Fig. 11 – Classificazione del terreno a Licciana Nardi: a) composizione del terreno, b) diametro medio dei grani.
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s t ra in  ra te  rang ing  f rom ·ε a = 0.2%/min
to ·εa = 0.5 %/min.

The single amplitude cyclic strain levels applied
during each test were tentatively: 0.001, 0.002,
0.005, 0.01, 0.02, 0.05, 0.1 %. For each step, 19 loa-
ding cycles were applied. Figures 13a, 13b and 13c
show typical test results for a given loading step.

It is possible to observe a typical cyclic-strain-
softening behaviour with a progressive stiffness re-
duction. It is also observed a progressive reduction
of the loop area, which is rather unusual if compa-
red with available data in the technical literature.

Equivalent Young’s modulus Eeq and damping
ratio D have been determined in the following way:

where qSA and (εa)SA are single amplitude,
respectively, of q and εa during cyclic loading.

Damping ratio was computed as:

 

where ΔW is the area enclosed by the unloading-
reloading loop and represents the total energy loss
during the cycle and W is the elastic stored energy.

In each test, after the largest strain level has
been imposed to the specimen, the drainage was
opened and the specimen was let in drained condi-
tions for, at least, 24 hours. After such a rest period,
the specimen was subjected to monotonic loading
triaxial compression in undrained conditions under

constant rate of strain ·εa 0.5 %min. Figures 14a and
14b show a typical test result.

Tab. III – Density of frozen samples.
Tab. III – Densità relativa dei campioni congelati.

(1) absolute minimum value; (2) mean of ten measurements.

Borehole Sample
Depth

(m)
γdmin

(1)

(kN/m³)
γdmin

(2)

(kN/m³)
COV

γdmax

(kN/m³)
γd

(kN/m³)
Dr
(%)

A

1 -2.20 ÷ -2.80 14.53 14.82 0.011 20.56 18.39 69.56

3 -4.10 ÷ -4.70 18.03 18.34 0.009 20.90 20.87 98.98

4 -5 ÷ -5.50 13.24 13.50 0.014 20.24 20.00 97.63

B

1 -2.20 ÷ -2.80 13.25 14.00 0.031 19.87 18.34 79.99

2 -3 ÷ -3.50 17.99 18.34 0.009 21.65 19.92 51.94

3 -4.05 ÷ -4.70 18.16 18.36 0.005 21.31 19.34 36.53

4 -5.20 ÷ -5.80 17.34 17.83 0.012 21.19 19.97 67.45

C

1 -2.30 ÷ -2.90 14.80 15.14 0.014 19.55 18.86 87.35

2 -3.05 ÷ -3.60 17.30 17.79 0.012 22.03 20.45 67.55

3 -4 ÷ -5.20 17.01 17.53 0.012 21.39 20.85 88.22

Fig. 12 – Variation of DR with depth.
Fig 12 – Variazione della DR con la profondità.

Tab. IV – Test condition (Undrained Triaxial Monotonic
and Cyclic Compression Loading Tests).
Tab. IV – Condizioni di prova (prove triassiali non drenate di
compressione per carico monotone e cicliche).

(*) See Figure 9; z = sample depth; e = void ratio; σ’c = effective 
consolidation pressure.

Frozen samples
C2(*) A3(*) B4(*)

z (m) 3.05-3.60 4.10-4.70 5.20-5.80
e (-) 0.271 0.246 0.302
σ’c (kPa) 60.5 69.0 82.7

Reconstituted samples
z (m) 3.05-3.60 4.10-4.70 5.20-5.80
e (-) 0.373 0.302 0.488
σ’c (kPa) 46.2 47.6 47.2
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The secant stiffness E, from monotonic loading
triaxial tests was determined in the following way:

where qo is the value of deviator stress from which
the secant stiffness is defined (εa = 0). In other

words qo is the value of deviator stress at the end of
the (isotropic) consolidation and therefore is es-
sentially equal to zero.

The same types of tests (cyclic and monotonic)
were repeated on reconstituted samples. Table IV
summarizes test conditions also for the reconstitu-
ted samples. Table IV shows differences in terms of
e and σ’ between undisturbed and reconstituted
samples. Small differences of void ratio are due to
intrinsic and unavoidable limitations of the adopted
reconstitution method.

Differences of consolidation pressure are due to
the fact that, after completion of tests on undistur-
bed samples, the Perspex cell pressure failed and,
because of budget restrain it was not possible to re-
place the cell but only to repair it. As a consequence
of this fact, the maximum cell pressure could not
exceed 80 kPa.

Figure 15 compares the secant stiffness ob-
tained from undrained monotonic loading triaxial
compression tests and that inferred from undrained
cyclic loading triaxial compression tests. The results

Fig. 13 – Typical results from (strain controlled) cyclic
tests.
Fig. 13 – Tipici risultati ottenuti da prove cicliche (deformazione 
controllata).

Fig. 14 – Typical results from (strain controlled) monoto-
nic loading test (constant strain rate).
Fig. 14 – Tipici risultati ottenuti da una prova di carico (a 
controllo di deformazione) monotona (a velocità costante).
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shown in Figure 15a can be commented in the fol-
lowing way:
– stiffness from undrained cyclic and monotonic

loading tests is almost the same, up to strain val-
ues of 0.01%. For larger strains the stiffness
from cyclic loading tests is smaller than that ob-
served in monotonic loading tests, especially af-
ter the application of a certain number of load-
ing cycles (N). This is probably due to the differ-
ent mechanism of pore pressure accumulation.
In cyclic tests the pore pressure continuously in-
creases, whilst in monotonic tests a dilatant be-
haviour occurs at large strains. Consequently
the pore pressure accumulated in cyclic tests at
large strains is higher than that observed in mo-
notonic loading tests (see Fig. 15b);

– external axial strain measurements largely under-
estimate the soil stiffness in comparison to local
measurements up to a strain level of about 0.1%.
Figure 16a and 16b compare the results ob-

tained on undisturbed and reconstituted samples.
More specifically Figure 16a compares the stiffness

E, as obtained from cyclic loading tests, of undis-
turbed and reconstituted samples. Soil stiffness has
been divided by the initial or small strain modulus
Eo.. Figure 16b compares the damping ratio. Both
Figures indicate that the normalized stiffness and
damping ratio of undisturbed and reconstituted
samples are very similar. As for the stiffness, this re-
sult is in agreement to data shown by several re-
searchers [GOTO et al., 1987, 1992, 1994; HATANAKA

et al., 1988; HATANAKA and UCHIDA, 1995; YASUDA et
al., 1994]. Even data by KOKUSHO and TANAKA [1994]
do not show very relevant differences between the
normalized stiffness of undisturbed and reconsti-
tuted samples. As for the damping ratio, the already
mentioned works show contradictory indications.

The small strain stiffness of undisturbed sam-
ples resulted to be up to 20% greater than that of re-
constituted samples, but in most cases Eo. of undi-
sturbed samples was very close to that of reconstitu-
ted samples tested under same conditions (void ra-
tio - e, consolidation pressure - σ’). 

Fig. 15 – Comparison between undrained monotonic and
cyclic loading triaxial compression test: a) Young’s mo-
dulus; b) pore pressure.
Fig. 15 – Confronto tra una prova triassiale di compressione per 
carico monotona ed una ciclica: a) modulo di Young, b) pressione 
interstiziale.

Fig. 16 – Results of cyclic loading triaxial compression te-
sts performed on undisturbed and reconstituted gravel
samples: a) normalized stiffness E/Eo; b) damping ratio D.
Fig 16 – Risultati di prove triassiali cicliche di compressione per 
carico eseguite su campioni di ghiaia indisturbati e ricostituiti: a) 
rigidezza normalizzata E/Eo; b) smorzamento D.
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To account for differences in terms of e and σ’,
data have been normalized according to the fol-
lowing dimensionless equation [LO PRESTI, 1989]:

E0 = S·e–1,1·σ’c0.5·pa
0.5 

where: pa = atmospheric pressure expressed in
the same unit as stiffness and consolidation pressure
and S = soil constant, ranging between 400 and
800. Data available in literature indicate that the
small strain stiffness of undisturbed samples from
recent Holocene deposits is on average 30 % greater
than that measured in the case of reconstituted sam-
ples [GOTO et al., 1987, 1992, 1994; HATANAKA et al.,
1988; KOKUSHO and TANAKA, 1994; YASUDA et al.,
1994; HATANAKA and UCHIDA, 1995].

6.4. Cyclic undrained strength

Liquefaction tests were performed on isotropi-
cally consolidated specimens. More specifically, one
– way cyclic compression loading triaxial tests were
performed in undrained condition under stress
control. Table V summarizes test condition at the
end of consolidation. The deviator stress (σd), which
was applied during undrained shearing, is also indi-
cated in Table V and, in brackets, the cyclic stress ra-

tio  Figures 17a and 17 b show typi-

cal test results.
Liquefaction tests were repeated on reconstitu-

ted samples. Anyway, because of the already mentio-
ned inconvenient of pressure cell failure, saturation
of the samples by back-pressurization, which is criti-
cal for this type of test, could not be satisfactorily ac-
complished. For this reason, liquefaction test results
of reconstituted samples will be not discussed in this
paper.

Figure 18 compares the CSR, obtained in this
research on undisturbed samples, to those ob-
tained by KOKUSHO and TANAKA [1994] on gravelly
undisturbed samples. The CSR was defined as the

normalized deviator stress, which causes 2% single
amplitude axial strain in a given number of cycles.
This condition (for the tests performed in this re-
search) coincides with a pore pressure ratio equal
to 1.0 (zero-effective consolidation pressure). It is
worthwhile to remark that the agreement with the
data by KOKUSHO and TANAKA [1994] is a coinci-
dence and the only possible conclusion is that the
liquefaction strength of undisturbed samples is
much larger than that usually obtained from re-
constituted samples. It is also important to notice
that only two of the three tested samples liquefied.

Table VI summarizes the liquefaction-test re-
sults. More specifically, the table shows:
– relative density of the frozen samples;
– effective consolidation pressure (σc);
– applied deviator stress (σd) and, in brackets, the

CSR;

Tab. V – Test Conditions (Liquefaction tests).
Tab. V – Condizioni di prova (prove di liquefazione).

(*) See Figure 9; z = sample depth; e = void ratio; σ’c = effective 
consolidation pressure.

Frozen samples
A1 C1 B3

z (m) 2.20-2.80 2.30-2.90 4.05-4.70
e (-) 0.290 0.333 0.332
σ’c (kPa) 47.6 45.8 54.1

Reconstituted samples
z (m) 2.30-2.90 4.05-4.70
e (-) 0.388 0.373
σ’c (kPa) 42.6 46.2

Fig. 17 – Undrained cyclic compression loading triaxial
test performed on undisturbed gravel sample: a) loading
curve; b) pore pressure.
Fig. 17 – Prova triassiale ciclica di compressione per carico non 
drenata eseguita su un campione indisturbato di ghiaia: a) curva 
di carico; b) pressione interstiziale.
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– number of loading cycles causing liquefaction;
– gravel (GC), sand (SC) and fine contents (FC).

It is worthwhile to remark that the liquefaction
condition appears to be more controlled by compo-
sitional factors than global relative density. It should
be stressed that the samples that liquefied exhibit a
quite important percentage of medium to fine sand,
whilst the sample that did not liquefy consists of gra-
vel and coarse to medium sand.

7. Conclusions

The results shown in this paper allow the fol-
lowing conclusions:
– undisturbed sampling by in-situ freezing is tech-

nically affordable but extremely expensive and
therefore not possible in ordinary projects;

– because of the relevant spatial soil variability, it
was not possible to correlate the laboratory tests
to the in situ penetration test results;

– the small strain stiffness of undisturbed samples
was, as a maximum, 20% greater than that ob-
served in the case of reconstituted samples, te-
sted under the same test conditions;

– the normalized stiffness-decay (E/E0–εa) and
damping ratio curves (D–εa) of undisturbed and
reconstituted samples are almost the same;

– the undrained cyclic strength of undisturbed
samples is much greater than that usually obser-
ved in the case of reconstituted samples;

– the undrained cyclic strength of gravelly soils is
more controlled by compositional factors than
by the global relative density;

– the global relative density of graded or well gra-
ded granular soils, consisting of gravel, sand
and fines, is a meaningless parameter.

8. Acknowledgments

The authors would like to thank the following
people and istitution:

Dr. Ferrini Head of the Seismic Survey of the
RT, who enthusiastically supported the research
project.

Prof. Hatanaka, Dr. Abe and Mr. Ohara (Tokyo
Soil Research Company) for their precious advises
about the in situ freezing method and their kind ho-
spitality in Japan where we learnt to use such tech-
nique.

Dr. Mazzà and Dr. Pedroni (CESI-RICERCA,
formerly ENEL-CRIS of MILAN) who allowed us to
use the triaxial apparatus.

Dr. Redepaolini (RCT – Trevi Group) for the ac-
curate sampling of frozen soil.

Dr. Cogliati (Linde group) for providing Liquid
Nitrogen and monitoring soil freezing.

Pagani group performed in situ SCPT, free of
costs.

Dr. Manenti (Major of Licciana Nardi) and Mr.
Ferdani (technical staff of the town of Licciana
Nardi) for the assistance during all the in situ activi-
ties.

Drs. Fiorio, –Bozzola, Mensi, Sebastiani, who
prepared their M. Sc. Thesis under the guidance of
first Author, on topics related to the present study,
for their enthusiasm and their presence on site dur-
ing soil freezing.

References

ANH DAN L.Q. (2001) – Study on small strain behaviour
and time effects on deformation characteristics of dense

Tab. VI – Liquefaction test results (undisturbed sample).
Tab. VI – Risultati delle prove di liquefazione (campioni indi-
sturbati).

Dr = relative density; σ’c = effective consolidation pressure; σd = 
imposed deviator stress; CSR = Cyclic Stress Ratio; N = num-
ber of cycles to cause liquefaction; GC = gravel content; SC = 
sand content; FC = fine content.

Dr
(%)

σ’c
(kPa)

σd (CSR)
(kPa)

N
GC
(%)

SC
(%)

FC
(%)

70 47.6 95 (0.98) 1 81 14 5

87 45.8 60 (0.66) 20 47 31 22

37 54.1 80 (0.74) - 80 19 1

Fig. 18 – Comparison of CSR obtained in this research on
undisturbed samples, to those from literature. Adapted
from KOKUSHO and TANAKA [1994].
Fig. 18 – Confronto tra i valori di CSR ottenuti da questa ricerca 
su campioni indisturbati e quelli della letteratura. Adattata da 
KOKUSHO and TANAKA [1994].



25STRESS-STRAIN-STRENGTH BEHAVIOUR OF UNDISTURBED AND RECONSTITUTED GRAVELLY SOIL SAMPLES

GENNAIO - MARZO 2006

gravel by triaxial and true triaxial tests. Ph. D. The-
sis. University of Tokyo, IIS.

ANH DAN L.Q., KOSEKI J., SATO T. (2002) – Compari-
son of Young’s moduli of dense sand and gravel meas-
ured by dynamic and static methods. Geotechnical
Testing Journal, ASTM. 25(4), pp. 349-368.

ARROYO M., WOOD M.D., GREENING.P.D. (2003) –
Source near-field effects and pulse tests in soil sample.
Géotechnique, n. 3, pp. 337-345.

BOZZOLA F. (2003) – La tecnica del congelamento per il
prelievo di campioni di terreno a grana grossa: van-
taggi e benefici. M. Sc. Thesis, Faculty of Engineer-
ing at Vercelli, Politecnico di Torino.

CONVERSE F.J. (1950) – Discussion on E.B. Hall’s pa-
per.

CROVA R., JAMIOLKOWSKI M., LANCELLOTTA R., LO

PRESTI D.C.F. (1992) – Geotechnical characterization
of gravelly soils at Messina site, selected topics. Pro-
ceedings of the Wroth Memorial Symposium,
Thomas Telford, London, pp. 199-218.

CUBRINOVSKI M., ISHIHARA K., (1999) – Empirical cor-
relation between SPT-N value and relative density for
sandy soils. Soils and Foundations, n. 5, pp. 61-71.

DAVILA R.S., SEGO D.C., ROBERTSON P.K. (1992) – Un-
disturbed sampling of sandy soils by freezing. Proc.
45th Canadian Geotechnical Conference, To-
ronto, pp. 13A-1-13A-10.

EVANS M.D. (1987) – Undrained cyclic triaxial testing of
gravels: the effect of membrane compliance. Ph. D
Thesis, UCB.

FIORAVANTE V., JAMIOLKOWSKI M., LO PRESTI D.C.F.
(1994) – Stiffness of Carbonatic Quiou Sand. Pro-
ceedings of the XIII ICSMFE, New Dehli, In-
dia,1, pp. 163-167.

FIORIO S. (2003) – Rigidezza di terreni a grana grossa in
prove triassiali. M. Sc. Thesis, Faculty of Engineer-
ing at Vercelli, Politecnico di Torino.

GALJAARD P.J., PAUTE J-L., DAWSON A.R. (1996) –
Comparison and Performance of Repeated Load Tri-
axial Test Equipment for Unbound Granular Materi-
als. Proc. European Symposium Euroflex 1993,
Lisbon, Balkema, pp. 7-23.

GOMES CORREIA A., GILLETT S. (1996) – A Large Tri-
axial Apparatus for the Study of Granular Materials
under Repeated Loading Used at LNEC. Proc. Eu-
ropean Symposium Euroflex 1993, Lisbon,
Balkema, pp. 45-52.

GOTO S., SHAMOTO Y., TAMAOKI K. (1987) – Dynamic
properties of undisturbed gravel sample by the in situ
frozen. Proc. 8th ARCSMFE, 1, 233-236.

GOTO S., TATSUOKA F., SHIBUYA S., Kim Y.S., Sato T.
(1991) – A simple gauge for local small strain meas-
urements in the laboratory. Soils and Foundations,
31(1), pp. 169-180.

GOTO, S., SUZUKI Y., NISHIO S., OH OKA H. (1992) –
Mechanical Properties of Undisturbed Tone-River

Gravel obtained by In-Situ Freezing Method. Soils
and Foundations, n. 3, pp. 15-25.

GOTO S., NISHIO S. YOSHIMI Y. (1994) – Dynamic prop-
erties of gravels sampled by ground freezing. ASCE
GSP n. 44, Ground failures under seismic condi-
tions, pp. 141-157.

HALL E.B. (1950) – A triaxial apparatus for testing large
soil specimens. ASTM, STP, n. 106, pp. 152-164.

HATANAKA M., SUGIMOTO M., SUZUKI Y. (1985) – Liq-
uefaction resistance of two alluvial volcanic soils sam-
pled by in situ freezing. Soils and Foundations,
25(3), pp. 49-63.

HATANAKA M., SUZUKI Y., KAWASAKI T., Endo M.
(1988) – Cyclic Undrained Shear Properties of High
Quality Undisturbed Tokyo Gravel. Soil and Founda-
tions, vol. XXVII, n. 4, pp. 57-68.

HATANAKA M., UCHIDA A. (1995) – Effects of test me-
thods on the cyclic deformation characteristics of high
quality undisturbed gravel samples. ASCE, GSP,
n. 56, pp. 136-151.

HATANAKA M., UCHIDA A., (1996) – Empirical Correla-
tion between Penetration Resistance and Internal Fric-
tion Angle of Sandy Soils. Soils and Foundations,
36(4), pp. 1-10.

HOFMANN B.A. (1997) – In-Situ ground freezing to ob-
tain undisturbed samples of loose sand for liquefaction
assessment. Ph. D. Thesis, University of Alberta,
Canada, pp. 485.

HOQUE E., TATSUOKA F., SATO T. (1996) – Measuring
anisotropic elastic properties of sand using a large tri-
axial specimen. Geotechnical Testing Journal,
ASTM, 19(4), 411-420.

HVORSLEV M.J. (1949) – Subsurface exploration and
sampling of soils for civile engineering purpose. Re-
port of Committee on Sampling and Testing. Soil
Mechanics and Foundation Division, ASCE, 521
p.

HYNES M.L. (1988) – Pore pressure generation charac-
teristics of gravel under undrained cyclic loading. Ph.
D. Thesis, University of California, Berkeley.

KOKUSHO T., TANAKA Y., (1994) – Dynamic properties of
gravel layers investigated by in-situ freezing sampling.
ASCE GSP n. 44, Ground failures under seismic
conditions, pp, 121-140.

KONGSUKPRASERT L. (2003) – Time Effects on the
strength and deformation characteristics of cement-
mixed gravels. Ph. D. Thesis, University of Tokyo.

KONNO T., SUZUKI Y., TATEISHI A., ISHIHARA K., AKINO

K., IIZUKA S. (1994) – Gravelly soils properties by field
and laboratory tests. Proc. Of 3rd Int. Conf. on Case
Histories in Geotechnical Engineering, S. Louis,
paper 3.12.

KONRAD J-M., MORGENSTERN N.R. (1982) – Effects of
applied pressure on freezing soils. Canadian Geo-
technical Journal, 19, pp. 494-505.

KONRAD J-M., MORGENSTERN N.R., (1983) – Frost sus-
ceptibility of soils in terms of their segregation potential.



26 LO PRESTI - PALLARA - FROIO - RINOLFI - JAMIOLKOWSKI

RIVISTA ITALIANA DI GEOTECNICA

Proc. 4th International Conference on Perma-
frost, Fairbanks National Academy of Science,
Washington D.C., pp. 660-665.

KONRAD J.M. (1990) – Sampling of saturated and un-
saturated sands by freezing. Geotechnical Testing
Journal, 13(2), pp. 88-96.

JAMIOLKOWSKI M., LO PRESTI D. (2003) – Geotechnical
Characterization of Holocene and Pleistocene Messina
sand and gravel deposits. Invited Lecture Interna-
tional Workshop on Characterization and Engi-
neering Properties of Natural Soils (National
University of Singapore, Dec. 2002), Balkema,
vol. II, pp. 1087-1120.

JAMIOLKOWSKI M., KONGSUKPRASERT L., LO PRESTI

D.C.F. (2006) – Characterization of gravelly geomate-
rials. Proceedings of the Fifteenth Southeast
Asian Geotechnical Conference, Bangkok, Key-
note lecture, vol. II, pp. 29-56.

LO PRESTI D.C.F. (1989) – Proprietà dinamiche dei ter-
reni. XIV CGT, Politecnico di Torino, Depart-
ment of Structural Engineering.

LO PRESTI D., PALLARA O., RAINÒ M., MANISCALCO R.,
(1994) – A Computer Controlled Triaxial Apparatus;
Preliminary Results. Rivista Italiana di Geotecnica,
vol. XXVIII, n. 1, pp 43-60.

LO PRESTI D., PALLARA O., FROIO F., (1997) – Progetto
e realizzazione di una cella triassiale per materiale di
grossa pezzatura. Convenzione tra Politecnico di
Torino ed ENEL CRIS, Contratto n. 951/96,
vol. VI.I, Relazione Finale.

LO PRESTI D., FROIO F., PALLARA O., RINOLFI A., KONG-
SUKPRASERT L. (2004) – Caratterizzazione meccanica di
terreni a grana grossa mediante prove di laboratorio su
campioni indisturbati e rimaneggiati nei depositi alluvio-
nali delle aree produttive dei Comuni della Garfagnana
e Media Valle del Serchio, Lunigiana nell’ambito del
programma DOCUP 2000-2006. Relazione Finale.

MENQ F-Y., STOKOE K.H. (2003) – Linear dynamic
properties of sandy and gravely soils from large-scale
resonant tests. Proc. 3rd International Symposium
on Deformation Characteristics of Geomaterials,
Lyon. Balkema, 1, pp. 63-72.

MODONI G., FLORA A., MANCUSO C., VIGGIANI C., TAT-
SUOKA F. (2000) – Evaluation of gravel stiffness by
pulse wave transmission tests. Geotechnical Testing
Journal, ASTM 23(4), pp. 506-521.

NICHOLSON P.G., SEED R.B., ANWAR H.A. (1993a) –
Elimination of membrane compliance in undrained tri-
axial testing. I. Measurement and Evaluation. Cana-
dian Geotechnical Journal, vol. XXX, pp. 727-738.

NICHOLSON P.G., SEED R.B., ANWAR H.A. (1993b) –
Elimination of membrane compliance in undrained tri-
axial testing. II. Mitigation by injection compensa-
tion. Canadian Geotechnical Journal, vol. XXX,
pp. 739-746.

NISHIO S., TAMAOKI K. (1988) – Measurement of shear
wave velocities in diluvial gravel samples under triax-

ial conditions. Soils and Foundations, 28(2), pp.
35-48.

PIETROBONO S. (1998) – Rigidezza dei terreni granulari ri-
costituiti da prove in una cella triassiale di grandi dimen-
sioni. M. Sc. Thesis, Department of Structural and
Geotechnical Engineering, Politecnico di Torino.

PRADHAN B.S., TATSUOKA F., MOLENKAMP F. (1986) –
Accuracy of automated volume change measurement by
means of a differential pressure transducer. Soils and
Foundation, 26(4), pp. 150-158.

RINOLFI A. (2005) – Sul prelievo di campioni indisturbati
di ghiaia mediante il congelamento. Determinazione
della rigidezza, del rapporto di smorzamento e della re-
sistenza ciclica non drenata. M. Sc. Thesis, Faculty
of Engineering at Vercelli, Politecnico di Torino.

SANGER F.J., SAYLES F.H. (1979) – Thermal and Rheo-
logical Computations for Artificially Frozen Ground
Construction. Engineering Geology, 13, pp. 311-
337.

SANTUCCI DE MAGISTRIS, F., KOSEKI J., AMAYA M.,
HAMAYA S., SATO T., TATSUOKA F. (1999) – A triaxial
testing system to evaluate stress-strain behaviour of soil
for wide range of strain and strain rate. Geotechnical
Testing Journal, ASTM, 22(1), pp. 44-60.

SEGO D.C., ROBERTSON P.K., SASITHARAN S., KIL-
PATRICK B.L., PILLAI V.S. (1994) – Ground Freezing
and Sampling of Foundation Soils at Duncam Dam.
Canadian Geotechnical Journal, 31, pp. 939-950.

SHIBUYA S., MITACHI T. (1997) – Development of a fully
digitized triaxial apparatus for testing soils and soft
rocks. Geotechnical Engineering, 28(2), pp. 183-
207.

SICILIANO D. (2005) – Verifica di approcci empirici per la
determinazione della densità relativa dei terreni a
grana grossa mediante prove penetrometriche. Bachel-
or Thesis, Faculty of Engineering at Vercelli, Po-
litecnico di Torino.

SINGH S., SEED B.H., CHAN C.K. (1982) – Undisturbed
sampling of saturated sands by freezing. JGED, ASCE,
n. GT2, pp. 247-264.

TANAKA Y., KOKUSHO T., YOSHIDA Y., KUDO K. (1991)
– A method for evaluating membrane compliance and
system compliance in undrained cyclic shear tests. Soils
and Foundations, 31(3), pp. 30-42.

TANAKA Y., KUDO K., NISHI K., OKAMOTO T. (1994) –
Shear Modulus and Damping Ratio of Gravely Soils
Measured by Several Methods. Proc. 1st Int. Sympo-
sium on Pre-Failure Deformation of Geomateri-
als, Sapporo, 1994, Balkema, 1 pp. 47-54.

TATSUOKA F. (1988) – Some recent developments in tri-
axial testing systems for cohesionless soils. ASTM STP
977, Advanced Triaxial Testing of Soil and Rock,
pp. 7-67.

TATSUOKA F. (1991) – Small Strain behaviour of soils
and soft rocks. Lecture delivered at the Depart-
ment of Structural Engineering, Politecnico di
Torino, May 1991.



27STRESS-STRAIN-STRENGTH BEHAVIOUR OF UNDISTURBED AND RECONSTITUTED GRAVELLY SOIL SAMPLES

GENNAIO - MARZO 2006

TATSUOKA F., SHIBUYA S. (1991) – Deformation charac-
teristics of soils and rocks from field and laboratory tests.
Keynote lecture for session n. 1. Proc. 9th Asian
Regional Conf. on SMFE, Bangkok, pp. 101-170.

TATSUOKA F., SATO T., PARK C-S, KIM Y-S, MUKABI

J.N., KOHATA Y. (1994) – Measurements of Elastic
Properties of Geomaterials in Laboratory Compression
Tests. Geotechnical Testing Journal, 17(1), pp.
80-94.

TATSUOKA F., TEACHAVORASINSKUN S., DONG J., KO-
HATA Y., SATO T. (1994b) – Importance of measuring
local strains in cyclic triaxial tests on granular materi-
als. Proc. ASTM Symposium on Dynamic Geo-
technical Testing II. ASTM STP 1213, 1, pp. 288-
302.

YASUDA N., MATSUMOTO N. (1993) – Dynamic deforma-
tion characteristics of sand and rockfill materials. Ca-
nadian Geotechnical Journal, 30, pp. 747-757.

YASUDA N., MATSUMOTO N. (1994) – Comparisons of de-
formation characteristics of rockfill materials using mo-
notonic and cyclic loading laboratory tests and in situ
tests. Canadian Geotechnical Journal, 31(2), pp.
162-174.

YASUDA N., OTHA N., NAKAMURA A. (1994) – Deforma-
tion Characteristics of Undisturbed Riverbed Gravel by
In-Situ Freezin Sampling Method. Proc. 1st Int. Sym-
posium on Pre-Failure Deformation of Geomateri-
als, Sapporo 1994, Balkema, 1, pp. 41-46.

YOSHIMI Y., HATANAKA M., OH-OKA H. (1977) – A Sim-
ple Method for Undisturbed Sampling by Freezing.
Proc. Specialty Session 2 on Soil Sampling. 9th

ICSMFE, Tokyo, pp. 23-28.
YOSHIMI Y., HATANAKA M., OH-OKA H. (1978) – Undis-

turbed Sampling of Saturated Sands by Freezing. Soils
and Foundations, 18(3), pp. 59-73.

YOSHIMI Y., TOKIMATSU K., KANEKO O., MAKIHARA Y.
(1984) – Undrained Cyclic Shear Strength of a Dense
Niigata Sand. Soils and Foundations, 24(4), pp.
131-145.

YOSHIMI Y., HATANAKA M., OH-OKA H., MAKIHARA Y.
(1985) – Liquefaction of Sands Sampled by in Situ
Freezing. Proc. 11th ICSMFE, S. Francisco pp.
1927-1930.

YOSHIMI Y., TOKIMATSU K., HOSAKA Y. (1989) – Evalu-
ation of Liquefaction Resistance of clean Sands Based
on High Quality Undisturbed Samples. Soils an
Foundations, 29(1), pp. 93-104.

Comportamento sforzi-deformazioni-
resistenza di campioni indisturbati e 
ricostruiti di terreni ghiaiosi

Sommario
Questo articolo presenta inizialmente una rassegna del 

metodo di prelievo di campioni indisturbati di terreni sabbiosi e 
ghiaiosi mediante la tecnica del congelamento in sito e delle 
attrezzature di laboratorio disponibili per indagini su materiali a 
grana grossa. Per quel che riguarda le celle triassiali, l’articolo 
evidenzia la necessità di misure locali delle deformazioni ad altri 
aspetti tecnici cruciali.

Successivamente viene documentato un caso di prelievo di 
campioni indisturbati in terreni ghiaiosi in Toscana (Italia) da 
sottoporre a prove triassiali di laboratorio. In particolare sono 
confrontati i valori della rigidezza e dello smorzamento di 
provini indisturbati e ricostruiti in laboratorio. La principale 
conclusione è che la rigidezza normalizzata e lo smorzamento di 
provini indisturbati e ricostruiti è molto simile. Non è stato 
possibile, in questa ricerca, confrontare i valori della resistenza a 
liquefazione di provini indisturbati e ricostruiti. In fatti, dopo 
aver eseguito la serie di prove relativa ai provini indisturbati, si 
è verificata la rottura della cella di perspex e, per mancanza di 
fondi non è stato possibile sostituirla.

Pertanto la resistenza alla liquefazione dei provini 
indisturbati è stata confrontata con i dati disponibili in 
letteratura. Da tale confronto emerge che la resistenza alla 
liquefazione dei provini indisturbati è decisamente superiore ai 
valori tipici osservati nel caso di provini ricostruiti.

I risultati sperimentali suggeriscono anche che la 
liquefazione di terreni ghiaiosi è possibile unicamente in presenza 
di una certa frazione di sabbia fine e limo. Tuttavia questa 
osservazione richiede ulteriori attività di ricerca per essere 
confermata.


