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SYNOPSIS The paper presents the research program, the laboratory equipment and the first
results obtained in the evaluation of the degree of disturbance induced by the freezing technique 
for undisturbed sampling of saturated sands. Direct measurement of the intergranular movements
due to freezing-thawing process is performed applying radiographic techniques to detect the displa 
cements of a lead shot network within the soil mass. Under an effective confining pressure of 100 
kPa a saturated sand sample, 17.5 cm. high and 7.2 cm. diameter, Dr = 56%, showed a limited dilata 
tive behavior with a volumetric strain of the order of 0.5% at the end of the freezing phase.
The volumetric strain was fully recovered at the end of the thawing phase. A triaxial cell to 
consolidate and freeze a cylindrical sand samples 80 cm. high and 40 cm. in diameter, has been 
built to investigate in laboratory, on full scale test, the in situ freezing-sampling process.

INTRODUCTION

Liquefaction is sometimes one of the most cri
tical problems to be solved for sites proposed 
for nuclear installations. The state-of-

the art to approach the liquefaction problem 
shows two main lines to be followed. One is 
based on historical data regarding sites which 
underwent liquefaction or not during past 
earthquakes, the other is based on laboratory 
testing of reconstituted or undisturbed samples 
togheter with a soil amplification analysis of 
a site profile (Seed, 1976). For relevant
structures as those of a nuclear power plant 
both the previous methods of analysis to 

assess the liquefaction potential are customa
rily followed. Special care is needed for 
describing the site condition by SPT sounding 
when the historical approach is applied, while 
reproducing the site condition in laboratory 
is very often questionable within the labora
tory approach. Recent laboratory investjL 
gation (Seed, Arango, Chan 1975) showed the 
importance of factors such as soil structure, 
geologic history, preshaking, over consolida
tion ratio, sampling disturbance, preparation 
methods for reconstituted samples on the lique 
faction potential assessment. Therefore 
it appears very appealing the possibility 
which is potentially offered by the freezing 
technique in situ to carry undisturbed samples 
from the site to the laboratory preserving all 
the site soil characteristics. The paper 
describes the research program, the laboratory 
equipment and the first results obtained by the 
authors investigating the degree of disturban

ce induced by the freezing - thawing process. 

The research activity has been carried out at 
the geotechnical laboratory of CNEN, the Ita
lian Committee for Nuclear Energy, within the 
research program for Nuclear Safety.

RESEARCH PROGRAM

Yoshimi, Hatanaka, Oh-Oka (1977) , have presented 
a relatively simple method to obtain samples of 
sands by freezing in situ, through a buried tube, 
a column of sand of constant diameter and then pu^ 
ling out the tube and the sand frozen all aro
und. They showed also, provided that the frozen 
front travels in radial direction allowing free 
radial drainage under a minimum of 10 kPa of con 
fining pressure, that no measurable volume chan 
ge is developed during the freezing. Tysto- 
vich (1975), investigating the mechanism of 
freezing of soils, established that for saturated 
sands the freezing phenomenon, when free draina 
ge of water is allowed, develops by pushing the 
water ah.̂ ad the frozen front leaving the pore 
volume pratically unchanged. Singh, Seed,
Chan (1979), by laboratory investigation have 
indicated that, if free drainage conditions exist 
togheter with confining pressure, the cyclic 
strenght characteristics and the preshaking 
effects are not influenced by the freezing- 
thawing process. The afore mentioned stu
dies present the capability of the radial 
freezing technique to get undisturbed samples 
of loose sands bearing mainly on indirect mea
surements, i.e. certain soil mechanical charac
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teristics as stress-strain patterns, cyclic 
strenght, are practically not changed by the 
freeze-thaw sequence. Other investigations
are based on measurement of the overall volume 
change which is shown to be not measurable 
beyond certain confining pressures. Since
the liquefaction potential of a saturated sand 
seems to be very much dependent on the inter- 
granular relationships, the other parameters 
being constant, the authors considered worth- 
wile to investigate the intergranular movement 
during the freeze-thaw sequence, followed by 
investigations along all the several phases of 
the whole process from sampling in situ to 
testing in laboratory. The research program 
pursues the following main objectives:

(i) Direct measurement of the intergranular 
movement during the freezing-thawing 
process from the displacement of a lead 
shot network within the soil mass as 
observed by radiographic techniques.

(ii) Investigation and optimization of the 
sampling technique originally proposed 
by Yoshimi et al. (1977) by laboratory 
full scale test comprehensive of measu 
rements of the effect of freezing-tha- 
wing process on the soil static and 
dynamic characteristics of small samples 
cored from the large one.

(iii) In situ experimental test aimed to check 
the whole system developed in laborato
ry.

At the time the present paper is written one 
direct measurement of the displecement of a 
lead shot network during the freeze-thaw 
sequence of a saturated sand sample 17.5 cm. 
high and 7,2 cm in diameter has been performed; 
a triaxial cell to consolidate and freeze sand 
samples 80 cm. high and 40 cm. in diameter has 
been built, and one such large sample has been 
frozen.

DESCRIPTION OF TESTING EQUIPMENTS

To achieve the first (i) objective described in 
the previous paragraph a triaxial cell capable 
of isotropically consolidating and of freezing
17.5 cm high and 7.2 cm diameter samples was 
built. Fig. 1 shows the cell assembled ready 
for freezing. Thedevice enveloping the base of 
the cell, where liquid nitrogen will be circu
lated so that the frozen front procedes from 
the bottom to the top of the sample, can be 
observed. The same direction and verse is
followed by the water which is squeezed ahead 
the frozen front and drained from the top of 
the cell. The all around confining pressu
re is given by a liquid having a freezing point 
of -40°C and the pressure chamber is made by

p.v.c. acting as insulator between the top and 
bottom caps of the cell. Beyond the cell the 
lead screen to absorb backscattered x rays can 

be observed.

Fig. 1 - Small triaxial cell

To achieve the second (ii) obiective described 
in the previous paragraph, i.e. to simulate in 
laboratory the field condition on a full scale 
test, a large triaxial cell capable of isotro
pically and anisotropically consolidating and 
of freezing 80 cm high and 40 cm diameter sam
ples was built. Fig. 2 shows the cell assembled 
while a gamma log is performed to investigate 
the uniformity of the sample. With such
large cell it will be possible to produce fro
zen samples of saturated sand under different 
confining pressures, different relative densi
ties, using different cooling fluids and diffe 

rent cooling velocities. The central tu
be sealed at its lower end, see Fig. 3, when 
the cooling fluid is circulated inside, produ
ces the radial freezing condition similar to 
that generated in situ by the technique propo
sed by Yoshimi et al. (1977). The central tube 
can be positioned either before or after the 
sample preparation; in the first case the sam
ple is prepared around the central tube, in the 
second case the tube is inserted vertically by 
removing the soil from inside with a cup auger. 
Drainages are provided at the top of the sample 
and all around the base simulating the condi
tion recommended by Tystovich (1975) of free 
drainage of water. The base of the cell
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is a mobile plate which can slide inside a 
sleeve under the action of a rubber membrane 
shaped as a hat. The hat rubber membrane

Fig. 2 - Triaxial cell for full scale 
laboratory freezing test.

confines the bottom chamber, to which a pressu

re different or equal to the lateral one can be 
applied. When the bottom chamber pressure
is equal to the lateral chamber pressure, the 
sample is consolidated isotropically, other
wise the condition of anisotropical consolida
tion is obtained. The fluid filling both 
the lateral and bottom chamber has a low freez 
ing point around -40°C. Four devices for 
measuring temperature are located, as showed 
in Fig. 3, three alone the axis of the sample 
and the fourth inside of the filling fluid of 
the lateral chamber.
To check the uniformity of the large sand 
sample a nuclear probe emitting gamma rays 
from a source of 1 mCi of Cs137 can be inser
ted inside the central tube. This probe, pre 
viously calibrated, gives measurements related 
to the density of the soil. To check the unifor 
mity of the degree of saturation a probe emit- 
ting neutrons from a source of 30mCi of Am /Be, 
whose counts are related to the water conte 
nent of the soil , is used ; the probe is moved

along the axis and measurements are taken at 
different heights of the sample.

60  cm  

40  cm

.5.4.
t h e rm o c o u p le s  c e n tra l tu b e  f o r

Fig. 3 - Triaxial cell for full scale labo
ratory freezing test.Cross section

THE PROCEDURES AND TEST RESULTS

The freezing process has been applied both to 
the small 7.2 cm. diameter sample and to the 
large 40 cm. diameter sample. While the
attempt to detect the displacements of a lead 
shot network succeeded for the small sample, 
as showed below, the energy of the X rays was 
not enough to penetrate the very thick system 
represented by the large triaxial cell. A
more powerful source of rays will be bought in 
short time.

Description of the sand

Massaciuccoli sand N° 6 is used for the inve
stigation. The sand is an industrial sand used 
for glass production having quartz as predomi
nant mineral and the following characteristics: 
it passess through the N° 30 sieve and is re
tained on the N" 50 sieve; it has an uniformi
ty coefficient of about 1.5 and mean grain
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size = 0.27 mm; the maximum and minimum void 
ratios, determined according to the ASTM D 
2049-69 procedure, are respectively 0.85 and 
0.61 with a unit weight of solid particles 
equal to 26.0 kN/m3 . From Massaciuccoli 
sand N° 6 a highly uniform laboratory sand was 
obtained passed through the 0.707 mm sieve and 
retained on 0.50 mm sieve with a D = 0.6 mm 
uniformity coefficient = 1.2, ema)( = 0.82 
emi~ = 0.55. This last sieved sand, called CM 
sand has been extensively studied as far as 
its permeability properties are concerned.
For this reason the first sample of small size 
subjected to the freezing process has been pre 
pared using the CM sand.

Sample preparation method

All the samples, both the small and the large 
size one, have been prepared using the wet 
tamping method described by Mulilis, Chan,
Seed (1976). In our experience such method
affords the preparation of very reproducible 
samples. Even if other methods reproduce bet
ter the natural deposition of sandy deposits, 
we preferred at the moment,to study the effect 
of freezing by the radiographic technique,to 
deal with samples similar each other as much as 
possible. The sand is deposited in layers
inside the mold whose volume has been previo
usly filled by circulating C0^ to improve the 
saturation process. The uniformity of the lar 
ge sample was checked after saturation, by 
introducing inside the central tube of the 
triaxial cell, Fig. 2, the nuclear probe pre
viously described. The sample resulted 
highly uniform with a total unit weight equal 

to 19.6 + 0.1 kN/m3.

Saturation of sample

The samples were saturated by the slow circula 
tion of disareated water for about 2 hours from 
the bottom to the top of the samples,then the 
chamber pressure was increased by steps of 50 
kPa followed by the same increase of the back 
pressure so that the desired 100 kPa effective 
confining pressure is mantained. At any
step theSkempton's pore pressure parameter B 
is measured. When B is >0.9 the sample
is considered saturated.

Freezing process

The freezing of the sample was obtained by cir 

culating vapours of liquid nitrogen inside of 
the central tube for the large sample and 
around the bottom base for the small sample. 
From the first few attempts it was clear that 
the termodynamics of the system is very impor
tant for the efficiency of freezing. During 
the freezing the water flowed out through the 
top drainage into the back pressure line which 
included also the volume change device capable 
of measuring the amount of water and the verse

of the water flow. The small sample was fro

zen in about 5 hours reaching a minimum tempera 
ture at the bottom of sample of about -45°C 
squeezing out 19.5 cm3 of water which, assuming 
the sample perfectly saturated, represents 
about 7% of the volume of water. Exactly the 
same amount of water (19.5 cm3 ) entered into 
the sample during the thawing phase. The lar
ge sample was frozen in about 24 hours of cont_i 
nuous circulation of vapour of liquid_ nitrogen 
reaching a minimum temperature of about -80°C 
at the bottom of the central tube. Also this 
time the same amount of water'was squizeed out 
and entered again into the sample during the 
freezing-thawing process. About 100 1 and
600 1 of liquid nitrogen were consumed for 
freezing respectively the small and large sam
ple. At this time, since the purpose of the 
test was not to optimize the freezing techni
que, the quantity of liquid nitrogen consumed 
should be considered very preliminary.

Effects of freezing

Three radiographs have been taken on the small 
sample of Massaciuccoli CM sand having a rela 
tive density of 56%,saturated (B = 0.9) under 
an effective confining pressure of 100 kPa.
The first radiograph see Fig. 4a, has been 
taken at the end of the saturation; the second, 
Fig. 4b, at the end of the freezing process 
when the confining fluid was at -13°C, the 
third Fig. 4c, at the end of the thawing phase 
after checking that the sample was still under 
the original effective confining pressure and 
all the water expelled was reabsorbed into the 
sample. Figure 4a,b,c represents the lead

shot network inside of the sample, each lead 
shot has 1.5 mm diameter, as seen through an X 

rays radiograph made with 130 Kv, 6 mA and 3 
minutes of exposure time. The freezing pro
ceeded from the bottom to the top of the sample 
and the water was obtained through the drainage 
at the top cap. By overlapping the three ne
gatives no appreciable relative displacement 
among the lead shots can be detected visually. 
The negatives where then taken to a projector 
capable of enlarging 10 times furnished with a 
device to read distances on a ruled screen with 
the error of _+ 0.03mm. The results of the mea
surements of the distances among the lead shots 
before and after freezing and after thawing are 
reported in Table I. From the measurements it 
can be observed that the sample showed a small 
dilation during the freezing phase which is pra 
tically completely recovered when the sample 
is thawed. The maximum dilation in the axis
direction is 0.3 mm and 0.1 mm in the radial 
direction. The volumetric strain can be 
computed of the order of 0.5% which is well in 
side the elastic response of the sand sample.
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(a) unfrozen (b) frozen (c) thawed

Fig. 4 - Radiographs of the small sample during the freezing-thawing process

T A B L E  I

Distances among lead shots during the freezing-thawing process

d l s t a n c e s

(mm)

u n f r o z e n f r o z e n t h awed

63 .80 63 . 90 63.  80

* 2
64. 42 64 . 50 64 . 40

' 3 64 . 00 64 . 00 63 .95

y i
107 . 18 107.60 107.15

r2 107.20 107.50 107.15

r3 107.62 1 07 .80 107.64

CONCLUSIONS

The results, which are praticaly based only on 
one test, should be considered preliminary.
More tests will be performed and a more precise 
description of the behaviour of the sand will 
be investigated. It appears that the
results obtained by other authors by indirect 
measurements are confirmed also by the direct 
method of investigation of the effect of radial 
freezing on saturated sand proposed in this 
study. A first tentative conclusion can 
be drawn that saturated sand under confining

pressure of 100 kPa produces only a limited di

lation well inside the elastic range of the ma
terial which is completely recovered during the 
thawing phase. Since the activity on the lar 
ge triaxial cell has just started no particular 
conclusion or recommendation can be obtained 

from the test of freezing of the large sample 
except that the radial freezing of large por
tion of sandy soil seems feasible to obtain 
indisturbed samples as it has been already de

monstrated .

30 -  017111 465



7/13

ACKNOLEDGMENTS

The authors are grateful to Messrs. C. Cappa
bianca and E. Memeo for executing the X rays 
operations, to Mr. F. Carlin for the nuclear 
logging and to Dr. G. Manfredini for his sug
gestions .

REFERENCES

Mulilis J.P., Chan C.K., Seed H.B. (1975).The 
effects of method of sample preparation 
on the cyclic stress-strain behavior of 
sands. Report NO. EERC 75-18, Univer
sity of California, Berkeley.

Tystovich, N.A. (1975). The mechanics of fro 
zen ground. Me. Graw - Hill.

Seed H.B., Arango I., Chan C.K. (1975). Eva
luation of soil liquefaction potential 
during earthquake. Report NO. EERC 75- 

28, University of California, Berkeley.

Seed H.B. (1976). Evaluation of soil liquefa 
ction effects on level ground during 
earthquakes. Proc. ASCE national conven 
tion on liquefaction Problem in Geotech 
nical engineering, pp. 1 - 104. Phila
delphia.

Singh S., Seed H.B., Chan C.K., (1979 ).Undi
sturbed sampling and cyclic load test
ing of sands. Report NO. EERC 79-33, 
University of California, Berkeley.

Yoshimi Y., Hatanaka M., Oh-Oka H.(1977). A 

simple method for undisturbed sand sam 
pling by freezing. Proc. 9th Int. Conf. 
Soil Mech. Found. Engg. Specialty ses
sion 2, pp. 23-28. Tokyo.

466


