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Abstract: It is of paramount importance to understand the hydration swelling and weakening
properties of clay minerals, such as montmorillonite, to determine their mechanical responses during
deep underground argillaceous engineering. In this study, the mineral components and microscopic
structure of mudstone were characterised using X-ray powder diffraction and field-emission scanning
electron microscopy. Experimental schemes were devised to determine the properties of mudstone
under the influence of underground water and stress; these involved compacting montmorillonite
particles with various water contents and conducting uniaxial compression tests. Experimental
results demonstrated that compaction stress changes the microscopic structure of the montmorillonite
matrix and affects its properties, and stress independency was found at particular water and stress
conditions. Two equations were then obtained to describe the swelling and weakening properties of
the montmorillonite matrix based on the discrete element method; further, the hydration swelling
equation represents the linear decrease in the density of the montmorillonite matrix with an increase
in the water content. It was also determined that the water dependency of uniaxial compressive
strength can be described by negative quartic equations, and the uniaxial compressive strength of the
montmorillonite matrix is just 0.04 MPa with a water content of 0.6. The experimental results are in
good agreement with the calculated solutions and provide an important experimental basis to the
understanding of the mechanical properties of montmorillonite-rich mudstones under the influence
of underground water and stress.
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1. Introduction

Advances made to understand the behaviour of mudstone over the last 50 years have shown
the importance of the role of clay mineral components when modelling its behaviour. In the field
of geotechnical and hydraulic engineering, soil and rock comprised of montmorillonite have an
adverse effect on the stability of engineering structures owing to the layered molecular structure of
montmorillonite and its hydration swelling and weakening properties [1–3].

Conventional experiments conducted to investigate the influence of water on the physical
and mechanical properties of mudstone have often used natural mudstone as the research
objective. Such experiments have investigated the reaction between water and mudstone through
methods involving immersion, drying and moisture absorption. In the process of water saturation,
the compressive, tensile and shear strength of mudstone decrease exponentially with the increase of
length of time that it is immersed in water [4], whereas the shear modulus increases and the mudstone
strengthens during the drying process at different temperatures [5]. Experiments on water–rock
interactions have been conducted under different environmental humidity conditions, and it has been
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determined that when the moisture content is lower, the air permeability is improved [6] and the strain
rate is lower in the creep process [7]. In addition, under conditions of constant humidity, a mudstone
indentation test showed that with an increase in relative humidity, the elastic modulus and strength
of mudstone decreases and plastic deformation increases [8]. However, the abovementioned studies
have not considered the influence of clay mineral components on the reaction between water and
mudstone. Mudstone is a type of heterogeneous material made of fine clays in a matrix with larger
detrital minerals embedded between the clay particles [9,10]; therefore, the physical and mechanical
properties of mudstone vary with the clay mineral content. Armand et al. studied the mechanical
behaviour of callovo-oxfordian claystone and found that mudstone with a higher clay mineral content
has a lower strength [11]. It has also been determined that as the content of montmorillonite increases,
the friction coefficient of the gouge decreases [12,13]. Tembe and Lockner found that the friction
coefficient decreased from 0.75 to 0.30 as the illite content increased in a mixture of illite and quartz [14].
Results have shown that clay mineral types have a significant impact on the weakening characteristics
of mudstone under the influence of water [15–17]: montmorillonite has a strong interaction with
water, illite has a medium interaction and kaolinite has high water stability. Therefore, to quantify the
intensity of the reaction between mudstone and water, the hydration characteristics of clay minerals, or
the key clay minerals in mudstone, need to be quantified first. In this respect, the hydration swelling
and weakening law is of particular significance because hydration expansion produces internal stress
and destroys the entire structure of mudstone, while hydration weakening reduces the stability of
mudstone under the influence of an external force.

Compacted tests have been widely used to investigate the physical and mechanical characteristics
of clay minerals in geotechnical and hydraulic engineering fields. Mukherjee and Mishra researched
the hydraulic and mechanical characteristics of compacted sand–bentonite, including hydraulic
conductivity and shear strength [18]. Villar and Antonio prepared samples by means of the uniaxial
compaction of clay directly in oedometer rings to analyze the swelling of a compacted bentonite [19].
Additionally, Xu and Li et al. compacted mixed soil with a bentonite in three layers to research
the deformation and hydraulic conductivity of compacted clay [20]. To investigate the unconfined
compressive strength of clay mixture, Nilo and Eduardo et al. adopted static compaction to model
and cure specimens [21]. In [22], Kumar and Walia et al. compacted the soil in the mould with a
mixture of sand and conducted compressive strength tests to research the effect of mixing sand on the
mechanical properties of clay. The clay minerals of mudstone can also be investigated by a similar
experimental method.

The main aim of this paper is to research the swelling and disintegration processes of mudstone.
Therefore, the mineral components and microscopic structure of mudstone obtained from the
Donghuantuo Mining Company were firstly characterised using X-ray powder diffraction (XRD)
and field-emission scanning electron microscopy (FE-SEM) to investigate the clay matrix within
mudstone and associated influential factors. Experimental schemes were then designed to research
the hydration swelling and weakening of the montmorillonite matrix therein. Two equations—one
that describes swelling and one that describes weakening—were then derived based on the discrete
element method. Finally, the experimental results were compared with those calculated using the
swelling and weakening models.

2. Characterisation of Mudstone

2.1. Sample Collection

To clarify the swelling and disintegration process of mudstone, specimens influenced by
underground stress and water were selected for research. The mudstone was obtained from the
Donghuantuo Mine Company in Hebei Province, China (geographic coordinates of 39◦38′41.49′′ N,
118◦0′11.14′′ E), where the roof of the −690 m track roadway comprises mudstone with a thickness of
0.65 m and the overlying strata of the roof and floor strata are siltstone (Figure 1a). The mudstone of
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the roadway within the mines of this company and of several nearby mines is affected by underground
stress and water. During service of the roadway, large deformation of the surrounding rock was
discovered. In addition, the central section of the roof is cracked and the boundary between the
mudstone and the siltstone is distorted (Figure 1b). In the middle section of the roadway, the top
mudstone has collapsed, the overlying siltstone is exposed and seepage can be observed (Figure 1c).
Furthermore, the mudstone of the roof expands and undergoes violent disintegration during water
soaking processes (Figure 1d).
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Figure 1. Mudstone disintegration phenomenon. (a) position of roadway, (b) cracked roof and distorted
wall, (c) collapsed mudstone and (d) mudstone disintegration.

In similar coal mine engineering, large deformation of the surrounding rock in the water-rich
roadway is tightly related to the weakening of mudstone that is reacting with the underground
water [23,24]. Under the combined influence of underground water and stress, the mudstone of the
roadway roof weakens, the roadway roof undergoes large deformation and the roadway stability is
negatively affected.

2.2. Characterisation

2.2.1. X-ray Powder Diffraction (XRD)

The mineral components of hand-crushed powdered mudstone samples weighing 0.2 g were
quantified using a D/Max-3B X-ray diffractometer. Oriented XRD patterns were collected from 3◦ to 70◦

(2θ) at a scanning rate of 2◦ min−1 according to the petroleum industry standard (No. SY/T5163-1995).
The full-spectrum fitting method (Rietveld method) was used to semi-quantify mineral components [25];
the results are shown in Figure 2.
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Figure 2. X-ray diffraction and full spectrum analysis.

This mudstone has the tendency to interact with water and disintegrate violently. It contains
montmorillonite (52.39%), other clay minerals such as kaolin (35.38%) and non-clay minerals such as
quartz, albite and microcline. The complex mineralogical composition of mudstone makes it difficult
to test and fully interpret its disintegration properties. The montmorillonite mineral acts strongly with
water and constitutes the matrix of the mudstone, while the kaolinite in the mudstone has a certain
degree of water stability [26]; however, the other detrital minerals do not interact with water. As the
hydration of montmorillonite aggregate in mudstone largely influences its swelling and disintegration,
it is considered that studying the reaction between montmorillonite and water is useful for analysing
mudstone properties.

2.2.2. Field-Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM images were recorded using an EVO MA 15 scanning electron microscope at an accelerating
voltage of 15 kV at working distances (WD) of 13.8 mm and 13.7 mm, with an amplification factor of
1000× for both images (Figure 3).
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Figure 3. SEM images of sample with (a) pores, (b) micro-cracks and (c) pores and micro-cracks.

Natural mudstone contains micro-pores between the mineral particles and micro cracks created by
underground stress. During the process of hydration, water enters the mudstone through these pores
and cracks and reacts with the clay minerals, which subsequently affects its mechanical properties.

2.2.3. Assumptions Used to Describe Mudstone

On a fine scale, a mudstone sample can be described as a montmorillonite matrix with surrounding
inclusions (kaolin, others) (Figure 4) and mudstone is considered to be a matrix-supported rock on this
scale [27]. The physical-mechanical properties of the montmorillonite matrix are thus representative of
the mudstone. The montmorillonite matrix can also be represented on an even finer scale based on
montmorillonite particles and pores. According to the discrete element method (DEM), there are contact
forces between adjacent particles [28,29] and pores between the particles influence the mechanical
properties of the contact forces. In this respect, mudstone is a naturally occurring multicomponent
material composed chiefly of montmorillonite, and the breakage of hydrated mudstone is due to failure
of the contact between particles within the montmorillonite matrix.
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Figure 4. Montmorillonite matrix in mudstone.

3. Experiments

The phenomenon of mudstone disintegration mainly occurs due to the swelling and weakening
of the montmorillonite mineral component during the process of hydration. Therefore, the main aim
of this study was to design an experimental scheme for use in researching the hydration swelling and
weakening of the montmorillonite matrix in mudstone. To efficiently investigate the disintegration
of mudstone, compacted standard specimens of montmorillonite particles (hereinafter referred to as
montmorillonite specimens) were employed as a proxy for the montmorillonite matrix in mudstone.

The montmorillonite particles were dried at 100 ◦C for 24 h, mixed with deionised water and
then wet with plastic wrap for 24 h to enable the even absorption of water, as shown in (Figure 5).
Compacting the montmorillonite particles with water contents (w) between 15% and 50% was found to
be straightforward; no obvious water loss occurred during compaction. Therefore, in the experimental
scheme, values of w = 15, 20, 30, 40 and 50% were employed. This paper presents the investigation of
the montmorillonite clay mineral matrix of mudstone excavated from the underground engineering
roadway at a depth of 690 m, as the geological depth of China’s coal mines is concentrated in the range
of approximately −200 to −1000 m [30]. The compaction stress (hereinafter referred to as σcom) was set
at values of 5, 10, 15, 20 and 25 MPa.

Processes 2019, 7, x FOR PEER REVIEW 5 of 17 

of hydrated mudstone is due to failure of the contact between particles within the montmorillonite 
matrix. 

 
Figure 4. Montmorillonite matrix in mudstone. 

3. Experiments 

The phenomenon of mudstone disintegration mainly occurs due to the swelling and weakening 
of the montmorillonite mineral component during the process of hydration. Therefore, the main aim 
of this study was to design an experimental scheme for use in researching the hydration swelling and 
weakening of the montmorillonite matrix in mudstone. To efficiently investigate the disintegration 
of mudstone, compacted standard specimens of montmorillonite particles (hereinafter referred to as 
montmorillonite specimens) were employed as a proxy for the montmorillonite matrix in mudstone. 

The montmorillonite particles were dried at 100 °C for 24 h, mixed with deionised water and 
then wet with plastic wrap for 24 h to enable the even absorption of water, as shown in (Figure 5). 
Compacting the montmorillonite particles with water contents (w) between 15% and 50% was found 
to be straightforward; no obvious water loss occurred during compaction. Therefore, in the 
experimental scheme, values of w = 15, 20, 30, 40 and 50% were employed. This paper presents the 
investigation of the montmorillonite clay mineral matrix of mudstone excavated from the 
underground engineering roadway at a depth of 690 m, as the geological depth of China’s coal mines 
is concentrated in the range of approximately −200 to −1000 m [30]. The compaction stress (hereinafter 
referred to as σcom) was set at values of 5, 10, 15, 20 and 25 MPa. 

 
Figure 5. Wet montmorillonite particles with water (w) contents of (a) 15%, (b) 20%, (c) 30% and (d) 
40%. 

Montmorillonite particle compaction tests were conducted based on the highway geotechnical 
test standard, No. JTG E40-2007, at an axial strain rate of 2% the height of the standard uniaxial 
compression specimen per minute (which is always 2 mm/min). To avoid water loss caused by long-

Figure 5. Wet montmorillonite particles with water (w) contents of (a) 15%, (b) 20%, (c) 30% and (d) 40%.

Montmorillonite particle compaction tests were conducted based on the highway geotechnical test
standard, No. JTG E40-2007, at an axial strain rate of 2% the height of the standard uniaxial compression
specimen per minute (which is always 2 mm/min). To avoid water loss caused by long-term compaction
during the experiment, load holding was held for 10 min after reaching the required value of σcom.
Uniaxial compressive tests were conducted on montmorillonite specimens in accordance with the
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rock physical and mechanical properties test standard, No. DZ/T 0276.31-2015, and the displacement
rate was set at a constant loading speed of 2 mm/min. Figure 6 presents the compaction device and
sketches of the experimental procedure, which includes loading, load holding, coring and uniaxial
compression. It is of note that the analysis of the quality and size of montmorillonite specimens and
uniaxial compression tests were conducted immediately after they were cored, in order to minimise
the evaporation of water during the experiment.
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4. Results

4.1. Compacted Testing Results

During the steps of loading and load holding, the stress–displacement curves and the
displacement–time curves were plotted; these are shown in Figure 7, where Figure 7a–e shows
the experimental results with values of σcom set at 5, 10, 15, 20 and 25 MPa, respectively.
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Figure 7. the stress–displacement curves ((a)~(e)-1) and the displacement–time curves ((a)~(e)-2) 
under different compaction stresses of (a) 5 MPa, (b) 10 MPa, (c) 15 MPa, (d) 20 MPa and (e) 25 MPa. 

According to the experimental results shown in  Figure 7, when σcom is 5 MPa and w is 40 and 
50%, or when σcom is 10, 15, 20 and 25 MPa and w is 30, 40 and 50%, the stress–displacement curves 
have a constant slope in the final stage of the loading experimental step and the displacement–time 
curves have very small displacements (<0.1 mm in this experiment). The above experimental 
phenomena indicate that no violent shift, rotation or compaction occurred between montmorillonite 
particles during the loading stage and that displacement was mainly related to the elastic 
deformation of the montmorillonite particles. The aggregate of montmorillonite contains only 
intergranular micro-voids; thus, not possible for macro-voids to be closed permanently under 
compression conditions. For a σcom of 25 MPa, montmorillonite specimens with a height of 
approximately 100 mm and a diameter of 50 mm are shown in Figure 8. 

Figure 7. The stress–displacement curves ((a)~(e)-1) and the displacement–time curves ((a)~(e)-2)
under different compaction stresses of (a) 5 MPa, (b) 10 MPa, (c) 15 MPa, (d) 20 MPa and (e) 25 MPa.

According to the experimental results shown in Figure 7, when σcom is 5 MPa and w is 40 and 50%,
or when σcom is 10, 15, 20 and 25 MPa and w is 30, 40 and 50%, the stress–displacement curves have a
constant slope in the final stage of the loading experimental step and the displacement–time curves
have very small displacements (<0.1 mm in this experiment). The above experimental phenomena
indicate that no violent shift, rotation or compaction occurred between montmorillonite particles
during the loading stage and that displacement was mainly related to the elastic deformation of the
montmorillonite particles. The aggregate of montmorillonite contains only intergranular micro-voids;
thus, not possible for macro-voids to be closed permanently under compression conditions. For a
σcom of 25 MPa, montmorillonite specimens with a height of approximately 100 mm and a diameter of
50 mm are shown in Figure 8.
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After the montmorillonite particles were compacted as standard specimens, uniaxial compressive
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Figure 9. Uniaxial compression tests of montmorillonite specimens under different compaction 
stresses of (a) 5 MPa, (b) 10 MPa, (c) 15 MPa, (d) 20 MPa and (e) 25 MPa. 

The uniaxial compressive strength (hereinafter referred to as UCS) of montmorillonite 
specimens is related to σcom and w. When σcom was 5, 10, 15 and 20 MPa, the UCS of montmorillonite 
specimens with w at 30% was the largest at 0.97, 1.97, 1.95 and 2.14 MPa, respectively. When σcom was 
25 MPa, the montmorillonite specimens containing 20% water had the largest UCS at 2.34 MPa. 
According to the stress–displacement and displacement–time curves plotted in Figure 7, it is evident 
that when montmorillonite specimens contain less water, they have compressible micro-voids that 
are supported by the edges of particles. This results in a lower UCS for montmorillonite specimens 
containing 15% water as compared to those with water contents of 20% and 30%. The higher the 
water content, the lower the UCS of the montmorillonite specimen; therefore, the UCS of 
montmorillonite specimens with a w of 40% and 50% are largely lower than those with a w of 20% 
and 30%. 

Figure 10 shows the uniaxial compression failure modes of montmorillonite specimens with a 
σcom of 25 MPa, where it is evident that the water content had a significant effect on the uniaxial 
compression failure mode of the montmorillonite specimens. With an increase in the water content, 
the fracture mode gradually developed from brittle to ductile fracture and the failure mode 
developed from tensile failure to shear failure. 

Figure 9. Uniaxial compression tests of montmorillonite specimens under different compaction stresses
of (a) 5 MPa, (b) 10 MPa, (c) 15 MPa, (d) 20 MPa and (e) 25 MPa.
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The uniaxial compressive strength (hereinafter referred to as UCS) of montmorillonite specimens
is related to σcom and w. When σcom was 5, 10, 15 and 20 MPa, the UCS of montmorillonite specimens
with w at 30% was the largest at 0.97, 1.97, 1.95 and 2.14 MPa, respectively. When σcom was 25 MPa,
the montmorillonite specimens containing 20% water had the largest UCS at 2.34 MPa. According
to the stress–displacement and displacement–time curves plotted in Figure 7, it is evident that when
montmorillonite specimens contain less water, they have compressible micro-voids that are supported
by the edges of particles. This results in a lower UCS for montmorillonite specimens containing 15%
water as compared to those with water contents of 20% and 30%. The higher the water content, the
lower the UCS of the montmorillonite specimen; therefore, the UCS of montmorillonite specimens
with a w of 40% and 50% are largely lower than those with a w of 20% and 30%.

Figure 10 shows the uniaxial compression failure modes of montmorillonite specimens with a
σcom of 25 MPa, where it is evident that the water content had a significant effect on the uniaxial
compression failure mode of the montmorillonite specimens. With an increase in the water content,
the fracture mode gradually developed from brittle to ductile fracture and the failure mode developed
from tensile failure to shear failure.
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montmorillonite specimens with a higher water content (w > 40%) are independent of compacted 
stress. This shows that montmorillonite specimens undergo elastic deformation with an increase in 
compacted stress, while when the compacted stress is withdrawn, the elastic deformation is 
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Figure 10. Uniaxial compression failure modes of montmorillonite specimens with a w of (a) 15%,
(b) 20%, (c) 30%, (d) 40% and (e) 50% under a σcom of 25 MPa.

5. Discussion

5.1. Integrated Specimens

The dry density of clay is often used to describe the microstructure of compacted specimens
because of the complex microstructure with respect to micro-voids [31,32]. In this study, it is difficult to
investigate the relationship between mechanical properties and w using the montmorillonite specimens
under various compacted stresses, due to the influence of the complex microstructure. Therefore,
to conduct such a study, it was necessary to exclude the influence of the microstructure and consider
that compacted stress does not affect the physical and mechanical properties of the montmorillonite
specimens. Figure 11 shows the densities (Figure 11a) and UCSs (Figure 11b) of montmorillonite
specimens plotted in the plane of compacted stress, σcom.

When w was 15% and 20%, the density and uniaxial compression strength increased with an
increase in the compacted stress; however, they did not change with an increase in compacted stress
for montmorillonite specimens with a w of 40% and 50% (hereinafter referred to as the integrated
specimens). The montmorillonite with a w of 20% was found to have two properties: density and
uniaxial compression strength increased during the first low-stress stage but in the later high-stress
stage they were stable.

The experimental data show that the density and uniaxial compression strength of montmorillonite
specimens with a higher water content (w > 40%) are independent of compacted stress. This shows
that montmorillonite specimens undergo elastic deformation with an increase in compacted stress,
while when the compacted stress is withdrawn, the elastic deformation is reversible. Hereinafter, these
specimens are referred to as integrated specimens.
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5.2. Hydration Swelling Model

Montmorillonite hydration causes an increase in the distance between the montmorillonite layers,
as the water intrudes into spaces between the layers [33,34]. Montmorillonite particles are formed by
the stacking of numerous parallel crystal layers [35], which swell in response to an increase in water
molecules. This causes adsorption energy within the montmorillonite layers and interlayer cations are
activated within crystal layer spaces [36]. The swelling of particles is a non-negligible factor, because
it increases their considerable ability to absorb water within the interlayer spaces. The expansion of
the crystal layers of montmorillonite particles occurs in two stages: crystalline swelling and osmotic
swelling [37]. Crystalline swelling refers to the surface hydration of the crystal layer and the hydration
expansion of interlayer ions; osmotic swelling refers to osmotic expansion caused by the difference in
the ion concentration between the inner and outer crystal layers. There may be one, two or three water
molecule layers between layers within a montmorillonite particle and the corresponding layer spacing
is 12.2–12.8 Å, 15.0–15.6 Å and 18.1–18.7 Å, respectively [34]. These montmorillonite layer distances
are equal to 10, 12.6, 15.6, 18.6 or 21.6 Å, which correspond to 0, 1, 2, 3 or 4 water layers [38]. These
distances increase linearly with an increase in the number of water layers between the layers.

The increased volume of water within the space between montmorillonite layers decreases the
density of montmorillonite particles. Experimental data for the densities of montmorillonite specimens
with respect to water content (w) are plotted in Figure 12, and data are available for w values of 15, 20,
30, 40 and 50%. These data are seen to form a linear relationship with respect to the density versus
water content (w) space for integrated specimens, although it is evident that the datapoints themselves
are relatively scattered.
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A linear relation can be used to express the relationship between density and w as follows:

ρ(w) = aw + b (1)

where ρ(w) is the density of an integrated specimen with different water contents, g/cm3; w is the water
content; a, b are constants.

To eliminate errors relating to conducting a single experiment and to verify the rationality of the
linear relationship shown in Equation (1), compaction tests with a compacted stress of 25 MPa and
uniaxial compressive tests were again conducted in accordance with the above experimental scheme.
Data for water contents of 30, 35, 42 and 47% are presented in Table 1

Table 1. Density and UCS of integrated montmorillonite specimens.

w σcom
(MPa)

ρ
(g/cm3)

ρ
(g/cm3)

UCS
MPa

UCS
MPa

0.3 25 1.95 1.96 1.955 1.85 1.92 1.885
0.35 25 1.88 1.87 1.875 0.78 0.76 0.77
0.42 25 1.83 1.83 1.83 0.46 0.37 0.415
0.47 25 1.75 1.76 1.755 0.23 0.23 0.23

The relationship between the average density and w was linearly fitted and is shown in Figure 13.
It is considered that the fitting equation (Equation (2)) accurately describes the hydration swelling of
integrated specimens with a goodness of fit of 0.96, and this accurately reflects the hydration swelling
properties of integrated specimens:

ρ(w) = 2.28− 1.10w (2)
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Figure 13. Linear fit for relationship between density and water content.

All the densities of integrated specimens obtained earlier were plotted within the space of density
versus water content (Figure 14) and compared with data calculated by Equation (2). The experimental
results were found to be in good agreement with the calculated results for the hydration swelling model
obtained above; therefore, its rationality was verified. This model reflects the swelling properties of
montmorillonite specimens and the decrease in density during water absorption. Therefore, the water
swelling law of the integrated montmorillonite matrix in mudstone can be indirectly characterised by
determining the water content within it.
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5.3. Hydration Weakening Model

According to the hydration swelling model, water molecules entering the spaces of montmorillonite
layers during the process of hydration increase the spaces of the layers and then expand
the montmorillonite particles. The unbalanced gravitational and repulsive force between the
montmorillonite layers leads to a change in the interlayer spaces. The repulsive force includes
the cationic hydration force, the electrostatic force between the layers and osmotic pressure; and the
gravitational force includes van der Waals force and the force between interlayer cations and the
crystal layer surface. For fine montmorillonite particles, the particle cement force is the sum of the
electronic force and van der Waals force (among other components that can be neglected in the present
analyses). The van der Waals force is inversely proportional to the fourth power of the distance, and
the electrostatic interaction between the charges on the surface of particles is inversely proportional to
the square of the distance [39]. Therefore, the force between montmorillonite particles can be simplified
into Equation (3) as follows:

F = a1D−4 + b1D−2 (3)

where F is the force between montmorillonite particles; D is distance between montmorillonite
particles;a1 and b1 are constants.

This study assumes that montmorillonite particles are basic elements that can be used to study
swelling properties. The discrete element method shows that specimens are composed of particles
connected by cements. With the hydration of montmorillonite particles, the particle volume increases
and the distance between montmorillonite particles increases due to the increased layer space (filling
with water). A model of the weakening of montmorillonite particles with respect to hydration is
schematically shown in (Figure 15).
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During the process of water absorption by montmorillonite, the increased distance between the
particles occurs with respect to the increase in the interlayer of water molecules at mutual contact
positions. The interlayer distance between particles increases linearly with the increase of water;
therefore, when one layer of water molecules is added, the interlayer space is increased by 2.8~3.1
Å [1,34,38]. Thus, the distance between montmorillonite particles increases linearly with an increase in
water and the force between particles can be expressed by the water content as shown in Equation (4):

F = a2w−4 + b2w−2 (4)

The mass m(w) of fully compacted montmorillonite aggregates containing water can be calculated
by Equation (5), where m0 is the dry mass of the integrated specimen:

m(w) = (1 + w)m0 (5)

After hydration swelling, the volume V(w) of an integrated specimen can be calculated by its dry
volume V0 and w, where it is assumed that function f (w) satisfies Equation (6).

V(w) = V0 · f (w) (6)

According to the above hydration swelling model, the density of an integrated specimen decreases
linearly with an increase in w. Its density ρ(w) can be calculated by Equation (7), and finally the
function f (w) can be expressed by Equation (8):

ρ(w) =
m(w)

V(w)
=

(1 + w)m0

V0 · f (w)
=

(1 + w)

f (w)
ρ0, (7)

f (w) =
(1 + w)

kw + c
, (8)

where ρ0 is the density of a dry integrated specimen and k and c are constants.
An integrated specimen consists of numerous montmorillonite particles. According to Equation (6),

the radius of a montmorillonite particle R(w) can be calculated by Equation (9), where R0 is the diameter
of the dry montmorillonite particle:

R(w) = R0 ·
3

√
1 + w
kw + c

(9)

According to the discrete element method, the cement between particles is circular with a particular
radius (r). Therefore, the strength of cement [σ] can be expressed by Equation (10):

[σ] =
F
πr2 =

a2w−4 + b2w−2

πr2 (10)

During the process of conducting uniaxial compressive tests on integrated specimens, the cement
between the montmorillonite particles breaks when the compressive stress surpasses the strength of
the cement. The maximal compressive stress σcmax is shown in Equation (11):

σ

(
r

R(w)

)2

ccmax (11)

The radius of a dry montmorillonite particle is a constant and the maximal compressive stress can
be simplified into Equation (12), where A and B are constants:

σ
(
Aw−4 + Bw−2

)( 1 + w
kw + c

)2/3

cmax (12)
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To determine the constants in Equation (12), a fitting equation for the experimental results shown
in Table 1 was obtain based on Equation (12), with w in the range of 0–0.87. A goodness of fit degree of
0.99 was obtained, as shown in Equation (13):

UCS =
(
0.018w−4

− 0.014w−2
)
/
( 1 + w

1.960− 2.249w

)2/3
(13)

In Figure 16, the UCS results of all the integrated specimens obtained earlier are plotted in the
space of UCS versus water content and are compared with the data calculated by Equation (13). As the
experimental results are in good agreement with the calculation results, the rationality of this method
can thus be verified. This model reflects the hydration weakening properties of montmorillonite
aggregates, as there is a decrease in UCS during water absorption. Moreiver, the hydration weakening
law of integrated montmorillonite matrix in mudstone can be indirectly determined when the water
content of mudstone is known.

With a low water content (w < 0.2 in this paper), the UCS of the integrated specimen exceeded
12 MPa. With an increase in the water content, the UCS firstly decreased sharply and then gradually
stabilised at zero. With a w of 0.6, the UCS was 0.04 MPa and the montmorillonite aggregates can flow
and provided no bearing capacity at all under the experimental conditions.Processes 2019, 7, x FOR PEER REVIEW 15 of 17 
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6. Conclusions 

An experimental scheme consisting of compaction tests and uniaxial compressive tests was 
designed in this study to investigate the hydration swelling and weakening of the montmorillonite 
matrix in mudstone. The following conclusions can be made: 

(1) This broken mudstone contains montmorillonite (52.39%), other clay minerals such as kaolin 
(35.38%) and non-clay minerals such as quartz, albite and microcline. The swelling and disintegration 
of mudstone is a naturally occurring phenomenon within the multicomponent material that is 
composed mainly of montmorillonite. The breakage of this hydrated mudstone is closely related to 
failure of the montmorillonite matrix and is influenced by the presence of micro-pores and -cracks. 

(2) The results of compacted tests and uniaxial compression tests show that an integrated 
specimen is a compacted standard specimen that has no change in its density or UCS with an increase 
in compacted stress. Such specimens can be used to represent the integrated montmorillonite matrix 
in mudstone as well as to study the swelling and disintegration properties of the montmorillonite 
matrix in this kind of mudstone, which is mainly composed of montmorillonite. 

(3) According to the hydration swelling model of montmorillonite, the density of the integrated 
montmorillonite matrix declines linearly with an increase in the water content, which can be 
explained by the linear increase of distance between montmorillonite layers. Therefore, the 
montmorillonite matrix of mudstone expands linearly in response to an increase in the water content. 
The expansion of montmorillonite induced the swelling and disintegration of this kind of mudstone. 

(4) According to the hydration weakening model of montmorillonite, which is a combination of 
electrostatic force and van der Waals force and is based on the discrete element method, the uniaxial 
compressive strength of an integrated specimen first decreases sharply and then gradually stabilises 
at zero with an increase in w. Under experimental conditions, the UCS was only 0.04 MPa with a w 
of 0.6; montmorillonite particles with w of 0.6 exhibit fluidity, which causes the mudstone to 
disintegrate. 

It is of note that the above hydration weakening model is based on the assumption that the 
particles are spherical. The actual structure of compacted clay is, however, more complex; therefore, 
the applicability of this model will be further investigated in future studies.  
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6. Conclusions

An experimental scheme consisting of compaction tests and uniaxial compressive tests was
designed in this study to investigate the hydration swelling and weakening of the montmorillonite
matrix in mudstone. The following conclusions can be made:

(1) This broken mudstone contains montmorillonite (52.39%), other clay minerals such as kaolin
(35.38%) and non-clay minerals such as quartz, albite and microcline. The swelling and disintegration of
mudstone is a naturally occurring phenomenon within the multicomponent material that is composed
mainly of montmorillonite. The breakage of this hydrated mudstone is closely related to failure of the
montmorillonite matrix and is influenced by the presence of micro-pores and -cracks.

(2) The results of compacted tests and uniaxial compression tests show that an integrated specimen
is a compacted standard specimen that has no change in its density or UCS with an increase in
compacted stress. Such specimens can be used to represent the integrated montmorillonite matrix in
mudstone as well as to study the swelling and disintegration properties of the montmorillonite matrix
in this kind of mudstone, which is mainly composed of montmorillonite.

(3) According to the hydration swelling model of montmorillonite, the density of the integrated
montmorillonite matrix declines linearly with an increase in the water content, which can be explained
by the linear increase of distance between montmorillonite layers. Therefore, the montmorillonite
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matrix of mudstone expands linearly in response to an increase in the water content. The expansion of
montmorillonite induced the swelling and disintegration of this kind of mudstone.

(4) According to the hydration weakening model of montmorillonite, which is a combination of
electrostatic force and van der Waals force and is based on the discrete element method, the uniaxial
compressive strength of an integrated specimen first decreases sharply and then gradually stabilises at
zero with an increase in w. Under experimental conditions, the UCS was only 0.04 MPa with a w of 0.6;
montmorillonite particles with w of 0.6 exhibit fluidity, which causes the mudstone to disintegrate.

It is of note that the above hydration weakening model is based on the assumption that the
particles are spherical. The actual structure of compacted clay is, however, more complex; therefore,
the applicability of this model will be further investigated in future studies.
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