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ARTICLE INFO ABSTRACT

Editors-in-Chief: Professor Lyesse Laloui and
Professor Tomasz Hueckel

The thermomechanical behaviour of clayey soils is critical for various geotechnical and geoenvironmental ap-
plications, yet the underlying particle-scale mechanisms remain debated. This study presents a multi-scale
investigation into the microstructural origins of the distinct volumetric responses observed in normally

Keywords: consolidated (NC) and overconsolidated (OC) clays subjected to thermal loading. Temperature-controlled
Clay . . isotropic compression tests were coupled with Mercury Intrusion Porosimetry (MIP) on reconstituted samples
Thermomechanical behaviour . .

MIP of Speswhite Kaolin clay.

PSD The macroscopic results confirm that NC non-active clay exhibits irreversible contraction upon heating, while
highly OC non-active clay undergoes reversible expansion. MIP analyses reveal that thermal contraction in NC
kaolin is linked to a reduction in macropore volume, driven by irreversible slippage at edge-to-face particle
contacts due to a temperature-induced weakening of electrochemical attractions. In contrast, the thermal
expansion of OC clay is associated with an elastic increase in the separation distance between face-to-face
particle configurations.

These findings provide direct experimental support for recent particle-scale modelling based on 3D DLVO
interactions and demonstrate that thermal loading under constant stress activates the same microscale processes
that drive mechanically induced volumetric deformation. The high level of experimental control makes the
resulting dataset particularly suited for validation of particle-scale numerical models and for informing consti-
tutive formulations that explicitly link thermomechanical behaviour to interparticle forces and contact
mechanics.

Particle-scale mechanism

1. Introduction

The impact of temperature on mechanical behaviour of geomaterials
is of increasing concern in geoenvironmental engineering. Over the past
decades, considerable attention has been devoted to studying the
response of fine-grained soils to the combined effects of stress and
temperature, particularly in the context of nuclear waste geological
disposal' ®. This research has predominantly focused on high-swelling
clay subjected to elevated temperatures and pressures resulting from
the confinement of the engineered barrier system. On the other hand,
the investigation into the effects of temperature changes on mechanical
behaviour of non-active or moderately active clay has been relatively
limited despite their relevance to various applications such as shallow
geothermal plants”, energy geostructures®, and heating in rapid shear

deformation®. Non-active clays are clays with low mineralogical activ-
ity, meaning they show limited particle swelling, low cation exchange
capacity, and small amounts of adsorbed water, in contrast to highly
active clays such as smectites. This makes their thermomechanical
behaviour distinct from that of highly active clays and motivates dedi-
cated investigation.

The observed mechanical response of (saturated) clay to temperature
variation is not always intuitive. Clay exhibits irreversible contraction in
normally consolidated (NC) states and reversible expansion in highly
overconsolidated (OC) states upon heating and subsequent cooling 7-**
%10 Modelling such a complex, non-linear and irreversible behaviour
requires advanced constitutive models. During the last thirty years,
several ‘phenomenological’ elastoplastic models have been developed to
consider the effects of temperature variations on the behaviour of clayey
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soils''*. While these models provide valuable macroscopic pre-
dictions, a mechanistic understanding of thermomechanical behaviour
at the particle scale is still lacking.

Early attempts to describe clay particle-scale mechanisms under
thermal loading focused on the analysis of (i) the thermoelastic strain of
the clay skeleton and (ii) the combined effective thermal expansion of
the adsorbed water (Campanella and Mitchell, 1968). All the soil con-
stituents (i.e. solid minerals, adsorbed, and free water) dilate when
temperature increases. Under drained conditions, the effects of free
water thermal expansion dissipate with time, depending on the me-
dium's permeability. On the contrary, the thermal volume change of
adsorbed water and minerals produces a macroscopic thermal strain
related to temperature variation'®.

The expected volumetric thermal expansion computed according to
the thermal dilation of the clay constituents (solid mineral and water)
reasonably follows the thermal dilation observed in the literature in
highly OC conditions'®. However, uncertainties remain concerning basic
mechanisms involved in the thermal volumetric 'collapse' observed in
NC clay.

Baldi et al.'® attributed the NC thermal contraction to the physi-
ochemical interactions between clay and water, which, in turn, is
associated with the variation of the thickness of the double layer due to
temperature changes. An increase in temperature would result in the
removal of bound water molecules and, hence, an irreversible decrease
in the double layer thickness, as also hypothesised by Olson and Mesri'”
and Morin and Silva'® and numerically proven more recently using fully
atomistic molecular dynamics by Brochard et al.'®. More recent
constitutive modelling efforts have incorporated
thermo-poromechanical couplings to capture the role of bound water
dehydration in the thermoplastic strain recorded in NC clays upon
heating”. However, for low-activity, large-particle clays such as
kaolinite, the proportion of adsorbed (bound) water is typically limited
to only a few percent of the total water content’’. Consequently,
temperature-induced variations in bound water are expected to generate
volumetric strains that are small compared to the plastic strains
observed experimentally for example in Cekerevac and Laloui’, sug-
gesting that physicochemical effects alone are insufficient to explain the
magnitude of thermally induced contraction in such materials.

Several studies have also hinted at the mechanisms of particle rear-
rangement at the microscopic (and nanoscopic) scale to explain the
related thermally-induced contraction observed at the macroscopic
scale. Towhata et al.! associated the decrease in the shearing strength of
clay upon heating with the modification of the contact force network
due to the different thermal expansion of the clay minerals involved.
This decrease in inter-particle strength increases the probability of
particle slippage, which is maximised when the mobilised force pro-
ducing such slippage is higher.

While quantitative microstructural investigations tracking pore-scale
and fabric evolution are well established in studies of purely mechanical
loading®"??, their extension to thermally induced deformation remains
limited. Building on the conceptual framework proposed by Towhata
et al.!, the first microscopic observation to detect a possible particle
re-orientation due to temperature changes can be found in Houhou
et al.?®. The experimental campaign, conducted via MIP and XCT tests
on remoulded samples of NC kaolinite and illite, revealed significant
changes in the pore size distribution (PSD) of the illite specimens after
thermal loading. In kaolinite samples, no appreciable changes in PSD
were recorded. Houhou et al.?® concluded by ascribing the thermal
volumetric collapse in NC clay to changes in the contact particles
network induced by the combination of thermal and mechanical load
and hypothesised that modifications of the diffuse double layer due to
temperature changes would not be the main reason behind the observed
thermally-induced volumetric strain.

Under the same line of reasoning, Di Donna et al.>* investigated the
electrochemical and contact interactions between clay particles under
thermomechanical loading with a combined numerical and analytical
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approach. It was concluded that the electrochemical interactions (gov-
erning the face-to-face particle configuration) can only explain the
elastic volumetric response of OC clays subjected to heating. The
thermo-plastic behaviour typical of NC clays was attributed to changes
in the contact force in the edge-to-face particle configurations. These
findings represent a significant step toward identifying the governing
microscale driving volumetric collapse upon heating in NC clays
mechanisms but remain largely inferential, as direct experimental evi-
dence quantitatively linking particle-scale rearrangement to macro-
scopic thermal strains remains scarce.

Building on this context, an important gap becomes evident. Current
constitutive models implicitly assume that the microscale mechanisms
activated by thermal loading are analogous to those mobilised during
mechanical compression, yet this assumption has never been experi-
mentally verified at the particle scale. Consequently, it remains unclear
whether thermally induced volumetric changes in NC clays arise from a
fundamentally different class of microscale processes, or whether heat-
ing simply triggers mechanically equivalent volumetric deformation
pathways under constant stress. This paper addresses this gap through a
multi-scale investigation of the thermomechanical volumetric response
of a non-active clay. By directly comparing thermally induced and me-
chanically induced microstructural changes, the goal of this study is to
provide new experimental evidence about whether that thermal volu-
metric deformation at the particle scale exhibits or not strong similar-
ities to mechanical volumetric deformation.

Temperature-controlled isotropic compression tests were coupled
with Mercury Intrusion Porosimetry (MIP) tests to explore microstruc-
tural changes in reconstituted normally consolidated and over-
consolidated samples of Speswhite Kaolin clay specimens subjected to
mechanical and thermal loading. Additional Scanning Electron Micro-
scope (SEM) observations were aimed to support qualitatively the
mechanistic interpretation rather than providing a quantitative
validation.

The macroscopic tests have been performed in a newly developed
temperature-controlled isotropic compression cell equipped with an
accurate pore-water pressure monitoring system, ensuring strictly
drained conditions throughout heating and cooling phases. Combined
with the use of a relatively uniform model clay with a relatively uniform
particle size distribution and a controlled sample preparation procedure
and pore fluid environment, these experimental conditions were aimed
to ensure a highly reproducible testing framework and facilitate the
interpretation of the experimental results.

2. Material and sample preparation
2.1. Material

Commercially available Speswhite Kaolin clay (IMERYS, France)
with plastic limit wp = 0.32 and liquid limit wy, = 0.64 was chosen for
the tests presented in this paper. The grain size distribution reveals 80%
clay fraction (<0.002 mm), 20% silt fraction (<0.05 mm), and a median
particle diameter of Dsg = 1.3pm.

To prepare the samples, Speswhite Kaolin clay powder was mixed
with de-ionised de-aired water with an electrical conductivity of 20uS/
cm at 25°C and pH =4.0+0.2 to create a suspension of 100g of
kaolinite per litre of water. The suspension was left to settle for 72h
before the supernatant liquid conductivity was first measured. The clay
was considered 'monoionic with no excess salts' (concentration of salt
<10~°mol/L) when the supernatant liquid conductivity was < 100pS/
cm?®. If this was not the case, the supernatant liquid was siphoned, and
the excess salt was removed through several further washings with
de-ionised de-aired water. When the desired conductivity was reached,
the clay was oven-dried and ground into powder using a pestle and
mortar. This procedure allowed controlling the ionic strength of the pore
fluid, which affects significantly the mechanical properties of the clay.

Specimens for all tests were prepared with acidic de-ionised de-aired
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SLURRY_1.5LL
Demineralized water (w=1.5 LL)
was added to the powder and
manually mixed

(a) (b)

SLURRY_MIX_2LL
Demineralized water (w=2.0 LL)
was added to the powder,
mechanically mixed, vibrated
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SLURRY_SEDIMENT_SLL
Clay powder was sieved (0.5 mm sieve)
and added to a column of water
and let sediment

(©)

Fig. 1. X-ray computed tomography horizontal cross-sections of 1D-compressed samples (¢’y = 200 kPa, ®;,;=38 + 1 mm) prepared with three different slurry

preparation protocols and to be tested in the isotropic compression cell.

Table 1
Physical properties of the samples tested in the experimental campaign at the
initial state.

Diameter Djpi 38 +£ 1 mm
Height hin; 76 + 5 mm

Unit weight of the grains Ys 26.0 kN/m®

Unit dry weight of the sample Y 12.0 + 2.0 kN/m?
Water content Weonso 46 + 2%

water with a target pH of the clay-water mixture of 4.5. The pH was
adjusted using HNO3 2%. The acidic pore fluid was aimed at generating
a card-house structure before heating®°.

2.2. Sample preparation

Three different sample preparation procedures were investigated to
ensure adequate sample homogeneity and repeatability:

e Slurry_1.5LL: acidic de-ionised de-aired water was manually mixed
with clay powder oven-dried at 50°C to achieve a water content
Wilury = 15w, = 96%°’. The slurry was poured into a con-
solidometer of 170 mm in diameter and consolidated to 200 kPa
vertical stress.

Slurry_MIX _2LL: acidic de-ionised de-aired water was mechanically
mixed (electric mixer at 700 RPM) with clay powder oven-dried at
50°C to a water content Wgyry = 2wy, = 128% directly in the con-
solidometer. Before consolidation, the consolidometer was placed on
a shaker table, and the slurry was vibrated under vacuum at 125 RPM
for 20 min. The slurry was then consolidated to 200 kPa vertical
stress.

Slurry_SEDIMENT 5LL: the slurry was obtained by sedimentation of
pluviated (passing through a 0.5mm sieve) oven-dried kaolinite
powder into the 170 mm diameter and 120 cm high consolidometer
filled with acidic de-ionised de-aired water (clay concentration of the
suspension equal to 320 g/L which corresponds to Wygspension = SWL.
= 320%). Kaolinite particles were left to settle until a clear super-
natant liquid was visible on the sediment. Once the sediment height
reached equilibrium, the supernatant water was removed from the
cylinder by siphoning. The effective stress was initially increased up
to 20 kPa by imposing suction with a negative water column. The
sediment was finally consolidated to 200 kPa vertical stress.

Clay specimens 38 mm diameter and 76 mm high were trimmed from
the 170 mm diameter clay cakes. The homogeneity of the samples

prepared according to the three different procedures was analysed by X-
ray Computed Tomography (XCT) at Laboratoire 3SR in Grenoble,
France.

Fig. 1 shows the horizontal cross-sections of the three 38 mm diam-
eter samples. The sample obtained with the first method (Slurry -
MIX _1.5LL, Fig. la presents many air cavities up to size of 3 mm) is
therefore highly inhomogeneous. Although this slurry preparation
technique is often employed in manufacturing remoulded clay samples
for triaxial and isotropic compression testing, this method was
abandoned.

Increasing the initial moisture content of the slurry reduced the size
of the air cavities in the specimen (Slurry MIX_2LL in Fig. 1b, air cavity
size up to 1 mm). Nonetheless, the Slurry_MIX_2LL technique still could
not ensure homogeneity.

The sample prepared by sedimentation (Slurry SEDIMENT 5LL,
Fig. 1c) showed indeed good uniformity of the clay matrix (similar
findings are reported by”®). No micro-cavities could be detected in the
scan. If any cavities were present, their size must have been smaller than
the pixel size (=46.1 pm).

All samples tested in this experimental campaign were prepared
according to Slurry_SEDIMENT 5LL preparation protocol. A summary of
the properties of the specimens after consolidation and prior to isotropic
testing is given in Table 1.

3. Test equipment and procedures
3.1. Isotropic cell

The newly developed isotropic cell was designed to test saturated
clay specimens of 38 mm diameter and 76 mm height subjected to
isotropic total stress and temperature to be increased or decreased
independently at controlled rate (Fig. 2).

The main body consists of a 30-mm thick stainless-steel cylinder
surrounded by four flexible silicon rubber electrical heaters and exter-
nally enclosed by an insulation system made of glass wool to prevent
heat dissipation. The cap, the bottom of the cell, the sample pedestal and
all lines are made of stainless steel. Stainless steel was also adopted for
the drainage lines to ensure thermal and mechanical compatibility with
the cell components, thereby minimising differential thermal expansion
and compliant deformation during temperature variations.

Water has been chosen as the confining fluid because of the relatively
limited confining pressure to be applied (up to 2 MPa). The maximum
testing temperature has been limited to 90°C. Neoprene membranes
were employed, better suited to long-term use in high-temperature (up
to 120°C) applications than standard latex membranes.
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Fig. 2. Temperature-controlled isotropic compression cell setup.

Table 2

Summary of testing conditions for all the macroscopically tested samples of Speswhite Kaolin clay.

Sample Stress state Temperature [°C]
Initial void ratio, €jy; Test ID Stress history OCR Confinement stress, p’. Preconsolidation stress, p'p Thermal cycle, TC TC range
1.27 £ 0.05 K1-SW-1250 NC 1 250 kPa 250 kPa NO 25
1.29 £+ 0.05 K1-SW-IT250 NC 1 250 kPa 250 kPa YES 25-90—-25
1.26 + 0.05 K6-SW-1250 ocC 6 250 kPa 1500 kPa NO 25
1.23 £ 0.05 K6-SW-1T250 ocC 6 250 kPa 1500 kPa YES 25-90-25
T[°C] T[°C]
NC X M1 X mip
D
90 4 oC 90 L .
('mvling‘ ('ooling
o I/
| 1 OCR=6
b
» S \ Drained unloading
Heating Heating /
Undrained unloading ., .
A B B' ndrained unloas \1le ( ( B
25— — M 25 e————
= Undrained unloading
1 - Il 1 »
0 250 p' [kPa] 0 250 1500 p' [kPa]

(@)

Fig. 3. Thermomechanical paths for (a) KI-SW-IT250 and (b) K6-SW-IT250.

(b)

Confining and back pressures are imposed by two GDS volume-
pressure advanced controllers. A controller used to impose the cell
pressure is also employed to measure the volume of confining liquid
moving in and out of the cell, from which the volumetric deformation of

the sample can be only qualitatively inferred given the thermal expan-
sion of the equipment. The vertical and radial displacements are locally
measured with Hall effect transducers glued on the neoprene membrane
covering the sample. This measurement strategy was adopted to obtain
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coefficient of the sample
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Fig. 4. Measured volumetric strain of Speswhite Kaolin clay upon a heating-
cooling cycle for normally consolidated (K1-SW-IT250, blue curves) and over-
consolidated samples (K6-SW-IT250, red curves).

reliable volumetric strain estimates under thermal loading, avoiding
uncertainties associated with fluid-based volume measurements that are
exacerbated by temperature variations (more details on the local
transducers and their temperature compensation can be found in Ap-
pendix 1). Diaphragm pressure transducers measure pore water pressure
on the sample's top and bottom.

The heating system comprises a temperature probe installed in the
cell, which gives a feedback signal to control the power input supplied to
the heaters and required to maintain a target cell's water temperature
(overall precision +0.1°C). The whole system is located in a
temperature-controlled room maintained at a constant temperature of
20 + 1°C. Temperature close to the specimen was measured through 8
K-type thermocouples distributed over the neoprene membrane (overall
precision +2.2°C).

Finally, an acquisition system continuously collected and stored the
measured pressures, the temperature close to the sample, the water
volume exchanged, and the vertical and radial displacements measured
by the Hall effect transducers.

3.2. Experimental program

3.2.1. Macroscopic testing

Temperature-controlled isotropic compression tests were conducted
following the four thermomechanical paths shown in Table 2 and Fig. 3.
The initial void ratio, ej,;, reported in Table 2 corresponds to the void
ratio of the clay cake (consolidated at 200 kPa in the consolidometer)
from which each specimen was extruded prior to installation in the
isotropic compression cell. The uncertainty associated with ej,; arises
from (i) the determination of the water content used to compute the void
ratio, and (ii) the fact that each thermomechanical path was repeated on
two specimens prepared from two different clay cakes. The reported
values therefore represent the average of the two measurements and
should be interpreted within an uncertainty band reflecting these
sources of variability.

Ambient-temperature isotropic compression was conducted along
two distinct stress paths (K1-SW-1250 and K6-SW-1250 in Table 2). In the
first case, the specimen was loaded to mean effective stress, p’= 250 kPa
(K1-SW-1250, A-B in Fig. 3a). In the second case, the specimen was
loaded to 1500 kPa and then unloaded to 250 kPa, reaching an OCR
equal to 6 (K6-SW-1250, A-B-C in Fig. 3b).

Two additional thermomechanical paths involved identical stress
history followed by a drained thermal cycle (25°C — 90°C — 25°C at a
constant heating/cooling rate of 3°C/h) applied at a constant mean
effective stress of 250 kPa (K1-SW-IT250, B-C-B' in Fig. 3a and K6-SW-
IT250, C-D-C’ in Fig. 3b). In these cases, the specimens were either
fully consolidated (OCR = 1) or allowed to swell (OCR = 6) prior to
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heating. A constant heating at 3°C/h ensures a homogeneous tempera-
ture field and no significant pore water pressure build up (drained
conditions) in the sample. Further details on the heating rate choice can
be found in the thermal calibration in Appendix 1.

After thermo-mechanical or purely mechanical loading, all the
samples were rapidly unloaded under undrained conditions to preserve
as much as possible the sample microstructure. All macroscopic tests
were performed twice to ensure the repeatability of the results.

3.2.2. Microstructural investigation

The post-mortem microstructure of the samples before and after the
heating-cooling cycle (marked with a cross in Fig. 3a and Fig. 3b) was
analysed using MIP and SEM to gain insight into the micro-mechanisms
underlying the reversible and non-reversible thermomechanical
behaviour of the clay.

Mercury intrusion porosimetry tests and scanning electron micro-
scope observations were performed on dehydrated samples. After un-
drained unloading, the samples were divided into small specimens of
approximately 1.5 cm®. The small specimens were individually dehy-
drated using the freeze-drying technique, which involved rapid freezing
in cryogenic liquid (liquid nitrogen, freezing temperature: —210 °C) and
subsequent sublimation in a controlled vacuum chamber (Alpha 2-4
LDplus lyophilisation apparatus).

Freeze-drying is widely considered the most effective dehydration
technique for preserving clay microstructure prior to MIP and SEM
analysis. By removing pore water through sublimation, it minimizes
capillary stresses and prevents fabric collapse that typically occurs
during air- or oven-drying®®>'. However, as demonstrated by Di
Remigio et al. (2021)%, no dehydration method is entirely free from
artefacts. The extent of microstructural disturbance depends strongly on
the clay’s stress history, with soft, normally consolidated clays proving
more vulnerable than heavily overconsolidated ones. Despite these
inherent limitations, their comparative study confirmed that
freeze-drying produces the least alteration of pore structure relative to
other drying methods, thereby supporting its adoption in the present
work.

MIP tests were carried out using a Poremaster-60 manufactured by
Quantachrome Instruments. The equipment is designed to measure pore
entrance size from about 1000 pm to 0.003 pm corresponding to
1.5-420,000 kPa mercury intrusion pressure respectively.

SEM images were obtained using a LEO Ultra 55 SEM at the Chalmers
Materials Analysis Laboratory (CMAL). After freeze drying, additional
fractures were generated to reveal the internal surfaces parallel to the
consolidation direction of the clay deposit (vertical), unaffected by the
wire cutting of the test specimen. The topography of the samples was
quantified by scanning the gold-coated opened fractures with a focused
electron (15 kV). The measurements were acquired in high vacuum
mode to achieve the highest resolution.

4. Results and discussion
4.1. Thermomechanical volumetric response

The volumetric response of Speswhite Kaolin clay upon heating and
cooling is shown in Fig. 4 for the normally consolidated specimen (blue
path in Fig. 3a, K1-SW-IT250 9 in Table 2) and the overconsolidated
specimen (red path in Fig. 3b, K6-SW-IT250 in Table 2). The non-
isothermal phase were carried out at the same mean effective stress
but under different loading histories of the material to investigate the
effect of the OCR.

The volumetric strain was computed from the local axial and radial
displacement measured (e,= 2¢, +¢4). The displacement measurements
were corrected according to the thermal calibration of the sensors re-
ported in Appendix 1. Two tests on two different samples belonging to
two different clay cakes were conducted for each thermomechanical
path to assess the repeatability of the results. For each
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Table 3
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Summary of the average final void ratio at the end of the test for all the thermomechanical paths tested.

Test ID Stress history OCR Confinement stress, p’. Preconsolidation stress, p’, Thermal cycle, TC Final void ratio, eg,
K1-SW-1250 NC 1 250 kPa 250 kPa NO 1.20 + 0.05
K1-SW-IT250 NC 1 250 kPa 250 kPa YES 1.14 + 0.05
K6-SW-1250 oC 6 250 kPa 1500 kPa NO 0.93 +0.05
K6-SW-1T250 oC 6 250 kPa 1500 kPa YES 0.91 +0.05
3.5
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Fig. 6. Comparison of the cumulative PSDs of NC clay subjected to thermo-
K6 SWI250 mechanical loading (K1-SW-IT250, blue line) and heavy isotropic compression
MICRO-PORES AR .
2.5 K6 -SW-IT25 (K6-SW-1250, dashed grey line).
2.04 Q@ volumetric strain associated with the error of temperature correction as
reported in Appendix 1, not allowing any conclusive observations on the
i expansive or contractive behaviour of the material upon cooling. While
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(b)

Fig. 5. Pore size evolution after one heating-cooling cycle performed in (a) NC
and (b) OC conditions. The PSDs obtained post-mortem from thermomechani-
cally loaded samples (after heating, solid lines) are compared to the ones of
solely mechanically loaded samples (before heating, dashed lines).

frequency Ae/Alog(d) [-]

thermomechanical path, the final void ratio after the complete hea-
ting—cooling cycle, computed separately from the two responses re-
ported in blue and red in Fig. 4, is reported in Table 3.

Local strain measurements reveal an anisotropic response during
thermal loading, with axial contraction exceeding radial contraction
during heating. This discrepancy depends on the stress history, being
more pronounced at stress levels close to the vertical stress at which the
reconstituted samples were prepared (200 kPa), and progressively
diminishing at higher isotropic stress. This trend reflects the gradual
reduction of fabric-induced cross-anisotropy with increasing pre-loading
also shown by Hueckel and Pellegrini®®. Further details on strain
anisotropy during thermal loading of normally consolidated kaolin can
be found in Casarella et al.>*,

Thermal contraction is observed in normally consolidated condi-
tions. During heating, the NC sample reduces its volume non-linearly
with temperature. During cooling, the soil does not recover the defor-
mation accumulated upon heating. The apparent slight expansion upon
temperature decreases in Fig. 4 falls in the range of spurious variation of

partial re-adsorption of physically bound water on kaolinite particle
surfaces may, in principle, contribute to a minor reversible expansion,
the associated deformation cannot be reliably distinguished from mea-
surement uncertainty. The behaviour over the whole cycle indicates the
irreversibility of strain due to thermal loading, which is referred to as
thermal hardening®.

In contrast to the NC state, heating produces mainly reversible
dilation in the highly overconsolidated (OC) sample. The results pre-
sented in Fig. 4 are consistent with the experimental data in the litera-
ture 783359

While the present study focuses on isotropic thermomechanical
loading, for constitutive modelling purposes, complementary mechani-
cal characterisation of Speswhite Kaolin clay under triaxial loading
conditions is available in Zhuang et al.>® and Robinson et al.*’.

4.2. Microstructure evolution upon heating

The Pore-Size Distribution (PSD) obtained through the MIP tests is
shown in Fig. 5 (MIP tests after heating-cooling cycle were carried out on
the samples represented by continuous curves in Fig. 4). Two different
classes of pores may be identified, micro-pores distributed around the
modal value of ~ 0.1 pm and macro-pores associated with the tail of the
PSD on the right side of the modal value of the order of 1 um?°.

The modal size reflects the pore generated by the staggered face-to-
face particle arrangement schematically illustrated in Fig. 5, as the
modal value of ~0.1 pm is of the same order of magnitude as the particle
thickness (shown later in Fig. 7). The pore sizes forming the tail of the
PSD are instead associated with edge-to-face arrangements, since their
characteristic size is comparable to the particle width (also shown in
Fig. 7)

An additional secondary peak observed at smaller entrance pore sizes
(~ 20 nm) falls within the micro-porosity range and likely reflects a
finer sub-population of inter-particle pores associated with face-to-face
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Fig. 7. SEM observations of (a) K1-SW-1250, (b) K1-SW-IT250, (c) K6-SW-1250 and (d) K6-SW-IT250.

configurations; however, due to the logarithmic spacing of MIP data and attempted.
the limited reliability of mercury intrusion at small pore sizes, no In Fig. 5a, it can be observed that the pore size distribution of the
quantitative distinction between micro-pore sub-populations is sample normally consolidated to 250 kPa and then subjected to a
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Fig. 8. (a) Location of the thermocouples for the thermal calibration process; (b) Differences in temperature recorded between the heating system, the centre of the
sample (T1) and the external sample perimeter inside and outside of the neoprene membrane (T2 and T3, respectively).
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Fig. 10. Sketch of the disposition of the Hall effect transducers on a vertical
section of the sample.

heating-cooling cycle (K1-SW-IT250) has the same micro-pore distri-
bution as the sample normally consolidated to 250 kPa (K1-SW-1250).
The apparent variations in the amplitude of the micropore peak between
thermally loaded and unloaded samples should be interpreted with
caution: because the PSD is discretised on a logarithmic pore-size scale,
the sharpness of the micropore peak and the intrinsic limitations of
mercury intrusion at small pore sizes preclude a reliable quantitative
comparison of micropore frequency. On the other hand, the distribution
of the macro-pores shifts to the left, indicating a reduction of the mac-
ropore sizes following thermal plastic deformation.

In contrast, the two samples in Fig. 5b show similar PSDs (K6-SW-
1250 and K6-SW-IT250). No significant changes in either macro-pores or
micro-pores are observed. The post-mortem observations reveal that, if
any microstructure change occurs when the temperature is increased,
this is entirely reversible.

Fig. 6 shows the cumulative pore-size distribution associated with
the normally consolidated sample (K1-SW-1250, dashed black curve),
the normally consolidated sample following thermal plastic deformation
(K1-SW-IT250, continuous line), and the overconsolidated sample (K6-
SW-1250, dashed gey curve). The PSD up to 200 nm remains essentially

Geomechanics for Energy and the Environment 46 (2026) 100831

the same for the three specimens and variations only occur in the macro-
porosity range (>200 nm).

Mechanical yielding (irreversible mechanical contraction) is associ-
ated with a reduction of the macro-pores (from K1-SW-I1250 to K6-SW-
1250). Thermal yielding (irreversible thermal contraction) is also asso-
ciated with a reduction of the macro-pores (from K1-SW-1250 to K1-SW-
IT250). Despite the difference in magnitude, an akin microstructural
process appears to control the plastic deformation of the clay, regardless
of whether this is induced mechanically or thermally.

SEM imaging was utilised to qualitatively verify changes in particle
arrangement. Fig. 7 compares SEM images of the four tested samples.
The normally consolidated sample that did not experience thermal
loading (K1-SW-1250, Fig. 7a) exhibits an open ‘flocculated’ particle
configuration with visible edge-to-face contacts between particles or
clusters of staggered particles. The fabric of the thermally treated nor-
mally consolidated sample (K1-SW-IT250, Fig. 7b) shows a reduction of
particles/clusters in edge-to-face contact and a reduction of macropores.
This is consistent with the MIP results in Fig. 6.

On the other hand, both the overconsolidated samples (Fig. 7c¢ and
Fig. 7d) show particles and clusters mostly in face-to-face configuration,
as opposed to the normally consolidated samples in Figs. 7a and 7b. No
significant changes are evident when comparing the fabric of the
thermo-mechanically loaded sample (K6-SW-IT250, Fig. 7d) with the
fabric of one that has not experienced any thermal load (K6-SW-1250,
Fig. 7¢).

SEM images thus support qualitatively the microstructural inter-
pretation drawn quantitatively from MIP and macroscopic strain mea-
surements. These findings are consistent with the observations of Hattab
et al. (2011)*2, which show that isotropic compression of samples
initially formed under one-dimensional loading not only drives the
evolution of fabric from anisotropic to isotropic but also promotes
increased face-to-face aggregation.

4.3. Discussion

Pedrotti and Tarantino (2018)° have proposed that micro-pores
distributed around the modal value of the PSD are associated with
particles in non-contact configuration, that is, those interacting only by
the overlap of the repulsive electrical field generated by the negatively
charged faces. Particles in non-contact configuration undergo elastic
deformation, i.e., they approach each other during mechanical loading
and rebound upon mechanical unloading. On the other hand,
macro-pores are associated with contact configuration caused by the
attraction between the positively charged edge and the negatively
charged face of the clay particles. Plastic mechanical deformation was
observed to correspond to the loss of macro-pores and, hence, was
associated with slippage at the edge-to-face contact.

The pore-size distribution of the over consolidated (OC) specimen
before heating as shown in Fig. 5b is characterised by the dominance of
micro-pores and a relatively small fraction of macro-pore (tail of the
PSD). The high pre-consolidation stress has caused most of the particles
to arrange in face-to-face configuration. Under these conditions, heating
is expected to induce purely elastic changes in the separation distance
between particles in face-to-face configuration. This interpretation
aligns with the numerical analysis of Di Donna et al.”*, who showed
using 3D DLVO interactions that increasing temperature in face-to-face
arrangements produces a reversible increase in separation distance
(elastic rebound) governed by temperature-dependent electrostatic
repulsion. The experimental evidence supports this: the OC specimen
exhibits macroscopic reversible thermal dilation upon heating (Fig. 4),
and its PSD remains essentially unchanged after the thermal cycle
(Fig. 5b), confirming the absence of plastic rearrangement.

On the other hand, the PSD of the normally consolidated (NC) sample
before heating in Fig. 5a shows a substantial fraction of macropores
associated with a predominance of edge-to-face contacts, which are
mechanically weaker and susceptible to slippage. Thermal loading in NC
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conditions induces a clear irreversible volumetric contraction (Fig. 4),
consistent with a thermally-induced reduction in resistance to particle
slippage. This mechanism is also predicted by Di Donna et al.*, who
demonstrated numerically (using 3D DLVO interactions) that an in-
crease in temperature reduces the shear resistance of edge-to-face con-
tact interactions, promoting irreversible rearrangements. The MIP
results provide quantitative confirmation: after the heating—cooling
cycle, the NC sample shows a distinct shift of the macropore tail toward
smaller pore sizes (Fig. 5a). Importantly, the micropore region remains
essentially unchanged, indicating that thermal plasticity is governed by
the collapse of macropores rather than compression of the clay platelets
themselves.

A comparison between the final void ratios obtained from macro-
scopic measurements (Table 3) and those inferred from cumulative pore-
size distributions (Fig. 6) shows that MIP consistently underestimates
the absolute void ratio of the material. This outcome is well established
and reflects inherent limitations of mercury intrusion techniques,
particularly their incomplete access to the smallest pores and poorly
connected domains, which results in an underestimation of total
porosity>%>°,

10
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The effect is more pronounced in the thermally treated sample (K1-
SW-IT250) and even more in the overconsolidated sample (K6-SW-
1250), where the pore structure is dominated by smaller, tighter throats
that hinder mercury intrusion. Consequently, void-ratio variations
inferred from MIP tend to exaggerate the magnitude of both mechanical
and thermal changes relative to macroscopic measurements. This
discrepancy is further compounded by experimental uncertainty in the
initial void ratio, since MIP analyses necessarily involve different spec-
imens taken from separate clay cakes.

Despite these systematic differences, the trends captured by MIP
remain consistent with macroscopic observations: both mechanical and
thermal loading reduce macro-porosity, and the relative magnitude of
this reduction reflects the macro-scale response.

5. Conclusions

This paper has presented the results of a multi-scale investigation
aimed at exploring the micro-mechanism leading to the different
response of observed in the literature for normally consolidated (NC)
and over-consolidated (OC) clay subjected to thermal loading, i.e.,
elastic expansion for OC clay and plastic compression for NC clay. To
this end, temperature-controlled isotropic compression tests on Spes-
white Kaolin clay were coupled with Mercury Intrusion Porosimetry
(MIP) measurements and Scanning Electron Microscope (SEM)
observations.

In line with previous findings in the literature, the clay exhibited
irreversible contraction under NC conditions and reversible expansion
under highly OC conditions. The pore size distribution data highlighted
that the thermoplastic response of NC clay appears to be associated with
a decrease in volume of clay macropores, indicating loss or rearrange-
ment of edge-to-face particle contacts. Although MIP systematically
underestimates absolute void ratio due to incomplete mercury accessi-
bility, the observed direction and relative magnitude of microstructural
changes remain consistent with macroscopic strains. In OC conditions,
the pore size distributions before and after heating were essentially
unchanged, corroborating that thermal deformation is elastic and
confined to reversible adjustments in the separation distance of particles
in face-to-face configuration.

The microstructural evidence confirms the emerging view also pre-
dicted numerically by Di Donna et al.>* that the same particle-scale
mechanisms governing mechanical yielding and elastic rebound are
mobilised under thermal loading. Specifically, thermal plasticity in NC
clay stems from temperature-induced weakening of edge-to-face slip-
page resistance, while thermal elasticity in OC clay reflects reversible
changes in DLVO-governed inter-particle forces in face-to-face ar-
rangements. This study therefore provides experimental validation for
the hypothesis that thermal volumetric deformation under constant
stress activates the same microscale processes that drive mechanically
induced volumetric deformation.

From a modelling perspective, the main contribution of this study is
to provide a physically consistent interpretation of the macroscopic
thermomechanical volumetric behaviour of clay. The high level of
experimental control makes the experimental dataset presented partic-
ularly suitable for validation of particle-scale models. In particular, the
uniform particle size distribution, controlled pore fluid environment,
and reproducible fabric generated by sedimentation and vertical
consolidation enable direct comparison with simulations based on the
Discrete Element Method (DEM) or Coarse-Grained Molecular Dynamics
(CGMD). In this regard, recent developments in experimental clay
micromechanics, such as those presented in Casarella et al.*, open
promising perspectives for extending the present findings. When applied
to thermomechanical loading, such approaches could directly resolve
and quantify the evolution of particle contact networks that are inferred
in this study. The present work therefore establishes a necessary
experimental and conceptual framework upon which these advanced 3D
observations can build, ultimately contributing to closing the
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long-standing gap between particle-scale mechanisms and their repre-
sentation within continuum constitutive models for thermomechanical
behaviour of clay.
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APPENDIX 1. - Temperature Calibration of the test equipment
A.1 Temperature uniformity and excess pore-water pressure dissipation conditions

Preliminary calibration tests were performed to ensure the uniformity of the temperature field inside the sample. The calibration procedure
consisted in imposing a temperature rate on the heating system and monitoring the difference in temperature recorded between three thermocouples
(Fig. 8a) inserted in the centre of the sample (T1) and close to its lateral surface on the inside and the outside of the neoprene membrane (T2 and T3
respectively). For the calibration procedure only, the thermocouples T1 and T2 were let to pass through tiny holes in the neoprene membrane. To
isolate the cell water from the pore-water, the holes in the membrane were carefully sealed with waterproof sealant. Starting from a constant tem-
perature of 25°C, a thermal loading of AT = +65°C was imposed by the electric heater at a rate of 3 °C/h. The thermal loading rate was chosen
accordingly to the hydraulic conductivity calculated for a Spweswhite Kaolin clay sample isotropically loaded up to 1500 kPa (the highest isotropic
stress applied in the experimental campaign presented in this chapter), being equal to 0.6-10~° m/s (refer also to Al-Tabbaa and Wood*! for
comparison).

Fig. 8b shows the evolution of T1, T2 and T3 compared to the temperature measured on the surface of the heating system. At the selected heating
rate, the increase in temperature inside the sample closely follows the temperature imposed on the heater. Almost no time lag is required to reach a
steady-state temperature inside the specimen. Moreover, negligible differences in temperature monitored by the sensor placed in the middle of the
sample (T1) and the one located on the external perimeter (T2) are recorded (the maximum recorded difference between T1 and T2 is 2.0°C, which is
lower than the K-type thermocouples maximum error). ensures the uniformity of the temperature field when heating at the constant rate of 3 °C/h was
therefore considered satisfactory.

The same thermal loading/unloading was performed on a sample subjected to a constant isotropic stress of 1500 kPa to measure the excess pore
water pressure Au [kPa]. The test to measure the build-up of the excess pore-water pressure was performed on the clay sample isotopically compressed
to 1500 kPa, as this sample has the lowest consolidation coefficient among the ones tested in this experimental campaign. The pore water pressure was
measured at the top of the sample where no drainage was allowed and at the bottom of the sample where water pressure was maintained constant
using the GDS controller. Fig. 9 shows minor fluctuations of the excess of pore pressure Au (measured on top of the sample) around 0 kPa. Therefore, a
heating/cooling rate of 3 °C/h also satisfies the drained conditions. This thermal loading rate is therefore selected for all the thermomechanical paths
followed in the experimental campaign presented in Section 3.2.

A.2 Temperature compensation of the sensors

A.2.1 Hall effect transducers

One radial and two axial Hall effect transducers were employed in this study to measure displacements locally. The Hall effect sensor detects the
magnetic flux variations occurring due to the displacement of a magnet mounted at the opposite end of the transducer. The nominal calibrated
working range of the transducers is +2 mm, with an accuracy of +0.25% of the scale range. Sensors were directly glued onto the neoprene membrane
according to the schematic layout shown in Fig. 10. Two-component epoxy paste adhesive, Araldite 2014-2 (nominal working temperature range
between —40 °C and +140 °C) was employed for bonding the sensors.

All the pieces of the equipment are calibrated at 20°C against a reference LVDT transducer (Keysight 34460 A multimeter). The calibration curves
axial black, axial red and radial are shown in Fig. 11a, Fig. 11c and Fig. 11e, respectively.

Since all the displacement transducers are exposed to high temperatures, they need to be temperature-compensated in the range 20°C to 90°C. A
temperature sensor (operating range: 0 —200 °C, overall precision +0.1°C) was installed on the radial jaw (see Fig. 10) to detect the radial sensor
temperature. Firstly, the temperature sensor located on the radial jaw was calibrated by placing the radial transducer in a climatic chamber and
varying the internal temperature from 0 °C to 120 °C. Then, the calibration procedure consisted in fixing the magnetic rod of each transducer at a given
position inside the block hole (-2mm, 0 mm, +2 mm), set a temperature in the climatic chamber and let it stabilise until the temperature sensor on the
radial jaw reached thermal equilibrium. At this point, the acquisition system recorded the local transducer signal output. Different temperatures were
set following the same procedure. The difference in voltage (upon a thermal cycle from 10 °C to 80 °C, reference temperature 20 °C) between the value
just acquired and the one registered when having the transducer in the same position at 20 °C is shown in Fig. 11b, Fig. 11d and Fig. 11f for axial black,
axial red and radial, respectively. Based on the temperature-calibration data in Fig. 11, it was assumed that temperature affects the offset (intercept)
but not the sensitivity (slope) of the calibration curve. The linear fittings in Fig. 11b, Fig. 11d and Fig. 11f were used to correct the offset of the linear
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calibration permed at 20°C in Fig. 11a, Fig. 11c and Fig. 11e.

By examining the spread of the residuals (i.e., the differences between observed and fitted values) in Fig. 11b, Fig. 11d and Fig. 11f, one can
calculate the standard deviation of the error in the estimation of the volumetric strain associated with the error of temperature correction, denoted as
SDa, -

SDy, =

2
<SD b0, Rea T SD, 0, Bzack) SD(;r
+ D,

2
~ 0.035% 1
Hy > 0.035% (@9

0

where Hy [mm] and Dy [mm] are the reference height and diameter of the sample, respectively. SD;,,., [mm], SD;_,.. [mm] are the standard de-
viations of the error in the estimation of the axial displacement using the axial red and the axial black transducer, respectively, while SDs; [mm]
represents the standard deviation of the error in radial displacement measured by the radial transducer.

A.2.1 Diaphragm type pressure transducers

Two diaphragm type pressure transducers (named UP and DOWN), with an operating range up to 2.5 MPa, are used to measure pore water pressure
on the top and on the bottom of the sample. The voltages recorded on the pressure transducers need to be temperature-compensated. To do so, the
diaphragm type pressure transducers, in contact with circulating water at 40 °C and 60 °C, are verified by comparison technique with another certified
pressure transducer (MCX II - Druck portable documenting calibrator, guaranteed to an accuracy of +0.05% of the scale range 0-2.5 MPa).

Fig. 12 shows the temperature effect on the sensitivity for both the transducer. The calculated deviations due to temperature are considerably small
(-0.060%FS and —0.030%FS, FS = 2500 kPa) and they are therefore neglected in all the experiments described in Section 3.2.

APPENDIX 2. - Isotropic compression

After full saturation of the samples (verified using the B-value test), drained conditions were re-established by opening the bottom drainage valve.
Due to the high permeability of kaolin clay, drainage was permitted only from the bottom while pore pressure at the top was continuously monitored
using a diaphragm transducer.

The specimens were then subjected to isotropic loading, or to isotropic loading followed by unloading, until the desired confining pressure and
overconsolidation ratio were achieved. A constant back pressure of 200 kPa was maintained throughout loading and unloading stages.

For target mean effective stresses exceeding 250 kPa, confining pressure was increased in increments of 250 kPa. At each increment, sufficient time
was allowed for dissipation of excess pore water pressure (see Fig. 13). The consolidation period for each 250 kPa loading step was approximately
120 h. Unloading was also performed in 250 kPa steps.
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