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Abstract

Mudstone swelling capacity is an important factor that determines the quality of engineering constructions, in particular,
roads, tunnels, dams, etc. The most important parameter is the content of water that determines the stability/behavior
of mudstone under different conditions, e.g., under variable temperature and humidity. Laboratory thermal treatment is
a widely used method to measure the content of water in mudstone, which controls its swelling capacity. Exploring the
swelling properties of samples treated at different temperatures will help to further understand the impact of water content
on swelling properties. In this paper, we present new results on the heat treatment of red-bed mudstones of the Shaximiao
Formation exposed in the eastern Sichuan Province of SW China in order to trace variations of mass, pore content, micro-
structural patterns and swelling characteristics. The swelling was traced by scanning electron microscopy and pore tester.
The heat treatment changes the microstructure and pore characteristics of the mudstone and its swelling properties. The
mudstones yielded three types of water loss patterns caused by the presence of free, absorbed and constitutional waters.
The swelling properties appeared to depend on the pattern of the loss of three water types at different temperatures. The
increasing temperature resulted in faster dehydration of clay minerals, stronger damage of original textures and micro-
structures (pore pattern) and stronger swelling. Our results provide a new guideline for selecting a temperature of heat
treatment and controlling the content of water during red-bed swelling experiments.
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minerals. Mudstones are widely distributed in warm and
dry to humid areas, like central and southwest (SW) China
(Fig. 1a), where they often form so-called red beds. The
extensive construction in that region with abundant red beds
meets problems with fluctuating water contents in surficial
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lingsx@swjtu.edu.cn (man-induced) processes. The natural variations of the water
content in water-sensitive rocks like mudstones depend on
climate-related factors, such as rainfall, groundwater level
and surface runoff. Such rocks are greatly affected by sea-
sonal changes of the volume of groundwater and thermal-
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Fig. 1 Overview of the study area. a - geographic position; b - topography of the Sichuan Basin (a.s.l., m — metres above sea level); ¢ - geology of
the sampling area and the sampling sites; d - outcrop of the Shaximiao Formation

Rock swelling is an important factor affecting the safety
of geotechnical engineering, for example, the post-construc-
tion bulge deformation of the foundation of high-speed rail-
way ballast track that must be less than 4 mm (Dai et al.
2021). Therefore, to obtain accurately values of rock swell-
ing rates during indoor testing is crucial. In rock mechanics,
the swelling properties of red-beds have been traditionally
studied by using drying-wetting experiments (Okamoto
et al. 1981; Pejon and Zuquette 2002; Zhang et al. 2010).
Such experiments require a sample to be dried before the
experimental run to obtain maximum swelling rates. Heat
treatment is commonly used to prepare completely dried
samples, and therefore a key problem is to select an appro-
priate drying temperature. Previous studies have focused
on the mechanical properties of rocks at the room tempera-
ture and up to 200 °C and revealed different effects of the
temperature on rock strengthening or weakening (Wu et
al. 2006; Yavuz et al. 2010; Yang et al. 2017a, b; Yin et al.
2016). The results from different research groups appeared
contradictive though. Several researchers have reported that
the rocks get stronger at an increasing temperature (Chen
et al. 2012; Singh et al. 2015). The others mention that the
changes of the temperature have no effect on the strength of
the rocks (Yin et al. 2016; Zhang et al. 2016a, b; Gautam et
al. 2018). In addition, there have been obtained data show-
ing that the temperature has a weakening effect (Ferrero and
Marini 2001; Kumari et al. 2017; Gautam et al. 2018; Sird-
esai et al. 2017, 2018).

Another important issue is the evaporation of water near
the boiling point and above. Such a process has not been
studied well, in particular, in terms of rock swelling proper-
ties (Wong et al. 2020). As we know, the swelling of sedi-
mentary rocks depends on the initial content of water, the
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rate of mineral expansion, and the microstructure (Liu et
al. 2021a, b; Taylor and Smith 1986; Zhang et al. 2010).
The heat treatment is one of the most critical factors of
swelling that changes the initial water content. The min-
eral composition of the rock is stable below 200 °C, but
the consolidation properties of clay minerals start to change
at 90 °C (Towhata et al. 1993) resulting in decreased rock
strength. The heat-sensitive minerals, e.g., calcium sulfate
dehydrate (CaSO,-2H,0), malachite (Cu,(OH),CO;) and
clay minerals (montmorillonite-chlorite-illite), can be trans-
formed only at 200 °C and higher (Tian et al. 2012). In turn,
a change of rock microstructure significantly influences on
rock permeability (Tian et al. 2014) and related swelling
properties (Liu and Xu 2014). Therefore, the experiments
performed at different heat treatment temperatures may
change the content of water, the swelling properties of rocks
in general and the swelling patterns in particular.

Study of the swelling properties of red-beds is of spe-
cial importance for the construction of high-speed railways,
because the expansion characteristics of roadbed material
determine the smoothness of the railway track. In SW China,
the high-speed railways are erected on roadbed materials or
rocks capable to expand, i.e., red-beds. In contrast to many
other red-bed formations, the red beds in SW China are char-
acterized by significant swelling and shrinking during wet
and dry seasons, respectively. Previously, it has been found
that in spite of a required series of pre-construction tests
made for soft expansive rocks (like red-beds) in the study
area, the bedrocks started to uplift (Dai et al. 2021; Huang
et al. 2023). Two reasons were proposed: in-situ tectonic
stress on the steeply dipping mudstone strata, and mislead-
ing heat treatment pre-assessment of swelling. We propose
that the existing standards including also experiments on the
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heating (PRC National Standard 2013) cannot reliably eval-
uate potential swelling of red-beds. Accordingly, we car-
ried out several heat treatment experiments under varying
temperatures to evaluate the influence of different tempera-
tures on the fracturing and swelling accuracy as a function
of mudstone hydration and changes of microstructures and
pore patterns.

Geological setting and sample preparation

The Sichuan Basin is bounded by the Wushan, Longmen-
shan, and Dabashan orogenic belts in the east, west, and
north, respectively, and by the Yunnan—Guizhou Plateau in
the south (Fig. la, b). Topographically, the Sichuan Basin
is a hilly. Geologically, the basin consists of Precambrian
basement and Palaeozoic marine deposits that are over-
lapped by Mesozoic terrestrial strata (Bureau 1980). The
Mesozoic deposits are mainly Jurassic and Cretaceous
in age, with a subordinate number of Triassic sedimen-
tary rocks of onshore origin. The study area is dominated
by sedimentary rocks of the upper Shaximiao Formation
(J2s1) and lower Shaximiao Formation ( J2g2), late Pleis-
tocene alluvial deposits (Q%'), and Holocene lacustrine
and alluvial deposits ( Q%2 and Q3 respectively). The
mudstone samples come from the upper Jurassic Shaximiao
Formation (Fig. 1c), whose deposits are widely distributed
around the cities of Neijiang and Zigong in the eastern Sich-
uan Basin. The formation is dominated by purple and red
mudstones plus siltstone and sandstone composing horizon-
tally or gently inclined strata.

The purple, brick and red mudstones were sampled from
a 10 m-deep quarry (Fig. 1d) near a tunnel north of the
Neijiang North Station in Sichuan Basin. The stratigraphy
and lithology of these rocks are almost identical to those
that form the foundation of the railway line of the Neijiang

Table 1 Experimental groups and parameters

Set Sample number Temperature Tem-
ranges, °C pera-
ture
group
N-1~N-35 1~5,6~10 50, 70 LT
11~15, 16~20, 90, 100, 110 MT
21~25
26~30,31~35 130, 150 HT
P-1~P-35 36~40,41~45 50, 70 LT
46~50, 51~55, 90, 100, 110 MT
56~60
61~65,66~70 130, 150 HT
Y-1~Y-5 71~75 25 CG

Testing groups: LT, low-temperature; MT, medium-temperature; HT,
high-temperature; CG, control

North Station. The rocks are poorly cemented and easily
disintegrate, resulting in tiny cracks on the surface. Three
samples collected for mineral analysis were obtained from
a single one-metre-in-diameter piece of rock. The samples
consisted (in average volume percent) of quartz (39.9%),
feldspar (5.6%), plagioclase (20.2%), calcite (5.9%), hae-
matite (2.1%), mica (1.6%), and clay minerals (24.7%). The
clay minerals (taken as 100%) were illite (21%), kaolinite
(4.04%), chlorite (4.04%) and a 1:1 mixture of illite and
montmorillonite (70.92%). We prepared 75 short cylinders
of mudstones that were 50 mm in diameter and 20 mm thick
(£ 1 mm) by air-cooled drilling.

Methodology of experiments
Experimental flow chart

The 75 samples were divided into three sets: set N for heat
treatment testing, set P for swelling characteristic analysis,
and set Y as a control group (CG, Table 1). Five samples
were used for replicate tests at every temperature level. The
temperature were divided into four groups: control (25 °C,
CQ), low-temperature (50-70 °C, LT), medium-temperature
(90-110 °C, MT) and high-temperature (130-150 °C, HT)
groups. Each sample was first dried at 50, 70, 90, 100, 110,
130, and 150 °C and then investigated. The experimental
run consisted of five steps: (1) heat treatment, (2) a Brazilian
test, (3) scanning microscopy observations, (4) N, absorp-
tion and desorption tests, and (5) a swelling rate experiment.

Heat treatment and temperature selection

Thermogravimetric analysis (TGA) clearly reveals com-
positional changes in the clay-rich minerals of mudstone
caused by high temperatures (Zhang et al. 2016a, b; Yang
et al. 2017a). Montmorillonite and illite typically yield
three changes in the TGA curves at temperatures of 126,
650 and 906 °C. The overall mineral composition of mud-
stone changes at 650 and 906 °C. Accordingly, we chose
seven heat treatment temperatures, i.e., 50, 70, 90, 100, and
110 °C, which did not change the mineral composition, and
130 and 150 °C that would change adsorbed water. Con-
sidering the discrete properties of natural rock samples, the
mass versus time curve of the heat treatment were plotted
using the “relative drying mass” formula:

RDM = 1 — —1ev0_

x 100%
M150avg ! (1)
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where m;q.4 1s the average drying mass loss of each group
(=50, 70, 90, 100, 110, 130, 150) and M 1504v4 is the aver-
age value of mass loss at 150 °C.

Swelling experiment

According to the experimental flow chart (Sect. 3.1), the
rock samples were placed in a desiccator and cooled at room
temperature. After the cooling, we put vaseline onto the
sides of each sample to minimize friction. The samples were
placed individually in the device used for measuring swell-
ing and soaked with water. Swelling was measured with a
micrometer by increasing the sample thickness every 600 s.
The experiment was stopped when the thickness stopped to
increase. Each experimental run lasted 60 h. Five parallel
test samples were used for each temperature group at differ-
ent temperatures.

The swelling rate was calculated by the following
formula:

AH
= THy ()
where Hj is the thickness of the sample before the test,
and A H is the change in the thickness of the sample during
the experiment.

Microstructure and porosimetry

The microstructures of the samples were studied using a
ZEISS EVO10 scanning electron microscopy (SEM) instru-
ment equipped with a Leica EM ACE 200 28 nm golden ion
sputter (sample pretreatment), a JSM-IT 500 tungsten lamp,
and an OXFORD X-Max 80 energy dispersive spectrom-
eter (EDS). To exclude the influence of tensile strength on
the samples, we studied the microstructures on the freshly
cracked surfaces that appeared after the Brazilian test. An

ion sputter was used to create a conductive layer on the
poorly conductive rock samples.

For the pore tests, we used an accelerated surface area
and porosity system (ASAP2460). The samples were treated
at different temperatures and then broken into pieces using
sharp instruments to avoid pore crushing. Both the heat-
treated samples and the initial samples were tested for pore
size after 4 h under a vacuum in an ASAP2460 machine.
For pore classification, we used thelnternational Union
of Pure and Applied Chemistry method (Thommes et al.
2015). The curve lacking a clear saturated adsorption plat-
form implies an extremely irregular structure, including flat
slit structures, cracks, and wedge outs. The hysteresis loop
generated by the pore geometry induced by capillary con-
densation illustrates the irreversibility of the adsorption and
desorption processes. The separation of the adsorption and
desorption branches within the hysteresis loop is attributed
to the level of liquid fixed during the alternating episodes of
condensation and evaporation. Note that to obtain correct
results on the distribution of pore sizes, we use the data on
adsorption or desorption separately.

Results
Water loss during heat treatment

With increasing heat treatment temperature, the saturated
vapour pressure in the dry oven increases and the relative air
saturation decreases. The water gradually evaporates from
the samples, ultimately reaching a dynamic phase equilib-
rium. Figure 2 shows the mass losses of the samples after
LT, MT, and HT heat treatments, with the maximum, mini-
mum and average values of five tests per sample. The time
versus relative drying mass curves for each group of the
samples show two different stages of dehydration, as shown
by the two segments of the curves, i.e., convex and linear,
which represent rapid and slow dehydration, respectively.

Fig. 2 Relative drying I.l’laSS dehRyad‘:Ia(:mn ------ Slow dehydration i del:f‘?ia“m“ ------- Slow dehydration - -derf;f,priation -------- Slow dehydration -+ - -+
versus time curves at different - -~
heat treatment temperatures; ! : 1:
a — low-temperature (LT group); B ! T=90°C i !
b — medium-temperature (MT 7] i |
. 1
group); ¢ — high-temperature (HT & ! :
group) > | T=110°C i
= | |
© S :
o =100°
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.-t 1 1
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© 20f Lt |
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103 100 1075 106 1043 10M 1015 1013 10%4 10%5
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The three groups exhibit rapid dehydration trends in the
beginning, followed by stages of slow dehydration. The
rapid dehydration phase is shorter in the HT group than in
the LT group. When the temperature is less than 130 °C, the
water loss of the sample is positively correlated with the
temperature. The total amount of water lost in the HT group
is the same. The first stage involves the rapid evaporation of
free water. The second stage includes the slow transforma-
tion of absorbed or weakly bound water to free water and
its evaporation.

Swelling after heat treatment at different
temperatures

Figure 3 shows the swelling rates of the samples after heat
treatment of different temperatures. The expansion in all
heat treatment temperature groups lasts for approximately
50,000 s, and then the process stops. The samples pass rapid,
slow, and plateau phases and their swelling rate clearly
changed at 25,000 and 50,000 s. In the rapid growth phase,
the rate of swelling of the HT group samples appeared much
higher than that of the other groups; the maximum swelling
rate is fixed at 130°C and 150°C. The swelling rate decreases
with decreasing sample heat treatment temperature. In the
HT group, the swelling rate is 1.11-1.05-1.17 times greater
than that in the MT group, 1.22—1.16 times greater than that
in the LT group, and 1.45 times greater than that in the CG
group. Therefore, the temperature of heat treatment can sig-
nificantly affect the rate of swelling.

As shown in Fig. 3b, the standard deviation within each
group is clearly different at different temperatures. At the
end of the rapid phase (t=25000 s), the intragroup discrete-
ness of the swelling rate is the greatst in the HT group.
At the end of the slow phase (t=50000 s), the intragroup
standard deviation decreases in the MT and LT groups. At
the end of the plateau phase (t=200000 s), the deviation is
minimal in the HT group.

Figure 4 shows the swelling rate and absolute mass loss
for each experimental group at different heat treatment tem-
peratures. The swelling rates of the samples range from
28.01% (~25 °C) to 39.05% (~150 °C), and the absolute
mass loss values range from 1.94 to 4.26 g. The heat treat-
ment temperature is positively correlated with the swelling
rate and degree of dryness of the samples. Notably, the rates
of swelling and absolute mass loss are abnormal in the MT
group. In addition, the swelling rate at 100 °C displays a sig-
nificant intragroup dispersion. The swelling rate and abso-
lute water losses at 130 °C and 150 °C are similar.

Microstructural features after heat treatment

After the heat treatment, the clay minerals get parallel ori-
entation to form typical planar, sheet, and layered structures
(Fig. 5). There are two types of microscopic layer structures:
(1) interlayer fractures with grain shedding, i.e., the LT and
MT groups (Fig. 5a-e); and (2) dominant interlayer frac-
tures and subordinate interlayer fractures, i.e., the HT group
(Fig. 5f-h). The 0.5-2 nm mud particles are typical of all
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Fig. 5 Microstructures at differ-
ent heat treatment temperatures.
SEM-images at 500X. a-b - LT
group, samples N-4, N-8§; c-e -
MT group, samples N-17, N-23;
f-h - HT group, samples N-26,
N-32, N-35; EDS-1 for the par-
ticles in SEM images; EDS-2 for
the lamellae in SEM images

N i &
’\‘ ) Particle Shedding I

groups, but the portion of those particles is larger in the LT
group (Fig. 5a, b). The LT heat treatment ultimately caused
shedding of mineral particles (Fig. 5a-c). The results of the
multipoint EDS test show that the particles represent pla-
gioclase agglomerations. This suggests that the evaporation
of water from rock samples during heat treatment causes
mineral exfoliation, and the exfoliated particles are concen-
trated in pores and fractures. The heated samples acquire
microscopic fissures significantly different from those of the
original rock samples. The variances observed in the SEM
images of the three groups indicates that the heat treatment

@ Springer
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changed the microstructure of the mudstone samples after
the heat treatment.

Microscopic pore features

Figure 6 shows the results of micropore volume determi-
nation in each temperature group via nitrogen absorption/
desorption method. The cumulative pore volume and pore
area after the heat treatment range from 16.259~14.601
mm?®/g and 18.320~15.911 m?%g, respectively. The val-
ues for the control group are 9.126 mm?/g and 7.061 m?/g,
respectively. The volume and area ratios relative to those of
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the control group are 1.949 and 2.561 (HT /CG), 1.815 and
2.280 (MT /CG), and 1.981 and 2.593 (LT /CG), respec-
tively. Different adsorption and desorption curves after the
branch point indicate various types of pores. The absorption/
desorption curves suggest that the samples carry H3-type
pores, which are layered structure according to the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) clas-
sification (Thommes et al. 2015).

Figures 7 and 8 illustrate the relationships between the
pore diameter, volume, and area as a function of the tem-
perature of adsorption and desorption. The results show that
the pores are mostly 2—5 nm in diameter plus a smaller peak
at 0—2 nm. The impact of the heat treatment on the relative

number of pores larger than 7 nm is minimal. The pore
size—volume distribution curve shows a similar overlap, but
the curves for pore less than 5 nm in diameter are differ-
ent. The adsorption and desorption curves of the LT group
is significantly vary with temperature, and the distribution
curves of the pore diameter are different for the 0—10 nm
interval. During heat treatment, the overall quantity of pores
increases. Both the incremental pore area and volume also
significantly increase, indicating the appearance of micro-
pores as a result of the release of the interlayer water and
the presence of clay. The appearance of such mineral-scale
pores changes the overall pore structure.
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Fig.9 Mechanisms of water loss
in different temperature groups.

a

a - natural state of the mudstone
samples from the Shaximiao
Formation; b - water at the

Constitution water in minerals

mudstone surface (Karaborni et
al. 1996; Fernandes et al. 2019);
¢ - LT heat treatment; d - inter-
layer water in clay minerals. e

- MT heat treatment; f - HT heat
treatment

Pore waler;

i

I \inerals cenmentation [ constitution water @ Air @ Mineral surface
[ Clay minerals I Absorption water
Diffuse layer Air-liquid interface
= other minerals Il Free water @ v @ q
< Vapor escape direction  [_JAir ® Helmholtz layer* (®) Water film shrinkage

<&— Vater film shrinkage

Discussion

Water loss at different heat treatment temperatures
Previous scholars have recognized three types of water in
mudstones on the basis of the strength of water molecules

bound to minerals (Fig. 9a): (1) free water present in large
pores and fissures connected by hydrogen bonds; (2) water
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adsorbed on mineral surfaces and Helmholtz surfaces, also
called interlayer water associated with layered clay minerals
(Zhang et al. 2024; Cliff 2018); and (3) constitutional water
present in a mineral lattice and therefore representing an
essential component of the mineral structure (Fernandes et
al. 2019; Li et al. 2019). There is still no agreement on how
to determine the degree of evaporation during actual water
evaporation. In general, the heat treatment temperature
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determines which forms of water the rock sample loses.
At a macro level, external thermal energy causes water to
migrate as vapour or liquid and then to spread over a gas—
solid/liquid—solid interface. At a micro level, external heat
promotes Brownian motion (Lahn et al. 2019) and breaks
the van der Waals forces between water molecules or water
and mineral molecules.

During heat treatment, water in rocks typically migrates
as a liquid under the influence of surface tension or gas
(liquid—gas phase transition). Water is first removed from
the outer parts of the sample, as the hydrogen bond energy
between water molecules is much less than that between
water—mineral compounds (Bond and Willis 1969; Miller
et al. 1991). At the beginning of heat treatment, free water
releases first. As the temperature increases, the adsorbed
water get released to bind the water on the surface of hydro-
philic minerals. Further increase of the temperature destroys
hydroxyl components in mineral crystal lattice.

Figure 9 illustrates mechanisms of water loss from red-
bed mudstone at different temperature conditions. The
released water may either change from liquid to gas and
then slowly dissipate or it may evaporate rapidly to dissipate
on the gas-liquid interface. If the temperature rises rapidly,
as in the case of the HT and MT groups, the water will first
change to gas phase and then the water molecules dissipate.
The heat treatment at a temperature significantly above the
boiling point of water leads to the reduction of cohesion
between water molecules and its direct evaporation. This
process induces microstructural changes and affects the
size and volume of the pores. If the temperature increases
slowly, as in the case of the LT group, the external energy
would facilitate the Brownian motion and the removal of
water molecules from the sample through cracks and pores
(Fig. 9d, e), and reduce the area and thickness of the pore
water film (Figs. 9b, c, respectively). Therefore, the rate of
dehydration determines the structure of the pores after the
heat treatment (Fig. 91).

Microstructure and porosity changes

Porosity is an important factor influencing the physical and
mechanical properties of rocks. High-temperature condi-
tions generally promote an increase in the number and size
of pores (Jin et al. 2020). Shen et al. (2023) conducted heat
treatment experiments on coal-bearing mudstone at differ-
ent temperature; the results indicate that the pore volume is
negatively correlated at temperatures less than 200 °C, but
positively correlated at temperatures ranging from 200 to
800 °C. Zhang et al. (2017) reported no significant changes
in the pore structure of sandstones at 200 °C, in which the
pore size increased sharply from 200 to 500 °C. Xu et al.
(2010) reported that temperatures of 800 °C and 1200 °C are

critical for changes in the pore structure. According to our
experiments, high temperature affects porosity in two ways.
In one way, the expansion coefficient of the rock increases
and the porosity decreases. In another way, the high tem-
perature increases the evaporation of water from the interior
of the rock, which in turn increases the porosity. Therefore,
the two ways could either reduce or increase the swelling,
respectively.

The number, size and distribution patterns of pores may
change under different heat treatments (Towhata et al.
1993). In our experiments with the HT samples, the water
freely dissipated as gas from the open pores; in the closed
pores, the heating expanded the gas and increased the pres-
sure (Fig. 9e, f) to trigger the formation of microcracks. In
thermodynamics, water evaporation depends on the temper-
ature, absolute ambient humidity and heat treatment time.
The “bimodal” distribution of micropores under different
heat treatment regimes can be partly explained by the loss
of interlayer water due to the extended heat treatment time.
During the LT heat treatment, the water slowly migrates
through the water-gas boundary. The outside thermal energy
does not completely remove the water from the samples,
which remains in all types of pores.

Figure 10 shows the trends of changes in the pore volume
and area with increasing temperature. The absence of clear
correlation between the pore area and pore volume suggests
different types of pores in the samples. The pore area, pore
volume and swelling rates all show significant abnormal
fluctuations at approximately 100 °C (Fig. 10). Such phe-
nomena can be explained by the different effects of evapo-
rated water on the microstructure of the samples during heat
treatment at different temperatures.

The SEM images (Fig. 5) show that the HT heat treat-
ment causes the formation of macrofractures and laminated
structures in the minerals due to expansion. Therefore, the
HT treatment disrupts the integrity, weakens the interlayer
structure and induces interlaminar fracturing. In the MT
group, the fine particles attached to the layered structure
of the clay minerals, appear at a temperature close to the
boiling point of water. Therefore, we can conclude that the
homologous compounds of the clay minerals in the MT
group produce microstructural features completely differ-
ent from those of the HT and LT groups. The rate of water
evaporation in the MT group is lower than that in the HT
group, suggesting that mainly free water was evaporates
during the early phase. During the late phase, the weakly
bound water evaporates incompletely: first it transforms
into free water and then evaporates. This process is consis-
tent with the clear inflection point in the curve showing the
MT group. Moreover, the layered structure observed on the
clay minerals in the SEM images, indicates that the HT heat
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Fig. 11 Mechanisms of swelling
for the HT, MT and LT groups.
The primary cutting fractures
may cause fragmentation and
dislodgement of fine-grained
clay minerals as shown in the
SEM images. The hydrogen
bonds between water molecules
are weaker than those between
cations and water molecules,
and the laminated clay minerals,
which are not completely stripped
from the interlayer water, form
specific structures of “laminated
clay minerals - interlayer water
masses” structures, that limit the
swelling

treatment removes the water that originally fills microcracks
and pores.

Mechanisms of swelling

Clay minerals play a significant role in the swelling of
red-bed mudstones. Swelling depends on the presence of
clay particles less than 0.002 mm in size, which have free
valence atoms and ions on their surface (Liu et al. 1999).
The electrostatic gravitational force of clay particles can
create an electrostatic gravitational field on their surfaces,
which causes special intermolecular interaction forces
between hydrogen atoms and electronegative oxygen atoms
or cations leading to covalent bonding (Mitchell 1993; Laird
2006). These bonds amplify the adsorption force of the clay
particles, which can reduce the molecular mobility of water.
The swelling of clay minerals implies surface hydration and
osmotic hydration (Huang et al. 2023). Water first seeps into
large pore structures and then into the lamellar structures
of the absorbent minerals. Moreover, the water adsorption
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process changes the pore area and volume (Li et al. 2019,
2021; Barshad 1952).

In general, the presence of cations, the type of homocrys-
talline substitution and the state of microstructural stack-
ing determine the swelling behavior (Saiyouri et al. 2000;
Hueckel 1992). The cation exchange capacity is an impor-
tant indicator for assessing the expansion potential of clay
minerals. It can increase during heat treatment because of
the formation of more fissures and pores. The evolution of
the microstructure of red-bed mudstone greatly influences
its swelling. Therefore, an inappropriate selection of heat
treatment temperatures would ultimately result in an inac-
curate measurement of the swelling rate.

Figure 11 shows the mechanism of swelling of red-bed
mudstone after heat treatment at different temperatures (HT,
MT, and LT). The HT group shows removal of almost all the
water from the samples. A small amount of adsorbed water
is retained between the clay mineral layers in the MT group,
and the LT group contains even more adsorbed water.
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The heat treatment resulted in the formation of intra-layer
and inter-layer fractures according to SEM images (Fig. 5).
This indicates that temperature affects the state of micro-
structure stacking in the mudstone, that is consistent with
previous studies (Delage et al. 2006; Pusch et al. 1990). The
results of porosimetry reveal changes in the pore structure
during dehydration. The transformation of free and adsorbed
water into a gaseous state changes the structure of the pores
(Wong et al. 2020). The bimodality of the 0.5-2 nm pores
(Figs. 7 and 8) may indicate a loss of adsorbed water in
the stratified structures of the samples. The mass loss curves
(Fig. 2) and changes in the pores and microstructures at
different heat treatment temperatures suggest a close rela-
tionship between swelling of rock samples and water loss.
Our results show that the swelling rate is strongly correlated
with temperature, but poorly correlated with the pore area
and volume. Changes in the microstructure of the expan-
sible clay minerals at various temperatures result in different
swelling processes. Water penetrates into cracks and micro-
pores first. Expansible minerals may undergo deformation,
displacement and fragmentation leading to the accelera-
tion of swelling (Van Geet et al. 2005). After such an initial
swelling, the air in the pores would prevent water further
penetration, and the layered structure of clay minerals, if
it is not completely dehydrated, will restrain swelling. Our
results (Figs. 4, 5 and 9a) show that free water and partially
absorbed water allow the expanding minerals to retain a part
of their original structure at lower heat treatment tempera-
tures. However, the original layered structure of the sample
would get destroyed if the temperature of treatment exceeds
130 °C. In addition, the dispersion of the swelling results
of the HT group is significantly lower than that in the other
groups (Fig. 4). The impact of the discreteness of rock sam-
ples on the swelling rate can be efficiently reduced at appro-
priately higher temperature of heat treatment.

Conclusions

In our study, different scenarios of drying and swelling were
investigated to evaluate the effect of heating temperatures
on the microstructure and pore structure of mudstones of
the Shaximiao Formation in the eastern Sichuan Basin.
Heat treatment significantly changed the number of pores
and the microstructural characteristics of the mudstone.
The temperature of heat treatment is positively correlated
with the number and volume of pores. The pore distribution
plots shift from “single peak” to “double peak™ as the size
of the pores changed from 0.5 to 2 nm. The heat treatment at
150 °C and 130 °C disrupted the pre-existing clay mineral-
water-clay mineral layered structure, whereas that at 110 °C

to 50 °C resulted in the generation of a higher number of
micro-fragments.

The pore area versus pore volume of the heat-treated
samples shows a positive correlation with the swelling rate,
but both showed anomalous fluctuations around the boil-
ing point of pure water at the atmospheric pressure. The
heat treatment temperature is positively correlated with the
amount of mass-loss and the rate of swelling of the heat-
treated samples. These two correlations are not linear or
exponential though. The heat treatment can also reduce the
effect of various individual properties of rock samples on
the swelling test.

The environment-related (humidity, air temperature) can
change the properties of the fluvio-lacustrine sediments of
the Shaximiao Fm. and lead to the formation of different
structures of mudstone layers. The heat treatment at low
temperatures cannot fully remove water out of a rock sam-
ple. The water release patterns can be effectively changed
by selecting different regimes/temperatures of heat treat-
ment. Therefore, the temperature of heat treatment must be
slightly lower than the temperature of the thermal stability
of the sample under drying. The mudstones of the Shaxim-
iao Fm. should be dried at a temperature higher than 130 °C,
as it can give reliable swelling measurement results without
composition changes.
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