
1 INTRODUCTION

The importance of high mountain permafrost as a natu-
ral hazard is increasing, due to indications of increasing
rising global temperatures (Cheng & Dramis 1992,
Haeberli et al. 1993, 1997, Knutti et al. 2002). The melt-
ing of ice in the permafrost matrix will reduce the inter-
particle stress and hence shear strength. This may, in 
the presence of water, quickly lead to slope failure and
debris flows (Haefeli 1948, Iverson & Major 1986,
Haeberli et al. 1997, Arenson & Springman 2000). In
Switzerland, the population in Alpine valleys is quite
dense and debris flows can cause much damage and
even loss of life (Haeberli et al. 1990, Zimmermann
1990). Hence, the potential for instability of Alpine per-
mafrost has been identified as being an issue of consid-
erable importance in Switzerland (Haeberli et al. 1999).

Although the dangers are known, the knowledge of
the thermo-mechanical behaviour of Alpine permafrost
is limited. Until now, Alpine permafrost research has
focused mainly on issues such as geomorphological
aspects, measurements of internal and surface move-
ments and temperatures, general structure of the ground
or age of the permafrost (e.g. Haeberli et al. 1998,
Vonder Mühll et al. 1998, Kääb & Vollmer 2000).
Therefore, advanced knowledge of the mechanical pro-
perties of thawing permafrost is required for numeri-
cal modelling, and to enable predictions of potential
slope instabilities due to temperature changes.

Based on measurements of internal deformation of
creeping rock glaciers in the Swiss Alps (e.g. Arenson
et al. 2002) a distinct shear zone from some centimetres
up to metres thick, where up to 97% of the rock glacier
deformation occurs, could be located. Direct shear box
tests have been proposed in order to model this shear

zone and to determine the mobilised strength on a
plane.

In the study presented in this paper, a series of direct
shear box tests were performed in a cold room, using
laboratory prepared saturated frozen fine sand samples
with various sand contents. Temperature dependency
between �3 and �7°C, and effects of normal stress
and strain rate dependency on the strength-dilatancy
behaviour are discussed on the basis of experimental
results and microscopic observations of the specimens
after shearing.

2 MATERIALS AND TESTING PROCEDURES

2.1 Testing programme

Table 1 shows the test conditions of the direct shear-
ing under constant normal stress on frozen Weiacher
fine sand. In order to clarify the effects of volume
fraction of sand fs on the direct shear strength of
frozen sands, fs was varied from 0.05 to 0.63 in which
fs is defined as 1/(1 � e), with e as the voids ratio.
Three horizontal deformation rates, i.e. horizontal
deformation velocities, dH/dt were applied: 2.0 mm/
min, 0.2 mm/min and 0.02 mm/min. Normal stresses
�v0 were selected from a range between 200 kPa and
400 kPa based on the recorded depths of in situ shear
surfaces. The testing temperatures were �6.5, �4.1
and �3.1°C, respectively.

Figure 1 shows the direct shear box, which was kept
in a cold room at the specific test temperature within
an accuracy of �0.5°C. A sensor was mounted in the
lower half of the box, to measure the temperature of the
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specimen. Corresponding temperatures in the sample
varied by �0.3°C.

2.2 Sample preparation

Weiacher fine silica sand was used as an inclusion
material. The grain size distribution curve of this sand
is given in Figure 2. The angle of friction -� of dry
Weiacher sand is �32° in simple shear.

The artificially made sand-ice specimens were pre-
pared as follows:

a) a known amount of sand was mixed uniformly with
powdered ice, that had similar grain sizes to the
sand, to prepare a sample with a fixed volume frac-
tion of sand.

b) the sand-ice mixture was poured into the shear box
and lightly compacted in 4 to 8 layers, depending
on the volume fraction of sand.

c) the sand-ice specimen was saturated carefully by
pouring de-aired water at zero centigrade from the
top within the cooling room in order to fill the air
voids without disturbing the packing of the sand-
ice mixture.

d) afterwards, the specimen was kept in a freezing box
for about 24 hr at a temperature of �18 � 2°C
(during the freezing process, the sand particles
remained in a dispersed position).

e) the frozen specimen was placed in the direct shear
apparatus and left for at least 3 hours until the tem-
perature of the sample became stable. Before
shearing, all samples were left for one night after
applying the normal stress.

Samples with high sand concentrations (fs 
 0.55)
were prepared by placing pre-cooled dry sand straight
into the direct shear box, pouring pre-cooled water
carefully into the sand, and freezing the mixture using
a method similar to d) and e).

The specimens had a diameter of 6.5 cm and a height
of about 2.0 cm. Schematic images of sand-ice speci-
mens with low and high sand volume fractions are
given in Figure 3.

3 TEST RESULTS AND DISCUSSION

Table 2 summarises test conditions and some key
results. Temperatures, volume fraction of sand, applied
normal stress and shear deformation rate are shown,
together with sample response, including the peak
mobilised shear stress, the corresponding horizontal
displacement and the mean angle of the dilatancy rate
v � tan�1(dV/dH), where V is the vertical and H the
horizontal displacement.
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Table 1. Test conditions.

Normal

dH/dt � 2 mm/min dH/dt � 0.2 mm/min dH/dt � 0.02 mm/min

Temp. stress
fs fs fs

T (°C) �v0 (kPa) 0.17 0.43 0.05 0.17 0.35 0.43 0.57 0.63 0.17 0.43

�3.1 200
300 X X X X X X X X
400

�4.1 200 X X
300 X X X X X X X X X
400 X X

�6.5 200
300 X X X X X X
400

Figure 1. Direct shear box, diameter � 6.5 cm.
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Figure 2. Grain size distribution of Weiacher sand.
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Figure 3. Schematic images of sand-ice specimens.



3.1 Shear deformation rate dependency

The influence of the horizontal strain rate dH/dt, which
was varied from 0.02 to 2 mm/min, on the mobilised
shear stress � and the vertical displacement dV of the
ice-soil mixture is shown in Figures 4a and 4b for a
relatively low volume fraction of sand (fs � 0.17) at a
temperature of �4.1°C (Tests 31, 32, 33). Similar
results were obtained for a relatively high volume
fraction (fs � 0.43–0.48; Tests 27, 34, 35). The stress-
deformation curve and the dilatancy behaviour for the
same stress and temperature conditions were found to
be strongly dependent on dH/dt. The volume fraction
of sand appears to influence the peak mobilised shear
stress in a similar manner to the data shown in Figure
4a, but the additional 25–30% of sand leads to an
increase of maximum shear strength of 200–300 kPa
under the prevailing normal stress field (Fig. 5). The
maximum shear stress increases exponentially with
increasing dH/dt for the data shown. The slope of 
this increase, however, seems not to be influenced by
fs at T � �4.1°C and �v0 � 300 kPa. For the same
temperature, the dilatancy tends to increase with the
increasing dH/dt (v � 4.6°, 12.4°, 18.3°).

A close inspection of the shear zone with a micro-
scope (magnification �8) did not indicate significant
expansion of the voids, which may be expected for an
unfrozen dilatant material (Fig. 6). In addition, there
was no evidence of any other form of damage along
the shear zone. If a regelation effect does act around
the particles on the shear plane, there is sufficient free

energy available to refreeze liquid water once local
shearing is complete. In essence, there is a looser
packing in the shear zone due to small dilative move-
ments of the grains combined with self-healing.

3.2 Normal stress dependency

Tests at different values of �v0 showed that there is no
significant influence of �v0 on the shear response
(Fig. 7a, Tests 31, 38, 39). However, rapid heave was
measured at the beginning of the shearing for the 
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Table 2. Summary of test conditions and results.

Temp. in dH/dt 1st peak shear dH at Peak shear
Test no. specimen (°C) fs (�) �v0 (kPa) (mm/min) stress (kPa) 1st peak (mm) stress (kPa) Mean v (°)

24 �4.1 0.62 100 0.2 1206 3.79 1316 21.8
25 �4.1 0.57 300 0.2 1211 3.79 1357 16.7
27 �4.1 0.43 300 0.2 1160 11.00 1160 14.0
28 �4.1 0.35 300 0.2 920 11.00 920 14.0
30 �4.1 0.05 300 0.2 960 1.32 960 11.3
31 �4.1 0.17 300 0.2 830 1.33 850 12.4
32 �4.1 0.18 300 0.02 515 2.11 515 4.6
33 �4.1 0.17 300 2.0 1209 1.81 1209 18.3
34 �4.1 0.48 300 0.02 725 9.80 725 8.5
35 �4.1 0.43 300 2.0 1442 7.20 1442 18.8
36 �4.1 0.39 200 0.2 959 2.74 1006 14.0
37 �4.1 0.42 400 0.2 960 0.90 1178 11.3
38 �4.1 0.15 200 0.2 856 2.20 856 8.5
39 �4.1 0.18 400 0.2 700 0.74 760 11.3
40 �3.1 0.42 300 0.02 597 10.10 597 4.0
41 �3.1 0.43 300 0.2 965 11.00 965 13.0
42 �3.1 0.39 300 2.0 1409 2.36 1460 6.8
43 �3.1 0.16 300 0.2 818 2.77 786 4.6
44 �3.1 0.16 300 0.02 370 1.00 431 9.1
45 �3.1 0.16 300 2.0 952 1.81 952 14.0
46 �6.5 0.36 300 0.2 1164 8.23 1164 15.6
47 �6.5 0.14 300 0.2 850 8.50 850 5.4
48 �6.5 0.50 300 0.2 1588 9.93 1588 15.6
49 �6.5 0.59 300 0.2 2008 9.23 2008 18.3
50 �6.5 0.31 300 0.2 1046 10.71 1046 10.2
51 �6.5 0.05 300 0.2 987 1.89 987 8.5
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Figure 4. Dependency of deformation rate on strength
and dilatancy behaviour due to shear.



lowest �v0 (Fig. 7b) and this levelled off to a constant
value of about 1.5 mm, whereas the behaviour under
higher normal stresses is very similar at �4.1°C and
dH/dt � 0.2 mm/min. The tests shown in Figure 7 (Tests
31, 38, 39) are plotted again in Figure 8 with an equiva-
lent series at fs � 0.41 � 0.02 (Tests 27, 36, 37) as peak
shear strength against normal stress. A slight increase of
the shear strength can be determined for fs � 0.41,
whereas no influence or even a decrease was recorded
for fs � 0.17. However, the relatively high peak for test
No. 38 (fs � 0.15) may be attributed to external work
done against the vertical stress as the sample dilates.

3.3 Volume fraction dependency

Six tests with different volume fractions of sand
(Tables 1 & 2: Tests 46–51) were sheared under a nor-
mal stress of 300 kPa with a deformation rate of
0.2 mm/min at a temperature of about �6.5°C. The
soil particles strongly influenced the response to shear-
ing for fs 
 0.3 (Fig. 9a). The yield and the peak shear
strength is very similar for low fs and is reached within
about 2 mm deformation. However, an upper yield
region (e.g. Andersen et al. 1995) develops for higher
values of fs, and a strain hardening effect can be
observed for the rest of the test.

The dilatancy also changes for different values of 
fs. Except for test No. 51 (fs � 0.05), an increase in
dilation, and hence v, was recorded with increasing fs
(v � 8.5°, 5.4°, 10.2°, 15.6°, 15.6°, 18.3°). It is
thought that the greater strength of ice seeded with
relatively few solid particles is due to the cracks 
generated at yield passing from particle to particle, but
requiring additional energy to initiate a new crack.
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Figure 5. Strength properties of frozen sand related to
deformation rate.

Figure 6. Typical cross section of specimen after shearing
(Test 46: fs � 0.36).
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Figure 8. Peak shear strength dependency related to the
normal stresses. Closed circles: fs � 0.41, open triangles:
fs � 0.17.
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However, for such low values of fs � 0.05, the brittle
behaviour indicated in Figure 9a is confirmed by the
degree of dilation observed in Figure 9b.

Equivalent behaviour was also measured for the tests
at �4.1°C (Tests 25, 27, 28, 30, 31) with v � 11.3°,
12.4°, 14.0°, 14.0°, 16.7° respectively. The ongoing
dilation shown in Figure 9b is most probably an effect
of the crack propagation. In contrast to unfrozen soils,
where a shear zone of 5 to 10 grain diameters might be
typical, the shear zone within these frozen samples
develops to be much larger and therefore more vertical
displacement occurs. Stress concentrations that occur
around the solid particles result in cracks between the
grain bond with the ice matrix that propagate from
particle to particle similar to Griffith’s (1921) model
of fracture for solid materials. The zone affected by
these cracks depends on the volume fraction of 
sand, resulting in various, but pronounced, dilatancy
responses, which seem to question the concept of 
constant volume for critical state strength (Schofield
& Wroth 1968) for frozen soil. Even though a constant
value of shear strength was reached for dH 
 10 mm
the sample height increases, indicating ongoing crack
propagation throughout the sample. However, the
authors assume that for larger strains, even under the
conditions presented, the stress concentration dissi-
pates, stopping further fracturing and a constant value
of dV would be attained. This is also a geometrical
effect caused by the limitation of the shear box.

During initial phases of shearing (Fig. 10a), the shear
zone extends primarily from particle to particle over a
depth of approximately 1–2 mm. However, as the value
of dH increases, the shear zone increases in thickness
due to mobilisation of the ice granules and particles act-
ing and dilating together (Fig. 10b). This effect can be
described as a “rubblisation” (e.g. Take & Bolton 2002).

Even though the amount of unfrozen water might be
less than 0.05 Vol.-% (Williams 1967, Stähli & Stadler
1997), it may have an additional influence on the behav-
iour of the sample. The small amount of sand particles
in test No. 51 results in very little unfrozen water and
therefore supports the concept of brittle behaviour, in
contrast to the other tests that showed a ductile tendency.
This would also explain why the shear response of this
test is higher than the response of test No.47 (fs � 0.14)
and why there is a difference in the dilatancy.

Similar results could be observed for tests at the two
other temperatures, �3.1°C and �4.1°C, respectively.
Figure 11 shows the effect of fs on peak strength of the
sand-ice mixture with reference to temperature T.
There is only a slight increase in the peak strength
with decreasing temperature for low fs. A much steeper
increase can be observed for fs 
 0.3 and an even
steeper increase for fs 
 �0.5, and this is more pro-
nounced for lower temperatures. Different mechanisms
seem to be relevant for the various volume fractions of

sand. Several other authors have described this effect.
Ting et al. (1983) showed similar results for frozen
Ottawa sand at a temperature of �7.6°C under uniax-
ial compression, suggesting that only the strength of
the ice is responsible for the shear strength at low values
of fs. Structural hindrance can be taken into account
for volume fractions larger than 0.4, since the solid
particles start to come into contact with each other.
Crack propagation through the ice-particle mixtures,
however, also changes with increasing volume fraction
of sand and influences the shear response within the
failure plane. Despite the temperature dependency of
the ice strength itself, unfrozen water also influences the
shear response at warmer temperatures and therefore
much lower values for peak strength were measured.
Due to the increase of unfrozen water with increasing
fs, a more gentle increase of the shear response with
increasing volume fraction of sand occurs.

4 CONCLUSIONS

A series of direct shear box tests were performed on
sand-ice mixtures to investigate the effect of volume
fraction of sands, normal stresses, strain rate and tem-
peratures between �3.1 and �6.5°C on the dilatancy
and strength of such mixtures. The main conclusions
can be summarised as follows:

• the vertical deformation due to shearing in a direct
shear box was mainly dilative and was strongly
dependent on the rate of shear deformation, on the
volume fraction of sand as well as on the temperature.
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• the shear zone expanded with shear deformation due
to crack propagation and “rubblisation” resulting in
a pronounced dilatancy that did not level off even at
horizontal deformations of more than 10 mm.

• the shear strength of the sand-ice mixture was also
dependent on the rate of shear deformation and vol-
ume fraction of sand.

• the observed trends were more evident with decreas-
ing temperature: higher peak shear strength was
mobilised and proportionally more so at higher fs.

Mechanisms that are responsible for the shear and the
dilatancy behaviour change with different fs and tem-
peratures. Only the ice controls the response for low
fs. Despite brittle behaviour with a peak shear value at
small strain for samples with very low fs (�0.1),
mainly ductile behaviour with strain hardening and
continuous vertical heave was observed for samples
with fs 
 0.1. Crack propagation might be the main
influence that controls the shear and deformation
response as a function of the volume fraction of sand,
since the solid particles within the ice-soil-matrix
control the length and direction of the cracks. In 
addition, structural hindrance results in higher shear
responses and more pronounced dilatancy. Unfrozen
water that might also be present under these test 
conditions has an additional effect that supports a
ductile response. An upper yield region develops 
for small strains and higher fs. Critical values of fs,
which initiate a change of mechanism, is temperature
sensitive, but lies between 0.3 and 0.5. Normal stress
seems not to influence the mechanisms significantly.

The presented tests, however, demonstrate the sen-
sitivity of frozen soil response to various effects, such
as temperature, deformation rate and volume fraction
of sand. Even though direct shear tests have proved to
be very suitable for the testing of frozen ice-sand mix-
tures, further investigations on the change of mecha-
nisms as a function of temperature and grain size
distributions are recommended for the future.
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