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ABSTRACT: The behaviour of frozen sand-kaolin mixtures is investigated across multiple scales with particular attention to micro-
scale water migration, ice formation, and their influence on macro-scale mechanical response. The effects of clay content are studied
by considering five mixtures with 5%, 10%, 15% and 20% of the total dry mass of kaolin within a Fontainebleau sand matrix. The
micro-scale is investigated using cutting-edge MRI imaging technique, which is complemented by element-level testing within a
freezing chamber. The soils are fully characterized, including their Soil Freezing Characteristic Curve (SFCC). We introduce a novel
experimental setup combining frost heave testing with Magnetic Resonance Imaging (MRI), continuous, non-invasive monitoring of
both temperature gradients and internal changes within the specimens under freezing conditions. On the macro-scale, the results of
more than 50 uniaxial compression tests (UCS) of the different soil mixtures are presented. Various freezing temperatures are also
investigated from -20 °C to -5 °C degrees. Additionally, different loading rates are applied in the UCS tests, showing differences in
behaviour and a strain dependency that is affected by both temperature and clay content. The interpretation of these results in the
light of the SFCC and the micro-mechanical observations allows a deeper understanding of the behaviour of these soil mixes.
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1 INTRODUCTION

Frozen soils constitute heterogeneous geological materials
composed of constituents with quite distinct physical
properties: mineral particles, ice crystals, unfrozen water, and
sometimes a gaseous phase. The classification of frozen soils
is based on the characteristic time in frozen state, and
comprises artificially frozen soils, seasonally frozen soils, and
permafrost (Lai, Xu, Dong and Li, 2013). Globally, all classes
of frozen soils cover between 15% and 50% of the continental
surface and are distributed mainly in the northernmost
countries of the world, such as Russia, North America, China,
etc. (Li et al.,, 2024). Socio-economic development, driven
mainly by technological progress, has lead construction,
energy, and transportation engineering to rely on frozen soils.
However, the implementation of major engineering works on
such complex ground requires an understanding of the
mechanical, hydraulic and thermal behaviour of frozen soils
under varied thermo-hydro-mechanical loading paths.

Frost heave and permafrost thaw pose a serious challenge
to infrastructure stability in cold regions, causing issues such
as structural deformation, cracking, and a reduction in load-
bearing capacity. This phenomenon comes from the complex
interaction between water, temperature fluctuations, and
mechanical forces within the soil (Ming and Li, 2015). In
geotechnical engineering, frost heave testing plays an
important role in determining soil susceptibility to freeze-thaw
cycles, thereby guiding the design and evaluation of
infrastructure such as roads, foundations, and pipelines. Given
the multifaceted nature of frost heave, researchers have
employed a variety of experimental techniques to gain deeper
insights into its underlying mechanisms. These techniques
include monitoring temperature changes (Li et al., 2018;
Wang et al., 2018), water uptake (Li et al., 2017), pore
pressure (Zhang et al., 2016), and the progression of the
freezing front (Lu et al., 2021; Zhou et al., 2023).

Magnetic Resonance Imaging (MRI) presents a promising
advancement in frost heave research by enabling the
visualization of unfrozen water distribution during the freezing
process. MRI can provide detailed measurements of both total
water content and its spatial distribution along a specific axis
along the soil specimen. While MRI has been previously
applied to study root water uptake (Pohlmeier et al., 2008) and
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to determine water mass profiles in unsaturated expansive
clays (Eizaguirre et al., 2025), it has not, to the best of the
authors’ knowledge, been used to map water content profiles
in freezing soils.

Mechanical testing of frozen soils is essential for
quantifying their strength and deformation characteristics
under sub-zero conditions, which directly impact the stability
and serviceability of infrastructure in cold regions. The
mechanical behaviour of frozen soils is governed by a
combination of ice bonding, soil mineralogy, saturation level,
and temperature-dependent viscoplastic effects. Parameters
such as strain rate, confining pressure, and freezing
temperature significantly influence both peak strength and
failure modes. Standardized laboratory methods, e.g., uniaxial
and triaxial compression, creep, and indirect tensile testing,
are employed to simulate stress paths representative of in-situ
conditions. These tests provide the basis for developing
constitutive models and for predicting the performance of
geotechnical systems subjected to freeze-thaw cycles.

Multiphysics and multiscale testing of frozen soils thus
appears as a key step to advance the understanding of
fundamental mechanics ruling their thermo-hydro-mechanical
behaviour when subjected to temperature changes. This is the
very aim of the REFROZEN project, led by the geotechnical
groups at RWTH and ENPC and funded by the French and
German research agencies. With this idea in mind, this study
aims to develop a novel testing apparatus that integrates MRI
technology into frost heave experiments. The objective is to
investigate the evolution of unfrozen water in saturated sandy
soils during freezing. This innovative approach is expected to
offer valuable insights into soil vulnerability to frost heave and
support the development of more resilient infrastructure in
cold climates. In addition to the imaging-based analysis, the
study presents a comprehensive mechanical testing program,
including unconfined compression tests, an assessment of the
mechanical response of ice, and triaxial compression tests
under controlled freezing conditions. These experiments
provide critical insight into the strength and deformation
behaviour of frozen soil mixtures and ice-bearing
geomaterials, complementing the MRI-based observations of
water migration and phase change dynamics. This paper
presents the findings from these two complementary
experimental programs.
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Figure 1. Experimental setup. 1.Top base (made of plastic with 7 mm
copper face for contact); 2. Vacuum wall; 3. Galden circulation
around the specimen; 4. Filter paper; 5. Bottom base made of copper. .

120
100 ) -
__ 801
£
< 60
c
o Time
s 404 t=0h
E t=0.16h
wi t=033h
20 f 1 t=05h
—— t=1.75h
0 dearet o e ~ t=45h
t=95h
t=14h
-20 ‘ : i
0 10 20 30 40

Volumetric water content, ©[%]

Figure 2. Evolution of the volumetric water content profiles during
saturation of soil with 10% kaolin.

2 INVESTIGATING FROST HEAVE KINETICS USING
MAGNETIC RESONNANCE IMAGING

2.1 Experimental methods and materials

Experiments were carried out in accordance with the French
standard (AFNOR, 1996), using a newly developed setup
tailored for conducting frost heave tests within an MRI device
(Tabbiche et al., 2025). The setup is represented in Figure 1;
the complete testing system includes a vertical MRI
spectrometer, a dedicated MRI cell, a soil specimen, a
saturation unit, two cryostats, temperature sensors, and a data
acquisition system.

The MRI cell consists of a rigid plexiglass cylinder that
houses the soil specimen and includes a temperature control
system. The specimen, which is 100 mm in height and 94 mm
in diameter, is compacted into the cell between two
temperature-controlled bases, a cold top and a warm bottom.
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A circular plastic tube surrounds the specimen, with a vacuum

layer between them to provide thermal insulation.

Once the soil is compacted into the MRI cell, the
following procedure is followed:

e  Thermoregulation: The bottom base and surrounding
circulation system are maintained at ~ 2 °C, while the top
base is set to ~ -5.7 °C. At this stage, the top base is not
yet in contact with the soil.

e Saturation: The MRI cell is placed inside the
spectrometer, and water is introduced from the bottom to
saturate the soil specimen.

e Temperature homogenization: After saturation, the
specimen remains in the setup to allow uniform
temperature distribution throughout the sample.

e Freezing: Once the soil temperature is uniformly
stabilized at 2 °C, the top base is brought into contact
with the surface of the soil to initiate freezing.

In this study, five different soil mixtures were prepared to

investigate the influence of clay content on frost heave

behaviour under freezing conditions. Each mixture was
created by combining Fontainebleau sand (NE34) with
varying proportions of Speswhite kaolin clay as follows: KO

(0% kaolin, 100% NE34), K5 (5% kaolin, 95% NE34), K10

(10% kaolin, 90% NE34), K15 (15% kaolin, 85% NE34), and

K20 (20% kaolin, 80% NE34).

2.2 Results

The following figures present a representative test for soil

K10, showing the range of data that can be collected to enable

a deeper analysis of the physical processes involved in one-

sided freezing. Key features of the experimental setup are

described to demonstrate its effectiveness:

e  Saturation process: The water content evolution during
saturation were obtained from MRI scanning and are
presented in Figure 2.

e  Temperature control: One of the main challenges in this
study was achieving precise temperature regulation. To
reconstruct temperature profiles within the soil, six
thermocouples were embedded at different depths (see
Figure 1): To, T20, T40, Teo, Tso, and T100. Additionally, a
thermocouple was installed in the top (cold) piston Tiop to
maintain consistent temperature conditions throughout

the test (Figure 3).
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Figure 3. Temperature evolution during freezing at various positions
along the K10 sample (10% kaolin).
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Figure 4. Evolution of the volumetric unfrozen water content profiles
during freezing process of soil with 10% kaolin.

e  Monitoring of unfrozen water content: A key advantage
of this setup is its ability to track the spatial distribution
of unfrozen water content in real time during the freezing
process (Figure 4). This was accomplished using MRI
signal measurements to quantify local unfrozen water
content within the specimen.

e  Frost heave and water uptake: Frost heave was quantified
by measuring the upward displacement of the top base
during freezing, while water uptake was simultaneously
recorded (Figure 5).

e  Freezing front detection: The position of the freezing
front was identified using two methods: (i) the 15%
threshold of the volumetric unfrozen water content
obtained via MRI, and (ii) the zero-degree isotherm
derived from the temperature profiles during freezing

(Figure 6).
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Figure 5. Frost heave occurrence and water uptake monitoring during
freezing of soil with 10% kaolin.
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Figure 6. Propagation of the freezing front through the soil profile,
with 10% kaolin, during the freezing process using two different
methods.

3 ELEMENT TESTS AT RWTH

3.1  Experimental setup and execution
The mechanical experiments were carried out at the
freezing lab of the Institute for Geomechanics and

Underground technics (GUT) at RWTH Aachen University.
At the freezing lab, sample preparation and testing at test
temperature are possible. During the whole process there is no
necessity to remove the sample from cooling. Temperatures
between -4 °C and -30 °C can be realized continuously.
Uniaxial and triaxial compression, creep and splitting tensile
tests can be carried out under both force and displacement
control.

For the unconfined and triaxial compression tests
presented here, Fontainebleau-kaolin clay mixtures with a
varying kaolin content between 5% and 20% and a saturation
of 85% were prepared. Each specimen froze 24 hours at the
respective temperature prior testing. Each combination of
Fontainebleau-kaolin was frozen and tested at the
temperatures of -5 °C, -10 °C and -20 °C. Furthermore,
different constant strain rates were applied to the specimen
(0.1%/min, 1.0%/min, 10%/min).

Each possible combination was repeated three times
minimum. The diameter of the cylindrical specimen is 38 mm,
the height 80 mm. This corresponds to the ratio of 1:2
recommended in the literature (Andersland & Ladanyi, 2004).
LVDT transducers were used to measure deformation axial
and radial. The applied load was measured with a 2-t or 10-t
load cell. The room temperature and the temperatures at the
bottom and top of the specimen were measured as well.
Measurement was recorded with a rate of 1 second.

3.2 Unconfined compression tests

To present more precisely the effect of changing temperature
and kaolin content the compression rate of 1.0%/min was
chosen here (Figure 7). This is also suggested by Andersland
and Ladanyi (2004).
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Figure 7. Stress-Strain curves for varying kaolin content and ambient
temperature at a strain rate of 1%/min.

3.2.1 Effect of fines content

The fines already seem to have an influence at smaller content.
An important difference can be observed between tests with
5% and 10% kaolin. The more fines there are, the lower the
strength of the material is. As in unfrozen soils. As shown in
the stress-strain curves of Figure 7, the peak stress decreases
significantly between 5% and 10% kaolin, no matter the
temperature. At higher kaolin percentage, the difference
becomes less noticeable. This is outlined by the graphs of
10%, 15% and 20% kaolin, where the differences in peak
stress are less noticeable. Temperature also makes the strength
of frozen soils diminish the closer it gets to the freezing point
of water. Thus, the compression strength of the samples is
higher at -20 °C than at -5 °C. This effect can be explained by
adhesion, capillarity and van-der-Waals forces (Andersland &
Ladanyi, 2004; An et al. 2024; M. Hohmann 1997).

At a freezing temperature of -5 °C a large proportion of
pore water remains liquid. This effect increases with a
decrease of pore size or/and with an increase of the number of
small pores. Due to this fact, the specimen with the highest
fines content contains the highest proportion of liquid water at
-5°C (Vu et al. 2022). Additionally to the decrease in load
capacity, the E-Modulus decreases with an increasing fine
content. Due this fact, the maximum load is reached at a
higher amount of deformation of the soil.

3.2.2  Mechanical response of the ice

One particularity of frozen soil is the amount of stress the ice
can sustain. When the water freezes, it forms a structured ice
matrix that significantly stiffens the soil. Under shear stress,
the ice phase prevents dilatancy effects of the rock grains and
thus contributes to an increase in strength. In addition, ice has
a cementing effect, which strengthens the grain structure
(Hivon & Sego, 1995; Andersland & Ladanyi, 2004).
Therefore, ice first sustains the stress, until a certain strain at
which it starts to crack.

The effect of ice is visible on the obtained curves of the
uniaxial compression tests. At the beginning, the behaviour of
the soil appears to be elastic and the stress increases until a
strain of approximatively 1% with a higher gradient of stress.
This part corresponds to the mechanical response of the ice
and seems to be present in all the tests carried out. At the
moment the gradient of the stress-strain curve decreases, the
soil skeleton is taking the load. However, the stress until the
ice takes the load is influenced by the different studied
variables.
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Figure 8. Stress-Strain curves for 5% kaolin at -20 °C with varying
strain rates.

Among these variables, temperature seems to have an
important effect. Lower temperatures enable the formation of
an ice structure, that is more stable than for higher
temperatures. Accordingly, the ice structure at -20 °C takes
higher load than the ones at -5 °C, as can be seen in the plots
in Figure 7.

Kaolin content seems to have an impact on the ice. Soils
with a higher content of fines, like 15% or 20%, show a
change in stiffness at lower stresses compared to the ones with
5% kaolin. Here, the main difference is again visible between
5% and 10% kaolin. This difference can be explained by the
variating unfrozen water content, that is influenced by the fine
content of the soil, as discussed before. Additionally, the ice
phase is probably able to create a thicker and thus a stronger
ice skeleton for soils with larger pore sizes.

Finally, the strain rate also affects the amount of load that
can be carried by the ice structure. In Figure 8, different
experiments for 5% kaolin, -20 °C and changing strain rates
are shown. Thus, the samples with the likely highest ice
content were analyzed more precisely. It appears to exist an
important influence of strain rate. When the load is applied
with a higher strain rate, the ice absorbs a higher amount of
stress. However, as can be seen in the curve with a strain rate
of 10%/min, this fast response of the ice also causes a certain
destabilization of the soil specimen, which seems to brake
more easily after the first stress peak.

When the ice starts to crack, the load is partially
transferred to the soil and especially to the bonds between the
soil particles and the ice. At a fast rate, the fissures in the ice
seem to be more important and the bonds between the
particles weakened. Thus, at a high strain rate, the stress curve
decreases after the ice peak and the soil can take less load
afterwards. This specific behaviour can be seen in Figure 8. It
can also be compared to the curves with smaller strain rates,
that show a different reaction. In that case, the soil can take
more stress after the ice breakage. The bonds seem to remain
more intact what leads to a stronger soil structure. In fact, for a
strain rate of 1%/min, the peak stress is as high as the one of
the specimen loaded at 10%/min. This lays to the assumption
that, at a strain rate of 10%/min, the ice strength exceeds the
one of the soil. Generally, it can be seen that the stress-strain



gradient and consequently the E-Modulus of the ice, is
independent of fines content, strain rate and temperature. Only
the maximal load that can be taken by the ice phase changes
with these boundary conditions.

3.3 Triaxial Compression tests

To get a deeper understanding of the mechanical behaviour of
frozen sand-clay mixtures, triaxial compression tests were
performed with the same type of specimen as for the
unconfined ones. The samples were placed in a triaxial cell
that has been newly designed and built by GUT. With this new
cell, it is possible to carry out triaxial tests inside the freezing
room. So, the specimen is always surrounded by the observed
temperature.

To determine the influence of the confining pressure O3,
all triaxial tests were carried out at -10 °C and a strain rate of
0.1%/min. For the first tests, kaolin contents of 5% and 20%

were chosen. The confining pressures J3 were set from
50 kKN/m? to 650 kN/m?, to analyze the effect of rather small
confining pressures. Accordingly, the following results are
only representative of this range of pressures.

As can be seen in the Figures 9 and 10, the confining
pressure seems to have a smaller influence on the strength of
the material than the temperature, strain rate and fines content.
Especially when the percentage of kaolin is kept low, like for
5% samples, the differences are relatively small (Figure 9).
Also, in comparison with the carried out unconfined tests, the
measured differences are minor.

Results for 20% kaolin, depicted in Figure 10, confining

pressure 03 seems to have more effects on the soil. In fact, the
peak stress is growing from 50 kN/m? to 650 kN/m?. The peak
also shifts to the right with an increase in confining pressure
and appears at higher strains. The curve also looks flatter with
650 kN/m? and the drop after the peak is less significant. The
soil can absorb more stress after the peak and seem to be more
stabilized as the confining pressure holds the particles
together. The fact that this phenomenon appears at 20% clay
content could also stand for an increase in porewater pressure,
as mixtures with more kaolin also contain more unfrozen
water as discussed before.

Finally, the ice peaks can be compared for the different
tests. Here, low confining pressures have no effect on the ice
at the beginning. Tests for both 5% and 20% clay contents
respectively show the same peak until a strain of

approximatively 1% for various confining pressures J3 . This
shows the important strength of the ice mixed with soil, that
has a great influence on the mechanical behaviour of frozen
sand-clay mixtures.

4 CONCLUSIONS

An investigation has been conducted on the influence of fine
content in sandy soils on the freezing process and mechanical
behaviour in their frozen state, employing a multiphysics and
multiscale experimental approach.

The study introduced a novel experimental setup
combining frost heave testing with Magnetic Resonance
Imaging (MRI), allowing for high-resolution, real-time
monitoring of physical parameters during one-sided soil
freezing. The system enabled continuous measurement of frost
heave, water content profiles, temperature gradients, water
uptake, and the progression of the freezing front, providing a
comprehensive view of the freezing process in saturated
sandy-clay soils. Based on the experimental results and
analysis, the following conclusions can be drawn:

4825

e  MRI as a powerful monitoring tool: MRI proved to be an
effective non-invasive technique for capturing unfrozen
water content profiles along the height of the soil
specimen. This capability offers a new dimension for
understanding water redistribution and phase change
during freezing.
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Figure 9. Stress-Strain curve of triaxial tests with varying confining
pressure with 5% kaolin at -10 °C in comparison to unconfined tests.
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Figure 10. Stress-Strain  curves of triaxial tests with
varying confining pressure with 20% kaolin at -10 °C in comparison
to unconfined tests.

e  Minimal sensor interference: Embedding thermocouples
directly within the soil sample did not alter the freezing
behaviour, validating their use for detailed internal
temperature measurements without compromising the
integrity of the experiment.

e Importance of boundary temperature control: Accurate
temperature regulation, particularly at the soil’s upper
boundary, was essential for replicating realistic freezing
conditions.  Continuous  monitoring of  surface
temperature ensured that boundary conditions remained
consistent throughout the test.



e  Coupled behaviour of frost heave, water uptake, and
freezing front: Data showed a strong correlation between
the evolution of frost heave, water uptake, and the
advancement of the freezing front. These three processes
followed similar kinetic trends, reinforcing their
interdependence.

e Influence of clay content: The effect of varying clay
content on freezing behaviour, particularly its impact on
water migration, will be addressed through a quantitative
comparison of all tested soil mixtures. This comparison
aims to deepen understanding of how increasing fines
influence frost susceptibility.

As result of the large number of carried out uniaxial and
triaxial compression tests, a extensive publicly accessible
database has been created. The following conclusions can be
drawn from the results obtained:

e  The gradient and consequently the E-Modulus of the ice,
is independent of fines content, strain rate and
temperature.

e  Specimen at lower temperatures (-20 °C) takes higher
load than the ones at higher temperatures (-5 °C).

e Applying a higher strain rate causes a higher short-term
strength, mainly taken by the ice phase. This can
override the strength of the soil. In this case the specimen
weakens more rapidly after reaching the peak stress.

e The content of fines has an impact on the unconfined
compression strength. With an increase of fines, the
strength decreases. This effect is strongest at the lowest
contents of fines. So, the decrease in unconfined strength
is more significant from 5% kaolin to 10% kaolin than
from 10% kaolin to 20% kaolin.
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