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Abstract

A systematical testing program on frozen Onsgy clay under isotropic loading and undrained shearing at different tem-
peratures (— 3 ~ — 10 °C), strain rates (0.2~ 5%/h) and initial Terzaghi effective stress (20 ~400 kPa) was conducted
with the focus on pore pressure development. It is meant to increase the understanding and facilitate the development of an
‘effective stress’-based model for multi-physical analysis for frozen soils. This study adopted the pore pressure mea-
surement method suggested by Arenson and Springman (Can Geotech J 42 (2):412-430, 2005. https://doi.org/10.1139/t04-
111) and developed a new testing procedure for frozen soils, including a ‘slow’ freezing method for sample preparation and
post-freezing consolidation for securing hydraulic pressure equilibrium. The B-value of frozen soils is less than 1 and
significantly dependent on temperature and loading history. The dilative tendency or pore pressure development in an
undrained shearing condition is found to be dependent on both unfrozen water content and mean stress, which is consistent
with unfrozen soils. Besides, the experimental results reported in the literature regarding uniaxial tests show that the shear
strength does not share the same temperature- and salinity-dependency for different frozen soil types. The rate dependency
of frozen soils is characterized between rate dependency of pure ice and that of the unfrozen soil and is therefore highly
determined by the content of ice and the viscous behavior of ice (through temperature dependency). This paper also
explains the pore pressure response in freezing and thawing is dependent on volumetric evolution of soil skeleton.

Keywords B-value - Frozen soil - Pore pressure - Shear strength - Soil skeleton

1 Introduction

Frozen saline soil has aroused great attention and concern
to both geotechnical and permafrost engineering regarding
permafrost degradation, landslides, ground freezing and
infrastructure stability [4, 22, 41, 44]. Mechanical behavior
of frozen saline soils can be distinctive from well-studied
frozen non-saline sand not only because of lower strength
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but also due to significant unfrozen water content (UWC)
above the eutectic temperature [5, 8, 9, 16, 34].

Some efforts have been made on understanding uniaxial
strength of frozen saline soils, which is a function of soil
types, salinity, strain rate and temperature [16, 32, 33, 37],
while triaxial test with focus on mechanical behavior under
confinement condition has received less attention and has
not formed a standard experimental framework, compared
with unfrozen soils [21, 51, 52]. On the one hand, the
boundary condition in most of triaxial tests for frozen soil
remains unclear. For example, Arenson and Springman [3],
Lai et al. [21] and Xu et al. [52] measured quite high
volumetric strain up to 2-3% in undrained condition,
during triaxial shearing when the applied stress was far
below the melting pressure. These results indicate either
quite high air content in the frozen samples or shear-in-
duced cracks during the tests, and the application of these
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results to the development of constitutive models requires
caution.

On the other hand, the mean and deviatoric stress-in-
duced pore pressure development at high UWC condition
can play important roles in mechanical and hydrological
analyses of frozen saline soil [13, 31], and an effective
stress model with the consideration of pore pressure can be
a better option for thermo-hydro-mechanical modeling than
a total stress model. However, the study of load-induced
pore pressure development for frozen soil is quite scarce,
although pore-water pressure in frozen soil has been
measured for other kinds of investigation, such as freezing
and thawing tests [15, 18, 54], cryogenic suction at the
water—ice interface [19, 30], and water redistribution in one
dimensional freezing process [40, 56, 57].

Arenson and Springman [3] measured pore pressure
development in triaxial loading of ice-rich frozen soils in
undrained condition, while zero volumetric deformation
was not secured because of high air-content in the samples.
The results validate the method in which anti-freezing
liquid is applied to keep the connectivity between pore
pressure sensors and unfrozen water phase based on the
measurement consistency between the pore pressure
development and volumetric change. Zhang et al. [53]
adopted miniature pore pressure transducers to measure
water pressure at the bottom of the testing samples while
water can flow through porous stone at the top. The
boundary condition of testing was similar to 1D oedometer
test with top end drainage. It is problematic for both
Arenson and Springman [3] and Zhang et al. [53] results to
be considered as the response of representative elementary
samples. Kia [18] measured the pore-water pressure
response under isotropic undrained loading for frozen sal-
ine sand and studied the effect of pre-consolidation pres-
sure and temperature on the pore-water pressure coefficient
(B-value). However, the study did not cover the excess
water pressure induced by deviatoric stress.

In this work, we followed the experimental method
suggested by Arenson and Springman [3] to investigate
pore pressure development in undrained isotropic loading
and deviatoric shearing for a natural saturated marine clay,
Onsgy clay, with 50% clay fraction and 20-30 g/L salt
content. Besides, this study proposes a ‘slow’ freezing
technique to prepare the artificially frozen samples to
minimize the temperature gradient and then consolidate
them to secure the pore pressure equilibrium inside the
frozen sample before loading. A series of B-value tests was
conducted ahead of the undrained shear tests with excess
pore pressure measurement. We present the effect of mean
stress, unfrozen water saturation S, (defined as the ratio of
volumetric unfrozen water content to the porosity n),
temperature, salinity and strain rate effect on mechanical
behaviors of frozen Onsgy clay, especially highlighting the
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pore pressure response. In the end, the paper discusses two
aspects: (1) Pore pressure response in undrained shear test
with varying temperature; (2) Pore pressure response and
the deformation patterns with varying strain rate.

2 Material and methods
2.1 Onsgy clay

The Onsgy soft clay site, established in the late 1960s, is
located in the southeast of Norway [26]. The site has been
well characterized by the Norwegian GeoTest Sites Project
at two locations, South Central (SC) with typical salinity
30 g/ and water content 70% and South East Corner
(SEC) with 20 g/L salinity and 45% water content [14].
The clay consists of glacial rock flour, clay minerals
(mainly chlorite and illite), quartz and feldspars with typ-
ically 50% clay and 50% silt content. The typical plasticity
limit and liquid limit are 20% and 60%, respectively. The
soil is expected to be normally consolidated, but the
apparent pre-consolidation can be observed due to aging/
creep. The cooling curve method was used to measure
freezing point around — 1.6 ~ — 2.2 °C for the tested
material [17, 58].

Natural and remolded Onsgy clay samples were used in
this study. The thin walled tube to core natural samples was
driven by ¢ 72 mm Geonor piston. Both sampling
dimensions and coring techniques have been proven to
provide ‘very good to excellent’ sample quality since
volumetric strain of these samples when they are consoli-
dated back to in situ stresses is less than 0.04 [27]. The
remolded Onsgy clay was also prepared firstly by adding
predetermined amount of saline water to the sample to
increase the water content slightly above the liquid limit.
The brine salinity should be same as the salt content of pore
fluid in the sample, and sea salt was used for brine
preparation because it is closer to the concentration of
composites in the pore fluid of Onsgy clay. The mixture
slurry was filled into an odometer mold with ¢ 70 mm
inner diameter and then vibrated by hand-hold vibrator for
further elimination of gas bubble inside the slurry. The
65 kPa vertical stress was applied with two-end drainage,
and the consolidation process normally took 3 days until
the water flow was sufficiently slow. This study followed
the standard ASTM D2216 to determine the water content,
and ASTM D4542 and D1125 to extract pore water and
determine salt content in the pore fluid. Both results were
consistent with Gundersen et al. [14].
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2.2 Triaxial apparatus

The B-tests and undrained shear tests were conducted in a
temperature-controlled triaxial compression apparatus as
shown in Fig. la. To eliminate the disturbance of frozen
soil when it was installed into the triaxial cell and provide a
better temperature control, the whole apparatus was placed
in a temperature-controlled cold room with £ 2 °C fluc-
tuation. Thermal HS5, an anti-freeze refrigerant with
— 50 ~ 4 105 °C working temperature, was used for
confining and temperature-controlled fluid inside the tri-
axial cell. The feedback control of cell temperature was
achieved by adopting a refrigerated circulator to circulate
Thermal H5 through a spiral copper coil inside the cell.
The temperature of circulating fluid was adjusted contin-
uously based on the difference between target temperature
and measurement of a thermocouple 30 mm away from the
sample. The combination of the temperature feedback
control and a double insulation layer can achieve +
0.02 °C accuracy.

The high-resolution loading frame adopted in the setup
is capable of constant strain rate or constant-stress loading
test. An LVDT with 50 mm measuring range and + 0.01
mm accuracy was mounted with loading rod to measure the
axial displacement. The curved surface of top cap was
designed to obtain a point-plane contact for a perfect
coupling between top cap and loading rod. Two piston
pumps were used to control the cell and back pressure. The
cell pressure pump was also filled with the same Thermal
HS as the triaxial apparatus and the refrigerated circulator.
The mixture of water and ethylene glycol as a chemically
inactive anti-freezing refrigerant was adopted for saturation
of the filter paper, porous stone, back pressure pump and
drainage pipeline to maintain the pore pressure transmis-
sion at cold temperature. The concentration of ethylene
glycol in the mixture should be carefully adjusted to
achieve the freezing temperature slightly below testing
temperature, relatively low concentration can minimize the
thawing effect on frozen soils. A back pressure p, was
applied in some tests to further saturate the system during
the consolidation. A pore pressure transducer with 2 MPa
measurement range and 2 kPa accuracy was connected
with the frozen samples through a short drainage pipeline
to measure the pore pressure variation in the different
loading tests.

2.3 Testing procedures

The whole workflow was composed of five stages for both
natural and remolded samples: sample freezing, consoli-
dation, pre-shearing B-test (isotropic loading), undrained
shearing and post-shearing B-test. The preparation of

artificially frozen soil, as a key step, remains controversial
and still lacks a well-recognized method. According to the
freezing direction, it can be categorized as the multiaxial
freezing [24, 47] or uniaxial freezing [3, 34]. The latter
method is more frequently adopted to model massive soil-
ice structure, a layered structure of ground freezing pro-
jects, and frost heave, instead of providing an elementary
sample with smaller-scale features [2]. However, water
redistribution and local ice crystallization can still be
expected even in the multiaxial freezing method because of
the evitable thermal gradient between inner and outer parts
of samples during the preparation.

In order to overcome or minimize this, ‘fast’ freezing is
often applied by using much lower temperature such as
— 30 °C [38] and liquid nitrogen lower to — 196 °C [45]
to freeze samples and then warming them back to the
testing temperature. This method can cause two concerns.
The application of — 20 ~ — 30 °C freezing temperature
might not be low enough to reach ‘fast’ freezing for larger
samples. For instance, in food industry, fast freezing of
blueberries using liquid nitrogen keeps the original
microstructure of the product, but static freezing at
— 18 °C results in significant damage [36]. Given the
considerably greater sample size of soil than blueberry, it
requires even lower temperature at the boundary and hence
faster freezing, if the microfabric is to be kept intact. Even
if this was possible, such an intact microfabric would not
be representative of in situ fabric. The other concern is the
dependency of UWC in frozen samples on freezing—
thawing process. Bittelli et al. [7] and Tian et al. [43] found
that UWC at a given temperature is higher in the cooling
process. As a result, the frozen soil prepared by this ‘fast’
freezing method could be stronger because fast freezing
involved the process of warming back to a target
temperature.

Wang et al. [47] suggested the application of confine-
ment stress during the freezing to realize the field freezing
conditions closely and eliminate unnatural radial cracking
in high-plasticity clay, which was obviously caused by
cylindrical sample geometry. However, Dai et al. [10]
found the dependency of the hydrate growth mode on the
balance between the local effective stress and the capillary
pressure developed by hydrate-water interface, and much
higher confining stress is needed when the soil grain size
becomes smaller. For instance, the order of 100 kPa
effective stress might be enough for sand and silt to
develop a pore-filling growth mode or hydrate invasion,
while the prevention of crystal replacement in clay may
need more than 100 MPa grain contact stress. For low-
plasticity Onsgy clay, confinement was not applied during
freezing because it will not prevent meso-structure devel-
opment due to ice crystallization, and no obvious non-
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Fig. 1 a Schematic diagram of the triaxial apparatus; b Setup specimen. (Note: the actual scale is not followed in (a). The cell volume is around
50 L, and the thermocouple is 3 mm away from sample.)
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uniformity was detected under freezing regime described
below.

Instead of ‘fast’ freezing method, we propose a novel
‘slow’ freezing technique with the purpose of preparing a
representative frozen soil sample. This method allows the
growth of local ice crystals with much smaller dimension
than the sample and relatively homogeneous distribution. It
is also more representative of the natural freezing process
in cold regions. It should be also noted that a universal
preparation method of artificial frozen samples is difficult
to be reached due to various freezing conditions of natural
soils. Figure 2 suggests the procedure of ‘slow’ freezing as
following. The cylindrical soil sample was placed inside
the membrane, and two edges are sealed by two metal end
caps through the O-rings to maintain it waterproof during
the freezing. The sealed sample (x~0.6 L) was immersed
into a 12 L volume container filled with anti-freezing liq-
uid, and the whole setup (including the sample and freezing
liquid) was put inside a low freezing rate freezer. The
temperature is lowered down to 1 °C and kept for 12 h to
ensure the thermal equilibrium of the sample before the
target freezing temperature is set. The whole freezing
process takes at least 48 h because of the large thermal
capacity and low freezing rate of the system. The goal of
the ‘slow’ freezing is to significantly lower the thermal
gradient between the boundary and the inside of the sample
compared with air freezing method, and this method can
significantly minimize water redistribution and cryogenic
suction. Figure 3 shows the X-ray tomography of frozen
samples prepared by air and liquid freezing at the tem-
perature of — 5 °C, which was conducted in the University
of Grenoble. The preliminary results indicate that the
‘slow’ freezing can achieve more uniform ice distribution
with much smaller characteristic dimension of ice crystals

Freezer Anti-freezing liquid

O-ring \ /

Soil samples

Membrane

I\
N

| c— Y c—
c—{ a—
c—l a—
| e— a—
| c— a—
c—l a—

Container End cap Lifted block Fan

Fig. 2 Setup for slow freezing of soil specimen (Note: the actual scale
is not followed. The freezer volume is around 20 L, and container
volume is 12 L.)

compared with air freezing, and less variation of their scale
along the radius. However, more effort is needed to
investigate the effect of freezing methods on the physical
properties (e.g., the mechanical behavior) of artificial fro-
zen soil to determine the proper standard freezing method.

After the frozen soil was prepared and built into the
triaxial cell, cell pressure g3 was applied to run the con-
solidation process, while observing the expelled fluid out of
the frozen sample. However, the expelled volume was
limited within the volume resolution of back pressure
pump and impossible to be accurately determined. Besides
we used the back pressure py, to facilitate the saturation of
system and increase the measurable tension range of fluid
during loading. The py, was set significantly lower than the
cell pressure, so that the water flow is always from the
specimen. The consolidation was complete until the
expelled volume became stable.

In the following step, pore pressure coefficient (B-value)
for frozen soils at the tested temperature (— 3, — 5 and
— 10 °C) was measured. Cell pressure g3 was increased by
Aoz = 20 kPa in each step, until achieving total 100 kPa
increase from the consolidation stress, under undrained
boundary condition. The pressure was then decreased back
to the start point following the same path. The measured
B-value was calculated as the ratio Au/Ap after pore
pressure was stabilized in each step. The modern high-
pressure stainless steel tubing and rigid pore pressure
sensor design result in quite low system compressibility
[6, 28, 29]. The unfrozen water volume in the frozen
sample at the coldest testing temperature (around 100 mL
at — 10 °C; calculated based on the UWS measurement
results) is also much larger than the extra fluid volume
(around 3 mL) of the pore pressure line in the setup. With
consideration of all efforts, this paper recognizes the
measured B-value approximated as the actual B-value.

The undrained shear test was conducted at the same
temperature starting with 1%/h strain rate. In order to test
the strain rate effect on the mechanical strength and pore
pressure response, we conducted a multi-stage tests with
varying strain rate in some tests listed in Table 1. Wang
et al. [47] observed that the strain rate effect on the devi-
atoric strength seen in the multi-stage test was consistent
with results based on the constant strain rate testing.
Besides, this study also tested the reproducibility of
experimental results by comparing the deviatoric stress and
pore pressure response during shearing for two similar
remolded frozen soils under same experimental condition.
One undrained shear test with varying temperature was
also conducted to highlight pore pressure response with
freezing and thawing. Samples after shearing typically
showed a quite homogenized cylindrical deformation as
expected for REV testing. Eventually, post-shearing
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(a) Air freezing: horizontal section

(b) Air freezing: vertical section

(c) ‘Slow’ freezing: horizontal section

(d) ‘Slow’ freezing: vertical section

Fig. 3 X-ray scanning of frozen samples prepared by air and liquid freezing (diameter: 70 mm)

measurement of B-value was conducted again after the
deviatoric stress was relaxed back to zero.

3 Testing results
3.1 Pore pressure coefficient

The measured pore pressure coefficient can be used to
distinguish the mean stress-induced and shear-stress-in-
duced excess pore pressure during shearing. This study
observed the increase in B-value from 0.32 to 0.76 before
and after shearing for S = 30 g/L samples at — 5 °C, 0.44
to 0.85, 0.25 to 0.65 and 0.15 to 0.55 for S =20 g/L
samples at — 3 °C, — 5 °C and — 10 °C, respectively.

@ Springer

This study observed the decrease in B-value for lower
temperature, and the significant increase in B-value after
shearing. More detailed discussion of B-value for frozen
soils will be discussed in future publication.

3.2 Strength and excessive pore pressure
in undrained shearing

Following the test procedure described in Sect. 2.3, we
firstly conducted undrained shear tests of two frozen
remolded soils (ii-1 and ii-2) with similar water content and
salinity to check the reproducibility of experimental
results. The deviatoric stress (¢ = 0; — 03) and excess pore
pressure (Au) results for both samples at the range of
0-10% axial strain (g,) are presented in Fig. 4. It proves



Acta Geotechnica

Table 1 Frozen soil tests

Test no. Type Depth & site T (°C) S (g/L) wc (%) P =03 — pp (kPa) Axial strain rate (%/h)

i-1 Natural 6.6-8 m -5 30 68 100 1
(SEC)

i-2 Natural 6.6-8 m -5 30 71 200 1/10
(SEC)

i-3 Natural 6.6-8 m -5 30 68 400 1
(SEC)

i-4 Natural 10-11 m -3 20 52 20 1/0.2/5
(5O

i-5 Natural 10-11 m -3 20 48 100 1/0.2/5
(5O

i-6 Natural 10-11 m -3 20 48 200 1/5
(5O

i-7 Natural 10-11 m -3 20 52 400 1
(50O)

i-8 Natural 10-11 m -5 20 48 100 1/0.2/5
(SC)

i-9 Natural 11-12 m -5 20 44 200 1/0.2/5
(5O

i-10 Natural 11-12 m -5 20 37 400 1
(50)

i-11 Natural 10-11 m — 10 20 52 100 1/0.2/5
(SC)

i-12 Natural 11-12 m - 10 20 49 200 1/0.2/5
(50

i-13 Natural 11-12 m - 10 20 38 400 1/0.2/5
(5O)

ii-1 Remolded i-1 & i-2 -5 30 47 200 1/0.2/5

ii-2 Remolded i-1 & i-2 -5 30 50 200 1

iii-1 Natural 10-11 m — 4~ =5 20 50 100 1
(S0)

Note: T (temperature, °C); S (salinity, g/L); wc (gravimetric water content); p’ (Terzaghi mean effective stress, kPa); a3 (cell pressure, kPa); py,

(back pressure, kPa)

that the experimental result in the undrained shear test of
frozen soils is reproducible, although the dual yield point
was observed for the sample ii-1 and not for ii-2.

This paper adopted Terzaghi mean effective stress p’ as
the subtraction between total mean stress p and pore
pressure u presented in Eq. (1) for further analysis:

o + 20
p/:p_u:(l 3 3) (1)

where ¢,/ =0, — u and 63 = 03 — u are the effective
axial and confining stresses, respectively. This way can
highlight the maximum contribution of pore pressure to
effective stress. Figure 5, 6, 7 and 8 present the q-g,-Au-p’
results with the variation of 100~400 kPa initial mean
effective stress under different testing conditions (e.g.,
temperature and sample properties).

As these figures indicate, all tested samples showed a
ductile response and steady plastic deformation with
slightly hardening behavior for some of test results
regardless of temperature (— 3 ~ — 10 °C), strain rate
(0.2~5%/h) and initial mean effective  stress
(100 ~400 kPa). The samples i-6, i-8 and i-12 also expe-
rienced dual yield point, and the lower yield point was
observed at the strain range of 1~2%. The excess pore
pressure Au at the lower yield point either slowed down, as
in i-6 and i-12, or even temporarily decreased, as in i-8.
Wang et al. [47] attributed the phenomenon to the brittle
failure of ice bonding. In this paper, the Au measurement
suggested a more dilative deformation tendency in the
lower yield point due to breaking of ice bonding. The
skeleton of frozen soil was rearranged, and Au increased
again when the frozen soil passed though the lower yield
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Fig. 4 Duplicate tests for repeatability check: comparison of ii-1 and
ii-2 experimental results

point. Besides, the effect of mean stress and unfrozen water
content has a significant impact on excess pore pressure.
For example, the excess pore pressure of the sample
increased with the increase in p’ when the samples (i-6 and

i-7) were compared with the samples (i-4 and i-5). The
excess pore pressure is also positively dependent on UWC
as Au for the samples (i-4 ~ i-7) tested at T = — 3 °C are
significantly higher than the samples tested at T = — 5 °C
(i-8 ~ i-10) and -10 °C (i-11 ~ i-13). The strain rate
change from 1 %/h to 5~ 10 %/h for both i-2 and i-6 tests
was conducted after the previous 1 %/h stage was finished
in 12 h, and Au decreased with the relaxation of deviatoric
stress q. The rest of multi-stage tests (i-4, i-5, i-8, i-9, i-11,
i-12 and i-13) changed the strain rate from the previous
stage without relaxation. The more detailed parametric
study is discussed in the later analysis. Here, the pore
pressure response right after the sudden change in loading
rate or at the end of test may not reflect full equilibrium
(for example i-9). However, the clear convergence of pore
pressure was observed in most of cases. We select the
excess pore pressure Au at the 10% strain (at 1%/h strain
rate loading) for further data analysis regarding pore
pressure development (Fig. 9a).
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Fig. 5 Undrained shear test results of i-1,i-2 andi-3(S =30 g/L & T=— 5°C):aqvs. g; b Auvs. g ¢ g vs. p'; d Auvs. p'. (g,
deviatoric stress, p’: Terzaghi mean effective stress, Au: excess pore pressure)
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Terzaghi mean effective stress, Au: excess pore pressure)

3.2.1 Effect of mean effective stress and unfrozen water
content

In the classical critical state concept for unfrozen soil,
mean effective stress not only contributes to the soil
strength but also determines the compression or dilation
tendency of soils together with void ratio (loose or dense
state) [50]. Similar effects were also observed in our tests
on the frozen samples as shown in Fig. 9, which presents
the values of Au and ¢ at 1%/h strain rate. Variations in
both mean stress p and deviatoric stress g during the
shearing contribute to the total Au value, shown as white
markers in Fig. 9a. For the determination of the deforma-
tion tendency for tested samples, this paper follows the
analysis originally proposed by Skempton [42] to calculate
the mean stress-induced Au by multiplying B-value to
Ap. The rest (Au-B x Ap) is the deviatoric stress-induced
Au, presented as gray marker in Fig. 9a. This method has
widely been adopted for the study of rock and cement

[12, 25, 29, 46]. The lower and higher B-value measured
before and after shearing suggested the upper and lower
bound of deviatoric stress-induced Au. We observed three
key phenomenon: (1) g-induced Au rises with an increase
in mean effective stress fori-1 ~ i-3,1-4 ~ 1-7,1-8 ~ i-9
and i-11 ~ i-12 samples; (2) the excess pore pressure is
much higher for frozen soils with higher UWC at warmer
temperature (i-4 ~ i-7 vs. i-8 ~ i-10); (3) the total and
g-induced Au for i-10 and i-13 (with 400 kPa initial mean
effective stress) are slightly lower than both for i-11 and
i-12 samples (with 200 kPa initial mean effective stress),
respectively. We also found that the void ratio ex 1 for
i-10 and i-13 samples is lower than e~ 1.2 and 1.3 for i-11
and i-12 samples before freezing, which indicates that
frozen soils with higher void ratio contain higher UWC at a
given temperature and results in more compressive (less
dilative) deformation tendency.

By applying Terzaghi effective stress, this paper defines
Ag/Ap’ ratio, M, as the slope of Critical State Line (CSL)

@ Springer
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Terzaghi mean effective stress, Au: excessive pore pressure)

with the nonzero intercept at p’ = 0 because of ice resis-
tance. Another parameter M* is defined as Ag/Ap ratio in
the total stress analysis. The M-value of frozen Onsgy clay
ranges from 0.3 ~ 0.5 at relatively higher UWC (i-1 ~ i-
10 samples) to 0.8 at the lower UWC (i-11 ~ 1-13),
which is smaller than the reported M ~ 1.2 for unfrozen
Onsgy clay [27]. The small M-value explains steady plastic
deformation instead of significant softening or hardening
behaviors with Au development for frozen Onsgy clay.
Andersland, Ladanyi [2] suggested several typical values
of friction angle which corresponds to M* = 0 ~ (.36 for
frozen clays, 0.57 ~0.98 for frozen silts and 1.16 ~ 1.5 for
frozen sands based on a total stress analysis. Figure 9b also
shows that an M* = 0.25 based on the mean stress p shifts
to M = 0.4 when Terzaghi mean effective stress p’ is
considered. Wang et al. [47] deduced the ‘effective’ mean
stress dependency of Kasaoka Clay and reported increasing
M with decreasing temperature, which is consistent with
the experimental results in this paper. The pressure melting
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effect, which can weaken the frozen soil strength and
increase UWC, is out of the scope for this paper since it can
become more significant only when the confining pressure
o3 reaches the order of MPa or even 10 MPa.

3.2.2 Effect of temperature and salinity on frozen soil
strength

This section discusses the combined effects of temperature
(0 ~ — 10 °C) and salinity (0~30 g/ NaCl) on the
strength regarding different frozen soil types, since both
highly influence the unfrozen water content [16]. Figure 10
presents experimental results of Onsgy clay and some other
materials including sands, silts, clays and ice reported in
the literature [16, 33, 35]. For clarity, the strength is nor-
malized by — 10 °C value in Fig. 10a and by the value at
the O g/L salinity in Fig. 10b for a given soil type. The
former clearly shows the tendency of increasing strength
with decreasing temperature and also highlights two other
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observations: (1) the normalized strength of different
materials (ice and soils) shares similar variations with
temperature to that of ice at the non-saline condition (0 g/

saline ice

L) indicated by the line 1. (2) the normalized strength of

and frozen soils as a function of temperature

varies with different soil types suggested by the line 2 and

@ Springer
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Fig. 10 Effect of temperature T and salinity S on the strength of different frozen soils: a T effect (silt sand with 0 g/L and 30 g/L salinity [16];
coarse sand with 0 g/L and 30 g/L salinity, clayey sand with 0 g/l and 30 g/L salinity, kaolin with O g/L and 30 g/L salinity, saline ice with
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sand (S = 30 g/L) [16]; — 10 °C alluvial sand (S = 30 g/L), — 10 °C kaolin (S = 30 g/L) [33]). S; (30 g/L brine): ice saturation of brine with

S =30 g/L estimated from Dou et al. [11]

3. On the one hand, Schulson [39] ascribed the dependency
of ice compressive strength on temperature to crystal dis-
location and grain boundary sliding, and this mechanism
still plays an important role in the frozen soil strength as
the observation (1) indicates, although frozen fine-grained
soils such as clayey silt and kaolin contain significant
amount of UWC because of the surface effect [49]. On the
other hand, the surface effect, which is much more pro-
nounced for clays than sands, can be coupled or enhanced
by the ions in the pore fluid, and salinity is expected to
influence the frozen coarse- and fine-grained soils differ-
ently. The observation (2) verifies this expectation and
suggests the higher strength sensitivity to salinity for fro-
zen coarse soil by comparing the line 3 with line 2.
Besides, the volumetric ice fraction S; (1-S,,) is shown as a
function of temperature in Fig. 10a for 30 g/L salinity
brine based on the thermodynamic equilibrium of saline ice
[11]. This thermodynamic relation has been proven to
properly estimate S; fraction with decreasing temperature
for the coarse-grained soils by Hivon, Sego [16]. As
Fig. 10a shows, ice fraction quickly increases with freezing
from — 2 °C to — 5 °C and this increase gradually slows
down with further freezing. However, a different mode has
been seen regarding the compressive strength of saline ice
and frozen coarse soils. Their strength experiences a
gradual increase with temperature down to — 6 °C and then
quickly climbs with further freezing, while the strength of
saline fine-grained soils keeps more linear variation with
temperature.

Figure 10b indicates diverse increase in compressive
strength as a function of salinity at — 10 °C. It also plots S;
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variation of brine with salinity, which can be approximated
as linear relation from completely frozen state at S = 0 g/L
to S;=0.8 at S =30g/L for the ice at T=— 10 °C.
Generally, the strength variation with salinity is consistent
with the observation on temperature variation in Fig. 10a:
the strength of coarse soils generally shows concave rela-
tion with S (firstly gradually and then quickly increases as
salinity decreases), and fine-grained soil strength shows
more linear relation. To sum up, the shear strength and ice
saturation are related but not necessarily sharing a same T-
and S-dependency regarding different frozen soil types.

3.2.3 Effect of strain rate on frozen soil strength

The compressive strength of frozen soils shows quite high
strain rate dependency because of the ice phase. This
dependency can be approximately modeled as:

o é\"
2o (= 2
Oref x (éref ) ( )

where o, and ¢ denote the reference and determined
compressive strength corresponding to the reference and
applied strain rate (&, and é€), respectively. The experi-
mental results indicate typical reciprocal of m (1/m) equal
to around 3 for isotropic polycrystal ice (1/m=3.6 pre-
sented in Fig. 11a), which is found as the main ice crystal
type in frozen soil [2, 48]. Instead, frozen soils generally
show much lower sensitivity to strain rate and 1/m is
around 6.5 for Fairbank silt and remolded clay and below
10 for Onsgy and Kasaoka clays, and Ottawa sand at
T = — 10 °C in Fig. 11a. Behavior of unfrozen soils is
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normally even less sensitive to strain rate, e.g., 1/m ~ 22
for Onsgy clay [27]. It is presumed that soil particles can
hinder crystal dislocation of ice, which is one of the main
mechanisms of strain rate effect for ice. According to
above observations, the rate dependency of frozen soil
strength is suggested to be correlated with the content and
mechanical behaviors of ice. On the one hand, the higher
initial water content of frozen soils results in the increase in
ice content and further enhance the rate dependency of
frozen soils, while this effect requires more systematical
experimental tests to be verified. On the other hand, the
decreasing temperature contributes to the increase in ice
content and less viscous behavior of ice. The experimental
results from Li et al. [23] and this study in Fig. 11b show
less rate dependency with temperature decreasing, which is
also consistent with Bragg, Andersland [8] and Zhu, Car-
bee [59]. Such experimental evidence suggests that the
influence induced by less viscous ice phase can overweigh
the impact of increased ice content, and frozen soils
become less rate dependent with decreasing temperature.

4 Discussion

4.1 Pore pressure response with varying
temperature

This study also observed pore pressure response of Onsgy
clay that is subject to undrained shearing with temperature-
varying condition, which is more relevant to actual engi-
neering application. The cooling and warming can result in
volumetric deformation of frozen soils due to phase and
soil skeleton changes, and it essentially introduces

temperature gradient that drives the water transportation.
Both mechanisms can generate excess pore pressure that
can possibly enhance or depress the excess pore pressure
induced by loading. There are a few studies with the focus
on pore pressure measurement for frozen soils with freez-
ing and thawing [15, 18, 54, 55], while their results remain
difficult to be directly interpreted and compared because of
different boundary conditions and soil types.

In this study, test iii-1 firstly conducted an undrained
shear with 1 %/h constant strain rate at T = — 5 °C under
initial p’ = 100 kPa until strain reached 2% (from point a to
b in Fig. 12). Then, the temperature slowly increased from
— 5to — 4 °C by around 0.1 °C/h thawing rate (from point
b to ¢ in Fig. 12) in the cell fluid with greater volume (50
L) than the sample volume (~0.6 L), while 1 %/h strain
rate shear was continued. Slow temperature change (AT)
and large cell size (x) minimized excess pore pressure
induced by temperature gradient (AT/x). The deviatoric
strength ¢ (iii-1) was observed to gradually decrease to
300 kPa around 11% strain (from point b’ to ¢’ in Fig. 12a),
which is between q = 450 kPa (i-8 at T=— 5 °C) and
q =230 kPa (i-5 at T = — 3 °C). Correspondingly, the
higher excess pore pressure Au = 109 kPa for test iii-1 is
observed (from point a’ to ¢’ in Fig. 12b) compared with
Au = 63 kPa (i-5) and Au = 33 kPa (i-8), although initial
water content of iii-1 is slightly higher than that of i-8 and
i-9. In the second phase, loading piston held its position
instead of constant rate shearing in first phase, e.g., relax-
ation test, and the deviatoric stress ¢ relaxed (from point ¢’/
to d’ in Fig. 12a) while the temperature gradually cooled
back to — 5 °C (from point ¢ to d), and the Au lowered to
— 14 kPa (from point ¢’ to d’ in Fig. 12b). After the tem-
perature and pore pressure stabilized in the second phase,
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the 1%/h strain rate loading was applied again at T = — 5
°C in the third phase. The ¢ stabilized around 420 kPa
(from point d’ to €' in Fig. 12a) and the Au increased to
30 kPa (from point d’ to €' in Fig. 12b), which are con-
sistent with the strength (450 kPa) and Au = 33 kPa of i-8
sample.

Figure 12 highlights that thawing of frozen Onsgy clay
contributes to positive change in Au, and soil freezing
results in the negative change at the given boundary con-
dition in this test, which can be concluded by comparing
the experimental results of iii-1, i-5 and i-8. This test can
facilitate the understanding regarding the effect of phase
and soil skeleton changes on pore pressure. The freezing or
thawing process of frozen Onsgy clay can trigger the soil
skeleton to be expansive or compressive to accommodate

(b)

800
600 1 q ! 64 kPa
I | A
i 77 kPa
—_— r V.
(0] L
% 400 +
/
25kPah @
200 / 70 kPa
2.3 kPa/h : $16 kPa
04 e 1 e 1
0% 5% 10% 15% 20% 25%
&, [%]

Fig. 13 Pore pressure response with varying strain rate: i-9 exper-
imental results. Stage 1: 1 %/h strain rate; Stage 2: 0.2 %/h strain
rate; Stage 3: 5 %/h strain rate
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the volumetric change in the undrained condition. The
compression of soil skeleton can result in the positive
Au during the thawing as observed in this paper. Further-
more, it is interesting to observe greater variation in
Au during freezing than the change in thawing likely due to
the hysteresis induced by either loading and unloading or
thawing and freezing. The ¢ and Au values of iii-1 in the
third phase can still be comparable with the results of i-8.

4.2 Pore pressure response with varying strain
rate

Experimental results and theoretical analysis suggested the
transition from compressive to dilative tendency with the
increase in strain rate for the undrained triaxial testing of
unfrozen clays, e.g., Adachi et al. [1] and Kutter and
Sathialingam [20]. Since we measured pore pressure while
running undrained shear tests for frozen soils, it would be
interesting to analyze the pore pressure response at the
strain rate varying test. This section takes one typical test
result (i-9) and shows it in Fig. 13 again. The B-value of
frozen soils was not equal to 1, and it increased after
shearing test as measured in this paper. Furthermore, the
B-value variation with shearing process remains unknown
since B-value was only measured before and after the
undrained shearing test. These facts made it difficult to
precisely distinguish the p-induced and g-induced
Au changes with the variation in the strain rate. The
dependency of dilatancy for frozen soils on strain rate is
also not clear from experimental results. For example, g of
test i-9 decreased by 77 kPa, and correspondingly p
declined by around 26 kPa (Ap = Ag/3 when Aos.
= 0 kPa), when strain rate lowered from 1 %/h to 0.2 %/h
from phase 1 to phase 2 shown in Fig. 13. The Ap-induced
Au change (=B x Ap) varied around from — 7 kPa
(lower-bound B-value = 0.25) to — 17 kPa (upper-bound
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B-value = 0.65). The measured Au declined by 70 kPa
with 2.3 kPa/h decreasing rate on average in stage 2, and
the g-induced Au seemed to be negative. However, Au had
already shown gradual decrease (2.5 kPa/h) and had not
reached equilibrium at the end of stage 1. It seems that the
lower strain rate might not result in lower dilatancy ten-
dency. When strain rate was set to 5%/h in stage 3, g in-
creased by 244 kPa as suggested in Fig. 13, which
corresponds to 81 kPa increase in p and introduces
21 ~53 kPa Au increase (B-value = 0.25~0.65). The
measured Au is around 16 kPa, and the dilative tendency
was suggested with the increase in strain rate to cancel the
p-induced excess pore pressure. The solid conclusion
requires more attentions and efforts regarding the strain
rate dependency on the volumetric deformation of frozen
soils, but the pore pressure development with the change in
strain rate can be clearly found.

5 Conclusions

This experimental study suggested a new artificial frozen
soil preparation and triaxial testing framework for frozen
soils with the focus on the pore pressure development
under isotropic loading and undrained shearing in a well-
defined boundary condition. The study draws several
original conclusions:

e B-value of frozen Onsgy clay is less than 1, and it also
shows significant temperature and loading-history
dependency.

e Higher unfrozen water content and mean stress can
result in more compression tendency or higher excess
pore pressure of frozen Onsgy clay in an undrained
shear condition. It suggests that ‘effective’ stress model
concluded from unfrozen soil can be partially applied
into frozen soils with high unfrozen water content.

e The shear strength and ice saturation are highly related,
but shear strength does not necessarily share a same
temperature- and salinity-dependency regarding differ-
ent frozen soil types.

e The strength of frozen soils shows higher rate depen-
dency than unfrozen soils but less dependency than ice.
However, the dependency of dilatancy and excess pore
pressure on strain rate for frozen soils deserves more
attentions and studies.

e The pore pressure response in freezing and thawing can
be dependent on volumetric evolution of soil skeleton.
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