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A B S T R A C T   

It is crucial to understand the compressive mechanical properties of bentonite for nuclear waste burial engi
neering while existing theories and methods are difficult to predict the mechanical properties and failure 
mechanisms of hydrated montmorillonite in the small strain scope. The structural evolution and mechanical 
behavior of different hydrated montmorillonite under compressive strain had been investigated through mo
lecular dynamics simulation. Results indicated that the characteristics of deformation and failure in three di
rections were as follows. Compression in the X-direction led to the bending of the clay mineral planes, and rapid 
crack nucleation causing brittle failure. Y-direction compression caused the orientation of the clay mineral to tilt, 
local chemical bonds broke and dislocations occurred. Z-direction deformation was characterized by interlam
inar compression, then stacking of layers, disordered distribution of atoms, and finally the collapse of the 
structural system. The mechanical properties of montmorillonite had a strong dependence on water content. 
There was a negative correlation between the ultimate compressive strength, Young’s modulus, and water 
content in the X- and Y-directions. Meanwhile the bilayer hydrated state had a higher ultimate compressive 
strength than the other two ones in the Z-direction.   

1. Introduction 

Nuclear waste is rich in radioactive nuclides with extremely toxic 
and long half-life, so it needs to be properly processed, sealed and safely 
stored, which safe disposal is a major problem in the world. At present, 
the acceptable engineering scheme is deep geological burial, that is, 
high-level nuclear waste is sealed in geological bodies about 500–1000 
m away from the surface [1]. 

The final deep geological disposal scheme of high-level radioactive 
waste in China is a multi-specific pathogen free deep geological disposal 
mode, and the buffer/backfill material is the last engineering barrier in 
the multi-specific pathogen free of high-level radioactive waste deep 
geological disposal repository [2]. 

Montmorillonite, the main clay mineral component of bentonite, has 
many advantages such as low permeability, low ion diffusion ability and 
good self-sealing ability, and has become a widely recognized engi
neering buffer/backfill material at home and abroad. It is of great sig
nificance to study the mechanical properties of bentonite, a buffer/ 

backfill material in deep geological nuclear waste repository, for the 
safety evaluation and design of deep geological disposal of high-level 
radioactive waste [3]. 

Up to now, a large number of experimental tests and theoretical 
derivation methods have been used to study the structural characteris
tics and mechanical behavior of clay minerals [4–7], such as the Bril
louin scattering method [8], nanoindentation test [9], and in-situ test 
[10]. The previous results showed that the mechanical properties of clay 
minerals were highly sensitive to water content and found obvious 
anisotropy in deformation and failure modes. At the same time, it was 
controlled by the local movement of clay aggregates at different scales 
[11]. Therefore, in the case of clay minerals, the molecular-level un
derstanding of the clay mineral-water system interaction played an 
important role in the development of their microstructural evolution 
and multiscale modeling calculations. 

The research methods of nano-mechanical behavior of clay minerals 
mainly include the first-principles and molecular dynamics (MD). First- 
principles can detect mechanical parameters such as elastic constants 
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and bulk modulus of clay minerals and the simulation results are 
convincing and reliable [12,13], but the number of atoms in the system 
that can be studied is very limited due to the heavy computational 
loading (not more than 100 atoms). The molecular dynamics method has 
the advantages of fast calculation speed, simulation of millions of atomic 
systems, and visual observation of the evolution process of clay mineral 
deformation and failure [14]. 

Therefore, molecular dynamics simulation was widely used to study 
the structural properties and nano-mechanical behavior of clay min
erals, such as montmorillonite [15], illite [16], kaolinite [17], muscovite 
[18], etc. Schmidt et al. [19] used steered molecular dynamics to study 
the evolution of interlayer stress of Na-montmorillonite with hydration 
degree. It was found that the response of interlayer stress with defor
mation was linear in dehydration and single hydration state, but it 
became nonlinear with the increase of hydration degree. Carrier et al. 
[20] applied Voigt-Reuss-Hill (VRH) approximation method to estimate 
the macroscopic elastic properties of isotropic clay matrix and obtained 
the variation law of bulk and shear modulus with water content. Results 
showed that as the increase in water content, both bulk and shear 
modulus found a decreasing trend. 

In the recent three years, Zhang et al. [21] explored the mechanical 
behavior of dehydrated kaolinite under uniaxial tension and compres
sion in three directions(X, Y and Z). Yang et al. [14,22] further studied 
the influence of water content and temperature on the tensile mechan
ical properties of kaolinite. Furthermore, Zhu et al. [11] used molecular 
dynamics simulation to explore the compressive mechanical behavior of 
dehydrated montmorillonite under different loading paths and di
rections but did not consider the water content. Zhang et al. [23] utilized 
micro-indentation and mini-compression tests to investigate the effects 
of different water content and structural anisotropy on the mechanical 
properties of clay rock. Meanwhile, Wei et al. [24] explored the response 
discipline of water content and structural anisotropy to the tensile me
chanical behavior of montmorillonite using molecular dynamics 
simulation. 

While numerous studies have been conducted around the nano
mechanical behavior of clay minerals, they were focused on the me
chanical properties under tensile and temperature effect. In contrast, the 
main deposit mineral of bentonite, one of which is the montmorillonite 
water adsorption and structural anisotropy has limited knowledge in 
terms of compressive mechanical behavior. And existing theories and 
methods are difficult to predict the mechanical properties and failure 
mechanisms of hydrated montmorillonite in the small compressive 
strain scope. 

This paper detected the deformation and failure mechanism of the 
montmorillonite-water system under compressive strain through mo
lecular dynamics simulation and introduced the bond fracture judgment 
criterion based on the radial distribution function of atom pairs to 
describe the structural characteristics of the system before compressive 
loading. Finally, according to the stress-strain relationship under 
different water contents, the response laws of mechanical parameters 
such as ultimate compressive strength and Young’s modulus of mont
morillonite in three directions were further explored. 

2. Simulation details 

2.1. System setup and force field 

The Wyoming montmorillonite is a 2:1 layered aluminosilicate clay 
mineral, with a “TOT” structure of two layers of silicon-oxygen tetra
hedron sandwiched by one layer of the aluminum-oxygen octahedron. 
The unit cell of montmorillonite was derived from the X-ray powder 
diffraction experiment of Viani et al. [25] and the formula is 
Na0.75(Si7.75Al0.25)(Al3.5Mg0.5)O20(OH)4. Isomorphic substitution of 
montmorillonite follows Lowenstein’s rule: (1) Adjacent silicon and 
aluminum atoms can not be substituted at the same time. (2) One out of 
every eight Al3+ is replaced by Mg2+ in the octahedral sheet, and one out 

of every 32 Si4+ in the tetrahedral is replaced by Al3+, where the sub
stitution sites are randomly distributed in the upper and lower 
silicon-oxygen tetrahedral and the middle aluminum-oxygen 
octahedral. 

The basal spacing of montmorillonite was adjusted from an initial 15 
Å to 9.6, 11.0, 12.5, and 14 Å, as shown in Fig. 1(a) and (b), then 4:2:1 
cell expansion and isomeric substitution are performed, and the random 
addition of 0、32、64、96 water molecules between the layers, corre
sponding to the system with water contents of 0% (dehydrated), 10% 
(one layer), 20% (two layers), 30% (three layers). Water molecules were 
distributed randomly in the interlayer space of montmorillonite, which 
the calculation formula is showed in Eq. (1). 

w% =
mH2O

mMMT
× 100% (1)  

Where w is water content, and mH2O and mMMT are represent relative 
molecular mass of water and montmorillonite respectively. 

At last, the model was expanded by 8a× 4b× 4c, and the supercell 
model of 128 cells was constructed. The modeling process of the 
montmorillonite-water system was shown in Fig. 1. 

CLAYFF force field was applied for this work [26], which had been 
widely used in the molecular dynamics simulation of the interaction 
between clay minerals and solution systems. The water molecules 
adopted the SPC model. The total potential energy of the system mainly 
includes bonding interaction and non-bonding interaction, which could 
be calculated by Eq. (2). 

Etotal = Ebond stretch + Eangle bond + ECoul + EVDM

= k1
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(
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(2)  

Where k1 and k2 are the force constants, and r0 and θ0 represent the 
equilibrium bond length and angle; rij is the distance between atoms i 
and j, θijk is the angle of atoms i, j, and k; qi and qj are the charges of 
atoms i and j, respectively; ε0 is the dielectric constant; ε and σ are the 
size and energy parameters respectively. The LJ potential parameters of 
different atoms are obtained by geometric and arithmetic averages, as 
shown in Eqs. (3) and (4). 

εij =
̅̅̅̅̅̅̅εiεj

√ (3)  

σij =
σi + σj

2
(4)  

2.2. Structural relaxation and simulation details 

MD simulations were performed by LAMMPS (Large-scale Atomic 
and Molecular Parallel Simulator) program and the Paracloud platform 
[27]. The periodic boundary conditions were applied in three directions. 
Lennard-Jones potential model calculated the van der Waals with the 
cut-off radius of 10 Å. The Verlet algorithm was used for the integral 
equation. The Ewald summation method was applied to calculate the 
long-range Coulomb electrostatic force. The accuracy was set to 
1.0 × 10− 6 with a cut-off radius of 8.5 Å. The energy minimization al
gorithm used the conjugate gradient method with energy and stress 
convergence criteria of 1.0 × 10− 6 kcal/mol and 1.0 × 10− 8 

kcal/(mol•Å) respectively, and the maximum number of iteration steps 
were both set to 1000. 

To keep the montmorillonite-water system in the lowest energy state, 
the system was equilibrated with the isothermal-isobaric (NPT) 
ensemble for 200 ps. The Nose-Hoover anisotropic thermostat and 
barostat were applied for controlling temperature and pressure, with a 
temperature of 300 K and pressure of 0.1 MPa. The simulation timestep 
was set to 1 fs. Equilibrium dynamic traces were obtained and the last 
50 ps were employed in analyzing the lattice constants, total energy, and 
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the basal spacing of montmorillonite at different water contents. 
After the system reached equilibrium, uniaxial compression loading 

was performed along X, Y, and Z-directions (corresponding to the [1 
0 0], [0 1 0], and [0 0 1] crystal orientation, respectively). Uniaxial 
compression simulations were achieved by changing the box size, which 
was called as strain-controlled loading method. The structural system 
was subjected to uniaxial compression along the X-direction by applying 
a certain compressive strain rate while maintaining the temperature and 
pressure at 300 K and 0.1 MPa in the Y- and Z-directions, respectively. 
Y- and Z-directions were simulated in uniaxial compression using the 
same approach. 

To evaluate the effect of compressive strain rate on the mechanical 
properties of montmorillonite, referring to the simulation results of Wei 
et al. [24] and Yang et al. [14] and considering the consistency of control 
variables, the strain rates adopted in this paper were 10 × 10–7 fs− 1, 
8 × 10–7 fs− 1, 5 × 10–7 fs− 1 and 3 × 10–7 fs− 1 respectively for uniaxial 
compression simulation to obtain a total strain of 0.3. The stress-strain 
curves during deformation and failure of montmorillonite in X-direc
tion were showed in Fig. 2. 

X-direction ultimate strain and maximum stress were not sensitive to 
the change in strain rate, and dehydrated montmorillonite coincided in 
the elastic stage under four different strain rates. It indicated that the 
compression rate was in the degree of 10− 7 fs− 1, even if slower three 
times, it would not greatly change the simulation results, which was 
consistent with the literature results of Zhang et al. [21] and Yang et al. 

[14]. Considering the accuracy of the simulation and saving computa
tional resources, this paper selected the compression strain rate of 
− 5 × 10− 7 fs− 1 to conduct the uniaxial compressive test for 600 ps to 
obtain a total strain of 0.3. In the process of uniaxial compression, the 
stress-strain relationship and displacement nephogram during defor
mation and failure were obtained. 

3. Results and discussions 

3.1. The atomic structure with different water contents before loading 

The lattice parameters and total energy of Na-montmorillonite after 
relaxation at different water contents were showed in Table 1. The lat
tice parameters in the OA and OB directions did not change much with 
the increase in water contents, and the largest change occurred in the OC 
direction, which increased almost linearly. It indicated that the increase 
in volume was mainly caused by the change in OC direction. The total 
energy of the structure decreased with the increase of interlayer water 
content because the interaction between interlayer cations and the clay 
platelet would consume some energy. The total time required for mo
lecular dynamics simulation of montmorillonite with water content of 
0%, 10%, 20% and 30% were 5 h and 18 min, 6 h and 4 min, 8 h and 
2 min, 14 h and 3 min respectively. 

The interlayer spacing of Na-montmorillonite rose with the increases 
in water content, as shown in Fig. 3, which indicated that montmoril
lonite had happened water swelling in different degrees. The basal 
spacing of montmorillonite was close to the values of previous refer
ences [24,31]. It was proved that the building model and using the 
CLAYFF force field were accurate and reliable. 

To understand the effect of water content on the structure of mont
morillonite, the radial distribution functions (RDF) of Al-Ob, Al-Oh, Si- 
Ob, and Ob-Hw were investigated at different water contents, as shown 
in Fig. 4. Where g(r) is the number of atomic pairs in the range r to 
r + dr, it can characterize the stacking state, order of atoms and the 
distance between each bond. With the increase of the first peak 

Fig. 1. Modeling process of hydrated Na-montmorillonite.  

Fig. 2. Dehydrated montmorillonite of stress-strain curves under different 
strain rates. 

Table 1 
Lattice parameters and total energy of Na-montmorillonite in different water 
content.  

Water content (%) Lattice parameters (Å) Total energy (Kcal/mol) 

OA OB OC 

0  41.497  35.969  38.453 -1245077.1 
10  41.728  36.170  44.306 -1249144.1 
20  41.801  36.233  50.436 -1252643.4 
30  41.888  36.309  56.606 -1256788.6  
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intensity, the atoms were stacked more tightly, and the structure order 
was enhanced. The r corresponding to the first peak intensity could 
represent the bonding distance of the atomic pair. 

In Fig. 4, the intensity of the first peaks in these RDF of Al-Ob, Al-Oh, 
and Si-Ob were positively correlated with water content. However, the 
position of the first peak that appeared at different water contents 
remained the same, which were 1.95, 1.93, and 1.57 Å respectively. It 
indicated that the increasing interlayer water content could make the 

atomic stack tighter, resulting in enhancing the interactive attraction 
between Al-Ob, Al-Oh, and Si-Ob atom pairs. While the intensity at the 
first peak of Ob-Hw decreased with the increasing water contents, which 
manifested that the interact attraction between the surface oxygen (Ob) 
of montmorillonite and water molecules was weakened at high water 
content. The analysis suggested that the increasing water contents could 
contribute to the basal spacing rising and montmorillonite swelling, 
which led to the weakening of the interact attraction between Ob-Hw. 

Yang et al. proposed a bond-breakage criterion based on RDF, which 
considered the minimum distance corresponding to the intensity of the 
first peak of these RDF to be 0 as the position where the bond started to 
break [14]. At this point, the interaction force between atomic pairs was 
0. It could be assumed that once the distance between pairs of atoms was 
perturbed by external strain greater than the distance, the bond would 
break. The above bond-breakage criteria can be applied to illustrate the 
structure properties of hydrated montmorillonite for the bonding of 
atomic pairs before loading. In the CLAYFF force field, only the covalent 
bonds such as hydroxyl bond and H-O-H between water molecules were 
considered, and interactions among other atoms were used for 
non-bonding. As a distinction, in the clay-water system, the bonding 
between Al…Ob, Si…Ob, Al…Oh and Ob…Hw was represented by 
virtual bonds. 

In Fig. 4, the cutoff distances for each virtual bond of Al…Ob, Al…Oh 
and Si…Ob was presented, which were 2.69, 2.63, and 1.85 Å, respec
tively. The values were close to the Al…Ob, Al…Oh and Si…Ob virtual 
bond cutoff distances of 2.65, 2.85, and 1.85 Å calculated by Wei et al. 
[24]. The reliability of the force field and the correctness of the bond 
fracture criteria were further verified. Furthermore, Ob-Hw can repre
sent the interaction between clay surface and interlayer water mole
cules, and the positions corresponding to the intensity of the first peak 

Fig. 3. The basal spacing of different hydrated montmorillonite (letters present 
references). a-[24]; b-[28]; c-[29]; d-[30]; e-[31]. 

Fig. 4. Radial distribution functions of Al-Ob, Al-Oh, Si-Ob, and Ob-Hw with different water content.  
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with different water contents were 2.85, 2.67, and 3.03 Å, respectively. 
The maximum distance to form a hydrogen bond is 3.5 Å as determined 
by the definition of Lazur et al. [32]. It was evident that the oxygen 
atoms on the clay surface can form hydrogen bonds with water mole
cules. The hydrogen bonds formed between clay-Hw play an important 
role in the mechanical properties of montmorillonite. 

3.2. Deformation and failure mechanism of the hydrated montmorillonite 

3.2.1. Stress-strain relationship under uniaxial compression 
Studying the stress-strain relationship of the clay-water system from 

a microscopic perspective is crucial to building predictive hydrome
chanical microscopic constitutive laws in a bottom-up approach. The 
stress-strain relationship obtained by uniaxial compression tests along 
X-, Y-, and Z-directions for different hydrated montmorillonites were 
shown in Fig. 5. 

The process of deformation and failure was divided into three stages 
(1) elastic deformation stage OA (2) fracture deformation stage AB (3) 
failure deformation stage BD. Where the O point refers to the initial state 
under the started strain with 0. Point A is the peak stress, point B pre
sents the position of the steep drop from the peak stress to the lowest 
point, and points C and D correspond to the deformation state at strain 
0.15 and 0.2, respectively. The elastic deformation stage was charac
terized by a linear increase in stress with strain where the material could 
resist deformation at this stage. 

With further compression, the strain continued to increase but stress 

decreased, indicating that the montmorillonite entered the fracture 
deformation stage. Last but not least, no matter how the strain increased, 
the stress was in a small range of fluctuations near the stable value, it 
was considered to be in the stage of failure deformation. 

In Fig. 5(a), the stress increased linearly with strain from an initial 
state (O) to the peak stress (A) during compression of the hydrated 
montmorillonite along the X-direction. However, the slope of the stress- 
strain curve was distinct with different water contents, and the slope of 
the curve was smaller for higher water content, which suggested that 
interlayer water significantly reduced the stiffness of montmorillonite in 
the x-direction and the material’s ability to resist elastic deformation 
was weakened. Thereafter, there was a sharp and steep drop from the 
peak stress (point A) to a relative minimum (B), when the number of 
strain changes was small but stress reduction was large, which indicated 
a sudden brittle failure to the structure. 

Points O to A (Fig. 5b) had a linear growth zone similar to 
compression along the Y-direction and the slope decreased with 
increasing water contents, knowing that enhancing water contents 
weakened the stiffness in the Y-direction of montmorillonite. During the 
process from point A to B, the hydration of montmorillonite enhanced 
and the strain continues to increase but the stress decrease appeared in a 
flat segment, which meant that the montmorillonite underwent plastic 
deformation along the Y-direction, and it could characterize the ability 
of the material to withstand impact. 

The compressive mechanical behavior of montmorillonite in the Z- 
direction showed nonlinearity and it was linear at small strain (ε0–0.065) 

Fig. 5. Stress-strain curves of Na-montmorillonite with different water contents along three directions (x, y and z).  
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after the beginning of loading (Fig. 5c), which manifested that mont
morillonite had elastic mechanical properties in this state. After linearity 
it became a nonlinear phase, increasing with strain until the peak stress 
was reached. 

However, montmorillonite exhibited distinct mechanical behaviors 
in different hydration states, with the bilayer hydration montmorillonite 
showing higher peak stress than monolayer hydration. Montmorillonite 
in the monolayer and trilayer hydration state peak stress decrease trend 
was similar, and the stress drop was slow, meaning that monolayer and 
trilayer hydration montmorillonite had obvious ductile mechanical 
characteristics. These simulation results did not agree well with the 
conclusions obtained from previous experiments. 

To further understand the special mechanical behavior of bilayer 
hydrated montmorillonite, Zhu et al. [33] investigated the atomic 
configuration of montmorillonite for different hydration states at peak 
stress. The deformation of montmorillonite could be described as 
interlayer domain compression, slight bending of clay planes, and 
disordered atomic arrangement, leading to the complete collapse of the 
structure. Especially in the monolayer hydration state was the most 
obvious, the structural deformation in the system was the most serious, 
leading to the peak stress in the monolayer hydration state being lower 
than the bilayer hydration. It can be concluded that the special me
chanical behavior of bilayer hydrated montmorillonite was mainly 
attributed to the stable evolution of clay-solution interaction and 
deformation mode. 

As mentioned above, the peak stress decreased with enhancing water 
content in the X- and Y-directions, and the maximum drop occurred at 
10% water content. In the Z-direction, the variation pattern of peak 
stress with water content was not as obvious as in the X- and Y-di
rections, especially at a water content of 20%. This was mainly attrib
uted to the difference in the deformation characteristics of clay platelet. 
In conclusion, the presence of interlayer water reduced the deformation 
resistance of montmorillonite, which was one of the critical factors for 
water adsorption and softening of soft rocks to induce large deformation 
and collapse. 

3.2.2. Analysis of structural deformation during compression 
The microscopic evolution pattern of deformation and failure for 

hydrated montmorillonite under uniaxial compressive strain was pre
sented visually, which helped to understand the above stress-strain 
relationship. Since the deformation and failure patterns of montmoril
lonite were similar under four different water contents, the montmo
rillonite with 20% water content was selected for analysis, and the 
displacement clouds during deformation are shown in Fig. 6. 

During compression, the atoms of hydrated montmorillonite were 
colored according to their displacement, and the color shades could 
represent the magnitude of the atomic motion displacement. In the 
strained state at point A in Fig. 6(a), the atomic displacement decreased 
from the boundary to the interior along the Z-direction, which still 
maintained the crystal structure, corresponding to the elastic phase of 
the OA in Fig. 5(a). With the accumulation of compressive strain, the 
clay layer produced buckling in the point B state, and the rapid expan
sion of cracks led to a sharp drop in stress. The strain accumulated from 
point C to D, the bending expands further, and the crack extends to reach 
the final failure mode. 

In the stress at point B in Fig. 6(b), the crystal structure showed 
obvious deformation failure, but the clay layer orientation of the frac
ture failure mode was different from the X-direction. The clay platelet 
was observed to be tilted, with localized chemical bond breaks and 
obvious dislocations. However, in the strain state after point B, the 
movement of interlayer water molecules in the montmorillonite slit was 
more violent. In Fig. 6(c), during the gradual compression, the basal 
spacing of montmorillonite decreased, and the interlayer pore space 
disappeared, followed by the stacking of clay layers and the squeezing of 
water molecules into the clay layers. Continued compression of the 
structure produced deformation failure and more water molecules 

entered the crystal structure, and the entering water molecules could 
weaken the bonding ability of the clay layer, leading to a reduction in 
the peak stress of montmorillonite. 

3.3. Compression mechanical parameters 

Ultimate compressive strength and ultimate compressive strain are 
the peak stress on the stress-strain curve and its corresponding strain. 
From the stress-strain relationships of Na-montmorillonite along the 
three directions at different water contents in Fig. 5, it could be seen that 
after the strain of 0.2, the stress no longer rise with the increase of strain, 
but kept fluctuating slightly around a certain fixed value. To ensure the 

Fig. 6. The corresponding microstructures and strain cloud maps of Na- 
montmorillonite with the water content of 20% along x-, y- and z-directions. 
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reliability of the residual compressive strength, we took the stress at 
strain 0.3 as the final residual compressive strength [24]. Young’s 
modulus was obtained by the slope of the linear elastic state in a small 
strain range, where the selected strain ranges in three directions are: εx 
= 0.06, εy = 0.05, and εz = 0.065. Based on the ultimate compressive 
strength in three directions (X, Y and Z), the overall ultimate compres
sive strength can be calculated. Computed by Eq. (5). 

σcoverall =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σcx

2 + σcy
2 + σcz

2

3

√

(5) 

To illustrate the post-peak intensity attenuation behavior of the hy
drated montmorillonite, Peng et al. [34] proposed the intensity atten
uation coefficient (Ds), which could be expressed as: 

Ds =
σc − σr

σc
(6)  

Where σc represents ultimate compressive strength, and σr represents 
the residual compressive strength. The residual compressive strength, 
intensity attenuation coefficient, and overall ultimate compressive 
strength of montmorillonite along three directions (X, Y and Z) with 
different water contents were shown in Table 2. 

The ultimate compressive strength and Young’s modulus were 
illustrated in Fig. 7. In this paper, the ultimate compressive strength of 
dehydrated Na-montmorillonite in the X, Y and Z directions were 
20 GPa, 22 GPa and 32 GPa, respectively, while the simulation values of 
Han et al. [35] were 21 GPa, 22 GPa and 34 GPa, respectively. By 
comparing them, it was found that the relative errors were 5%, 0% and 
6.25%, which showed that the simulation results in this paper were 
consistent with those in previous literatures. The result of Young’s 
modulus for dehydrated montmorillonite along the Z-direction was 
55.116 GPa, while the values measured by Han et al. [35] and Katti et al. 
[36] were 54.56 GPa and 54.96 GPa, respectively. The comparison 
found that the results of this paper were similar to those of previous 
studies, confirming the reliability and correctness of the model and force 
field. 

The ultimate compressive strength and Young’s modulus of mont
morillonite in the X- and Y-directions decreased with increasing water 
content, which indicated that interlayer water can reduce the strength 
and stiffness of montmorillonite. The ultimate compressive strength of 
montmorillonite along the Z-direction decreased linearly with 0%, 10%, 
and 30% water content, but a significant hysteresis occurred to 20% 
water content. Young’s modulus showed obvious fluctuations at four 
different water contents, implying that the stiffness of montmorillonite 
along the Z-direction was sensitive to changes in water content. This was 
mainly attributed to the random distribution of water molecules in the 
interlayer space of montmorillonite and the interaction of the hydroxyl 
and silica layers with the water molecule. It further provided evidence 
for the anisotropy of mechanical properties of montmorillonite. 

The residual compressive strength of hydrated Na-montmorillonite 
had a capacity of Z > Y>X in three directions, indicating that mont
morillonite had the strongest resistance to damage in the Z-direction. It 
was why compression in the Z-direction led to a decrease in the basal 
spacing of montmorillonite, enhancing the van der Waals and Coulomb 
forces between the crystal layers, and an increase in the non-bonding 
interaction forces. Even though the structure was broken, there was 

still some resistance to deformation. 
The intensity attenuation coefficient can reflect the capacity and 

mode of failure to some extent. The maximum intensity attenuation 
coefficient was 0.881 in all cases (corresponding to the state with 20% 
water content along the X-direction). From the stress-strain relationship 
in Fig. 5, it was clear that an abrupt brittle failure occurred in this state. 
While the minimum strength decay coefficient was 0.575 (correspond
ing to 10% water content along the Z-direction), and a gentle transition 
phase occurred at the peak stress and the turning point, which can be 
assumed that montmorillonite had some ductility and plastic failure 
occurred in this state. 

4. Conclusions 

Molecular dynamic simulations have been applied to study the effect 
of water content and structural anisotropy on atomic structure and 
compression mechanical properties of montmorillonite in three di
rections. The following conclusions were obtained:  

(1) Since the CLAYFF force field could not describe the formation and 
breakage of bonds between atoms, a bond-breakage criterion 
based on the radial distribution function of atomic pairs was 
introduced to describe the structural properties of montmoril
lonite in terms of bond formation before loading. This bond 
breakage criterion could be applied to other clay minerals and 
crystal structures.  

(2) The basal spacing of hydrated montmorillonite were consistent 
with the previous simulation results. The effect of water content 
on the RDF of Al-Ob, Al-Oh, and Si-Ob was as follows: increasing 
the water content can enhance the intensity of the first peak of 
RDF, but it had little effect on the position of the first peak. 

(3) When compressed along the X and Y-directions, there were dif
ferences in the deformation and failure modes of hydrated 
montmorillonite. There was a bending of the clay mineral layer 
and fracture of chemical bonds locally, resulting in the brittle 
failure in the X-direction. While for the clay layer in the Y-di
rection, there was a certain inclination and dislocation at the 
fracture. Deformation features of the structure in the Z-direction 
can be described as interlayer compression, slight bending of the 
clay layer, and disorder of atomic arrangement, which eventually 
led to the complete collapse.  

(4) The interlayer water remarkably decreased the ultimate 
compressive strength and Young’s modulus of montmorillonite in 
the X- and Y-directions. The hydration of montmorillonite led to 
the reduction of strength and stiffness. At high water content 
(30%), the ability of water molecules to invade montmorillonite 
crystals was enhanced, and the deformation and damage were 
more severe when disturbed by external compressive strain. The 
above fully demonstrated that montmorillonite had obvious 
anisotropic properties. 
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