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A B S T R A C T   

The response of clayey materials to thermal variation has been the subject of extensive studies, given the wide 
range of engineering applications which involve subjecting soils to substantial temperature fluctuations. A 
number of hypotheses have been proposed to explain the volumetric changes induced in the clays as a result of 
temperature variations. Most associate the observed volumetric changes to re-orientation as well as changes in 
the clay microstructure, with no microstructural experimental evidences to date. The work presented in this note 
is a first attempt at studying the evolution of the internal structure of two types of clays, an Illite and a Kaolin, 
compacted dry of optimum, submerged until saturation, reconsolidated to various vertical effective stresses and 
then subjected to thermal loading. A series of thermal oedometer, mercury intrusion porosimetry (MIP) and 
tomography tests were conducted in order to induce, detect, and quantify microstructural alterations within the 
clay as a consequence of temperature changes. Results of heating and cooling tests on Illite showed a thermal 
contraction which could be attributed to the deformation/collapse of macro-pores in its dual-porosity structure 
assemblage. The magnitude of the observed contraction varied with the level of pre-imposed effective vertical 
stresses. Higher effective vertical stresses resulted in larger shear stresses at the contacts of clay-assemblages, and 
thus in easier deformation of the macro-pores. The Kaolin samples which presented a unimodal pore size dis
tribution, with a relatively small dominant pore size (0.25 μm), did not exhibit changes in the microstructure 
which could be captured by the MIP.   

1. Introduction 

Clays are expected to exhibit volumetric thermal deformation of 
different magnitude depending on several factors such as the clay type, 
clay plasticity and the loading history. A normally consolidated clay will 
irreversibly contract as temperature increases, a highly over- 
consolidated clay will undergo elastic thermal expansion while a 
slightly overconsolidated clay will first dilate and then tend towards 
contraction at high temperature (Cekerevac and Laloui, 2004; Di Donna 
and Laloui, 2015). The driving mechanisms behind such thermal 
response were attributed to various physical phenomena occurring in 
the clay microstructure. For instance, Campanella and Mitchell (1968) 
reported that the main reason behind the thermal volume change is the 

expansion of the soil solids and pore water during heating, which can be 
conveniently used to explain the elastic expansion of over-consolidated 
clays. Campanella and Mitchell (1968) suggested an additional potential 
contributor which is the increase in the thermal energy due to heating 
causing a decrease in in-particle shearing strength followed by a particle 
re-arrangement and thus a sample contraction in case of normally 
consolidated clays. A different conjecture was proposed by Towhata 
et al. (1993), in which they suggested that the thickness of the diffuse 
double layer decreases with temperature, leading to closer contact be
tween particles and thus, a denser configuration. Conversely, Plum and 
Esrig (1969) hypothesized that the re-arrangement of particles is initi
ated by the expansion of the diffuse double layer with temperature. 
Another contributing mechanism, described by Paaswell (1967), is the 
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decrease of pore water viscosity with increasing temperature leading to 
higher permeability of the clay and a faster sample consolidation which 
was also noticed by Delage et al. (2000) and Towhata et al. (1993). Thus, 
the physico-chemical interaction between particles controls the clay 
thermal response which depends also on the plasticity index and the clay 
percentage (Skempton, 1953; Laloui et al., 2014). However, experi
mental confirmations of the microstructure alterations upon thermal 
loadings are not yet available. This note presents a first attempt to detect 
such alterations by comparing the microstructure of heated and un- 
heated compacted clays using mercury intrusion porosimetry (MIP) 
and X-ray tomography techniques. These techniques offer qualitative 
and quantitative insights into the pore size distribution of clay samples, 
which can help explain the thermal contractive behaviour of normally 
consolidated compacted clays. 

2. Testing programme 

Two similar compacted clay samples for each clay type were tested in 
parallel as a part of the experimental campaign. The samples were first 
consolidated in an oedometer cell up to the desired vertical stress (60 
kPa or 500 kPa). Fig. 1 shows the compression curves of both clay 
samples indicating that the pre-consolidation pressure is approximately 
15 kPa for the Illite and less than 10 kPa for the Kaolin, which confirms 
that all samples were normally consolidated under the desired vertical 
stresses. Subsequently, one of them was subjected to a thermal cycle 
whereas the second was considered as a control sample that was loaded 
only mechanically. Once the oedometer tests were finalized, the samples 
were unloaded and prepared for the MIP and tomography analyses. 
These analyses can provide valuable insight into the pore distribution of 
each sample, covering a pore diameter range from 0.004 μm to 500 μm. 
As such, a comparison between the structures of the heated and un
heated samples is possible. Although the unloading phase is inevitable 
and it induces a slight rebound, its effect can be considered negligible on 
the pore distribution (Cetin, 2004). Moreover, since both the control and 
the heated samples were unloaded, the comparison is all the more valid. 

3. Material and methods 

3.1. Tested soils 

The clays used in this experimental study were commercially avail
able: Illite from Arginotec-GI and Kaolin from PROMAFOR. The 
mineralogical contents of the Illite sample were 77% illite, 10% 
kaolinite and 12% calcite and those of the Kaolin sample were 67% 

kaolinite, 2% illite and 31% quartz. According to the Unified Soil 
Classification Scheme (USCS), the Illite and Kaolin soils used can be 
classified as CH and CL, respectively. Table 1 presents a summary of all 
the relevant soils properties. 

3.2. Sample preparation 

A specific sample preparation procedure was devised to ensure 
reproducible samples of approximately the same initial void ratios of 1.4 
and 1.25 for Illite and Kaolin samples, respectively. First, water was 
gently added to the clay powder with a spray gun along with continuous 
mixing with a spatula to reach a water content of 35% for the Illite and 
28% for the Kaolin. The mix was then left for three days to enable full 
moisture homogenization. Afterwards, a specific clay mass was com
pacted statically, dry of optimum, until reaching a target sample height 
at a constant piston velocity of 0.5 mm/min to prevent the generation of 
excess pore water pressure knowing that the optimum water contents 
were 39% and 33% for the Illite and Kaolin, respectively. After 
compaction, the samples were carefully taken out, trimmed, and fitted 
inside the ring of 60 mm diameter and 15 mm height for the oedometer 
tests. At the end of the oedometer tests, the samples were trimmed into 
small specimens of 5 mm × 5 mm × 10 mm for MIP and tomography 
tests. Since the MIP test requires a fully dried specimen, the freeze- 
drying method was adopted to prepare the samples, owing that it is 
the best technique to prevent any structural alteration during dehy
dration and any capillary effect (Delage and Lefebvre, 1984). Conse
quently, the trimmed pieces were immediately submerged in liquid 
nitrogen bath at − 196 ◦C for about half an hour to rapidly freeze the 
pore fluid. The frozen samples were then placed in a freeze-drier for 24 
h, which dried them by sublimation at a temperature of – 60 ◦C and a 
vacuum of 0.03 mBar. 
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Fig. 1. Compression Curves of the heated (a) Illite and (b) Kaolin samples.  

Table 1 
Soils properties and classifications.  

Soil Gs Fraction by weight (%) USCS Atterberg Limits (%)  

Sand Silt Clay LL PL PI 

Illite 2.650 10.6 17 72.5 CH 56 32 24 
Kaolin 2.625 0 66 44 CL 45 24 21  
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3.3. Testing procedure 

Following static compaction, the clay samples were fitted in an invar 
ring and placed inside the oedometer cell. Distilled water was then 
added to ensure sample saturation. The consolidation process began by 
adding calibrated dead weights every 24 h, according to the following 
loading steps: 1, 15, 60, 125, 250, 500 kPa. After loading the samples to 
the desired vertical stress for 24 h, the control sample was left under this 
stress and creep displacements were recorded (standard oedometer test). 
In parallel, the second sample was subjected to one thermal cycle 
(thermal oedometer test) by circulating water inside the copper tubes 
placed around the oedometer ring under a controlled temperature and 
flow using a Huber thermostat. Starting with a base temperature of 20 
◦C, the maximum temperature reached inside the cell was 70 ◦C. This 
high temperature was held constant for 4 days, at the end of which the 
sample was cooled back to the ambient temperature (20 ◦C). The heating 
and cooling rates were 10 ◦C per 3 h guaranteeing the dissipation of the 
induced excess pore pressures (Cekerevac and Laloui, 2004; Di Donna 
and Laloui, 2015). During testing, the temperature inside the cell was 
monitored using type-K thermocouples with an accuracy of 0.1 ◦C and 
the sample settlements were measured using an LVDT (operating scale 
OS ±2.5 mm, sensitivity 0.099 mm/mV, accuracy ±0.21% OS). Prior to 
any test, the setup was carefully calibrated under the same temperature 
changes. More details about the thermal oedometer setup can be found 
in Di Donna and Laloui (2015). 

Subsequently, the samples were unloaded and prepared for the MIP 
and tomography tests. The MIP tests were performed on the freeze-dried 
samples using the Thermo Electron Pascal 140/440 equipment. The 
mercury intrusion pressure, P, was used to calculate the pore diameter, 
D, based on Eq. (1). 

D =
− 4γcosθ

P
(1)  

Where γ is the surface tension of the mercury (0.485 N/m at room 
temperature) and θ is the contact angle which is assumed to be 140◦ for 
clays (Diamond, 1970). The pore-size density (PSD) function for each 

sample was generated using Eq. (2), where e is the cumulative intrusion 
void ratio defined as the intruded pore volume of mercury normalized 
by the solid volume. 

PSD =
− de

d(logD)
(2) 

The tomography analyses were performed using the 3D X-Ray to
mography “UltraTom” from RX-SOLUTIONS. The samples were scanned 
with X-rays having a source voltage of 50 kV and a current of 150 μA. 
Around 1450 slice images were acquired with a resolution of 1450 ×
1500 pixels. The X-Act CT software was then used to reconstruct the 3D 
sample with a voxel size of 2.1725 μm3. The image processing, 3D 
visualization and the volume analysis were then carried out using the 
software AVIZO 9.1. The CT images were first filtered for noise reduc
tion. A 2.127 × 2.25 × 1.14 mm sub-volume was then extracted from the 
center of the reconstituted sample to eliminate the border effects and 
any disturbed areas during sample preparation and handling. Thresh
olding was applied to the gray scale images to segment the pore volume. 
It is worth mentioning that the same gray scale intensity was used for 
both samples in order to get comparable results. 

Table 2 shows all the tests detailing the different conditions. The 
heated samples are designated by H, the unheated by U for both the Illite 
(I) and Kaolin (K). 

4. Experimental results 

4.1. Microstructure of compacted clays 

The difference between the microstructure of the Illite and Kaolin 
samples is highlighted by the MIP results in Fig. 2. The pore-size density 
of the Illite shows a bi-modal distribution with dominant pore diameters 
of 0.015 μm and 9 μm, which indicates that the compacted Illite samples 
present a dual porosity, e.g. macro- and micro-porosities as described by 
Collins and McGown (1974). The transition between these porosities can 
be set at 0.2 μm where the pore size density drops to a minimum value of 
0.06. Accordingly, the pore sizes lower than 0.2 μm can be defined as the 

Table 2 
Experimental program.  

Test Number Designation Soil type Test type Temperature Desired stress Characterization test 

1 U - I60 Illite Standard 20 ◦C 60 kPa MIP – XRAY 
2 H - I60 Illite Thermal 70 ◦C 60 kPa MIP - XRAY 
3 U - I500 Illite Standard 20 ◦C 500 kPa MIP 
4 H -I500 Illite Thermal 70 ◦C 500 kPa MIP 
5 U - K60 Kaolin Standard 20 ◦C 60 kPa MIP 
6 H - K60 Kaolin Thermal 70 ◦C 60 kPa MIP 
7 U - K500 Kaolin Standard 20 ◦C 500 kPa – 
8 H - K500 Kaolin Thermal 70 ◦C 500 kPa –  

Fig. 2. Pore-size density function of (a) Illite and (b) Kaolin samples at 60 kPa.  
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intra-assemblage pores formed between elementary particles (within 
clay aggregates). Those greater than 0.2 μm can be considered as the 
inter-assemblage pores formed between clay aggregates. On the other 
hand, the Kaolin shows a unimodal distribution with one dominant pore 
diameter of 0.25 μm, which corresponds to the intra-assemblage pores. 
This unimodal distribution was probably a result of soaking the sample 
for saturation which caused the collapse of Kaolin aggregates initially 
observed when water was added to the oedometer box under a vertical 
stress of 1 kPa (Koliji et al., 2010). Once submerged in water, the Kaolin 
sample contracted as shown in Fig. 1(b) where the void ratio decreased 
at 1 kPa, which points to the high sensibility of Kaolin aggregates to 
water, leading to the destruction of macropores. In contrast, the Illite 
samples expanded slightly during the same phase (Fig. 1 (a)). 

4.2. Thermal volumetric response 

The results of the thermal oedometer tests are presented in Fig. 3 in 
terms of thermal axial strain, where the positive sign of strains refers to a 
downward displacement (contraction) and also in Fig. 1 in terms of void 
ratio. All samples exhibited a contraction during heating and cooling 
except for the Kaolin loaded to 500 kPa (H - K500) which showed a slight 

expansion when cooled down to the ambient temperature. Such 
expansion upon cooling was observed by several experimental studies 
(Plum and Esrig (1969), Hueckel and Baldi (1990) and Campanella and 
Mitchell (1968), which may be caused by the increase of water 
adsorption forces and osmotic pressures (Campanella and Mitchell, 
1968). 

The irreversible deformations reached 0.26% and 0.42% for the Illite 
samples at 60 kPa and 500 kPa, respectively, compared to 0.2% and 
0.17% for the Kaolin samples. Such difference can be attributed to the 
respective microstructures of each sample, more specifically the 
different pore sizes that can respond distinctively to heating and cooling. 
This difference can also be a reason for the resultant stress state de
pendency where plastic deformations are higher for the Illite sample 
loaded to 500 kPa than that loaded to 60 kPa. This observation is in 
apparent contradiction with other studies, which reported a stress level 
independency (Sultan et al., 2002 and Abuel-Naga et al., 2007). How
ever, the mineralogy and composition of clays may also have a signifi
cant impact on their thermal response. Having the higher plasticity 
index, Illite is expected to have higher potential for thermal volume 
change, as demonstrated by Sultan et al. (2002). 

Fig. 3. Thermal axial strain at vertical effective stresses of 60 kPa and 500 kPa for: (a) Illite and (b) Kaolin.  

Fig. 4. Comparison of MIP results between the heated and unheated Illite samples at: (a,b) 60 kPa and (c,d) 500 kPa.  
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Fig. 5. Reconstructed pore volume and a detailed transversal section of: (a,b) un-heated and (c,d) heated Illite samples.  
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Fig. 6. Mercury intrusion porosimetry results for the Kaolin samples at 60 kPa.  
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4.3. Microstructure evolution 

A better interpretation of the clay thermal response is achievable by 
comparing the MIP results between the heated and unheated samples as 
shown in Fig. 4. Thermal loadings clearly affected the macropores of the 
Illite samples by either reducing their density or their size. A small 
reduction in the macropore density is noticed when comparing the pore- 
size density of U–I60 and H–I60 without affecting the range of 
dominant pores, which is reflected by a slight decrease of the cumulative 
void ratio from 0.935 to 0.923 and the downward shift of the void ratio 
distribution. At 500 kPa, the macropores shifted to the left after thermal 
loadings conserving approximately the same density and the dominant 
macropore became at around 1 μm. The same shift is seen in the cu
mulative intrusion void ratio plots where the pores having a size higher 
than 10 μm constitute a void ratio of 0.2 in the case of the unheated 
sample, which decreased to only 0.03 in the case of heated sample. Such 
prominent macropore deformation is revealed by the higher thermal 
contraction observed during the oedometer test for H–I500. 
Conversely, the micropores of all samples seem to remain intact 
implying that the intra-elemental distances do not vary with tempera
ture variations. 

The same deformation of macropores can be observed in the X-Ray 
tomography results (Fig. 5) that covered the pore range undetected by 
the MIP for U–I60 and H–I60 (i.e. more than 100 μm). Referring to the 
3D view of the pore space, the macropores in the heated sample are 
smaller and more dispersed compared to those of the un-heated one. 
This is also clear in the transversal section where the maximum detected 
pore size reached 500 μm in the unheated sample compared to 170 μm in 
the heated sample. On the other hand, the superposed pore-size densities 
of the heated and unheated Kaolin samples (Fig. 6) indicate that the 
temperature did not modify the internal structure. The limited thermal 
strains detected during the oedometer tests can be one reason of such 
observation, in addition to the small pore sizes of the Kaolin samples, 
which are less likely to collapse with temperature variations. However, 
it could be argued that the macropores of Kaolin, undetected by MIP, 
have been deformed inducing minor thermal contraction. 

As a conclusion, macropores would gradually deform upon temper
ature variations leading eventually to a change in the pore-size density 
and thus a permanent thermal contraction without affecting the mi
cropores in case of compacted clays similar to the ones used in this study. 
Such contraction is highly related to the clay type, the stress state and 
the initial pore size density. The larger the sample pores, the longer the 
bridges between the particle assemblage and thus the more prone they 
become to collapse upon thermal and mechanical loading. In addition, 
increasing the vertical stress would increase the shear stresses between 
the particle assemblages facilitating the deformation of macropores once 
the structure is subjected to additional thermal loading. These obser
vations indicate that the diffuse double layer thickness would not 
change with the tested levels of temperature variations, as reported by 
Mitchell and Soga (2005), since only the macropores will be affected. 
These macropores are large enough in a way that they could not be 
altered by the double layer (Delage et al., 1983) and thus their effect 
would be minimal. 

5. Conclusions 

In this study, the microstructural response of compacted Illite and 
Kaolin samples subjected to mechanical and thermal loads was quanti
tatively and qualitatively investigated using MIP and tomography tests. 
After thermal oedometer tests, the clay samples permanently contracted 

showing a dependency on the pore size density, the stress state and the 
clay composition. As revealed by MIP and tomography tests, the Illite, 
having a bimodal distribution, was more susceptible to contraction due 
to the collapse of macropores upon temperature variations. Higher 
vertical effective stresses induced significant deformation of macropores 
and thus a more pronounced plastic thermal contraction of the Illite. 
However, the micropores of the Illite and those of the Kaolin having a 
unimodal distribution remained intact after thermal loadings, indicating 
that modifications of the diffuse double layer are not expected to be a 
main reason behind the observed thermal volumetric deformations. 
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Funding 

This work was supported by the Swiss National Science Foundation 
(financial support N. 200021_175500, Division II); the National Council 
for Scientific Research of Lebanon (CNRS-L); and the American Uni
versity of Beirut Research Fund (URB). 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors wish to thank the Laboratory of Construction Materials 
(LMC) at EPFL and the Laboratory for High Performance Ceramics at 
Empa for performing the MIP tests and the ENAC Interdisciplinary 
Platform for the X-ray tomography scanning. 

References 

Abuel-Naga, H.M., Bergado, D.T., Bouazza, A., 2007. Thermally Induced Volume Change 
and Excess Pore Water Pressure of Soft Bangkok Clay. Eng. Geol. 891, 144–154. 
https://doi.org/10.1016/j.enggeo.2006.10.002. 

Campanella, R.G., Mitchell, J.K., 1968. Influence of temperature variations on soil 
behavior. J. Soil Mech. Found. Div. 94, 609–734. 

Cekerevac, C., Laloui, L., 2004. Experimental Study of thermal Effects on the Mechanical 
Behaviour of a Clay. Int. J. Numer. Anal. Methods Geomech. 28 (3), 209–228. 

Cetin, H., 2004. Soil-particle and pore orientations during consolidation of cohesive soils. 
Eng. Geol. 73 (1), 1–11. https://doi.org/10.1016/j.enggeo.2003.11.006. 

Collins, K.T., McGown, A., 1974. The form and function of microfabric features in a 
variety of natural soils. Geotechnique 24 (2), 223–254. 

Delage, P., Lefebvre, G., 1984. Study of the structure of a sensitive champlain clay and of 
its evolution during consolidation. Can. Geotech. J. 21 (1), 21–35. 

Delage, P., Lefebvre, G., Sridharan, A., et al., 1983. Double-layer theory and 
compressibility of clays-discussion. Geotechnique 33 (4), 461–462. 

Delage, P., Sultan, N., Cui, Y.J., 2000. On the thermal consolidation of boom clay. Can. 
Geotech. J. 37, 343–354. 

Di Donna, A., Laloui, L., 2015. Response of Soil Subjected to thermal Cyclic Loading: 
Experimental and Constitutive Study. Eng. Geol. 190, 65–76. https://doi.org/ 
10.1016/j.enggeo.2015.03.003. 

Diamond, S., 1970. Pore Size Distributions in Clays. Clays Clay Miner. 181, 7–23. 
Hueckel, T., Baldi, G., 1990. Thermoplasticity of saturated clays: Experimental 

constitutive study. J. Geotech. Eng. 116 (2), 1778–1796. 
Koliji, A., Vulliet, L., Laloui, L., 2010. Structural Characterization of Unsaturated 

Aggregated Soil. Can. Geotech. J. 47 (3), 297–311. https://doi.org/10.1139/T09- 
089. 

Laloui, L., Olgun, C.G., Sutman, M., McCartney, J.S., Coccia, C.J., Abuel-Naga, H.M., 
Bowers, G.A., 2014 Oct 1. Issues involved with thermoactive geotechnical systems: 
Characterization of thermomechanical soil behavior and soil-structure interface 
behavior. DFI J. 8 (2), 108–120. 

R. Houhou et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.enggeo.2006.10.002
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0005
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0005
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0010
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0010
https://doi.org/10.1016/j.enggeo.2003.11.006
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0020
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0020
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0025
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0025
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0030
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0030
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0035
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0035
https://doi.org/10.1016/j.enggeo.2015.03.003
https://doi.org/10.1016/j.enggeo.2015.03.003
http://refhub.elsevier.com/S0013-7952(20)31825-1/optb215VIhjNj
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0045
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0045
https://doi.org/10.1139/T09-089
https://doi.org/10.1139/T09-089
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0055
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0055
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0055
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0055


Engineering Geology 287 (2021) 105928

7

Mitchell, J.K., Soga, K., 2005. Fundamentals of Soil Behavior, 3rd edition. John Wiley & 
Sons. Inc, New York, p. 558. 

Paaswell, R.E., 1967. Temperature effects on clay soil consolidation. J. Soil Mech. Found. 
Eng. Div. 93 (SM3), 9–22. 

Plum, R.L., Esrig, M.I., 1969. Some temperature effects on soil compressibility and pore 
water pressure. Eff Temp Heat Eng Behav Soils. Highway Res. Board. 103, 231–242. 

Skempton, A.W., 1953. The colloidal activity of clays. In: Proceedings of 3rd 
International Conference on Soil Mechanics and Foundation Engineering. Zurich, 1, 
pp. 57–61. 

Sultan, N., Delage, P.I., Cui, Y.J., 2002. Temperature Effects on the volume Change 
Behaviour of Boom Clay. Eng. Geol. 64 (2–3), 135–145. 

Towhata, I., Kuntiwattanaku, P., Seko, I., et al., 1993. Volume Change of Clays Induced 
by heating as Observed in consolidation Tests. Soils Found. 33 (4), 170–183. 

R. Houhou et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0060
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0060
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0065
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0065
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0070
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0070
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0075
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0075
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0075
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0080
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0080
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0085
http://refhub.elsevier.com/S0013-7952(20)31825-1/rf0085

	Microstructure observations in compacted clays subjected to thermal loading
	1 Introduction
	2 Testing programme
	3 Material and methods
	3.1 Tested soils
	3.2 Sample preparation
	3.3 Testing procedure

	4 Experimental results
	4.1 Microstructure of compacted clays
	4.2 Thermal volumetric response
	4.3 Microstructure evolution

	5 Conclusions
	Data availability
	Funding
	Declaration of Competing Interest
	Acknowledgements
	References


