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Abstract: Clay minerals can experience strong tensile and compressive forces in extreme environments such as the deep sea and
subsurface. Moreover, the presence of water films greatly affects the mechanical properties of clay. To explore these properties,
we use a molecular dynamics (MD) simulation method to study axial mechanical behavior and failure mechanisms of hydrated
kaolinite. Two types of deformation are applied to kaolinite examples with varying water film thicknesses: stretching along the
transverse (x) direction, and compression along the longitudinal (z) direction. The ultimate strengths of hydrated kaolinite with
different water film thicknesses range from 8.12% to 27.53% (for stretching along the x-direction) and from 15.71% to 26.02%
(for compression along the z-direction) less than those of dehydrated kaolinite. Additionally, we find that hydrated kaolinite is
more prone to tensile than compressive failure under high stress. When stretched along the x-direction, the diffusion of water
molecules results in unstable tensile properties. When compressed along the z-direction, water films weaken the compressive
strength of the system and lead to greater compressive deformation, but also delay the time at which the system fails. Furthermore,
we investigated the failure mechanisms of hydrated kaolinite through analysis of interaction energies. The tensile failure along
the x-direction is caused by the breaking of the covalent bonds in the clay mineral sheet. On the other hand, the compressive

failure along the z-direction is due to the crushing of the internal structure of the clay mineral sheet.
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1 Introduction

Settlement consolidation, tunnel excavation, and
oil and gas production are often performed in extreme
environments like the deep ocean or subsurface (Gonzalez
et al., 2012; Wongsaroj et al., 2013). Hydrated clays,
as part of rocks in these environments, are subjected
to high stresses (Zhang, 2018). The mechanical pro-
perties of clay can be weakened by water, which may
lead to microscopic damage under high tension and
compression, and cause serious engineering hazards
(Milheiro etal., 2005; Zhao et al., 2007). However, know-
ledge of the micro-mechanics that govern the structural
changes of hydrated clay is still limited. Kaolinite is a
common non-swelling clay mineral, which can absorb
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water molecules to form water films, thereby influencing
the macroscopic mechanical properties (Tunega et al.,
2004; Solc et al., 2011; Lu et al., 2025). Therefore, it is
crucial to investigate the mechanical behavior and fail-
ure mechanisms of hydrated kaolinite under high ten-
sion and compression.

Macroscopic experiments have demonstrated that
water films have a significant impact on the mechani-
cal properties of clay, such as limiting the water con-
tent (Moreno-Maroto and Alonso-Azcarate, 2015;
Spagnoli et al., 2017). The reason for this phenome-
non is that the clay gradually forms different bound
water films as the water content increases (Ma et al.,
2019). However, there is little research on hydrated
kaolinite under high stress, especially investigating the
mechanisms at the microscopic level.

Molecular dynamics (MD) enables the study of the
physical properties of micro-clay minerals at the atomic
scale, which leads to an improved understanding of the
deformation and failure mechanisms of such materials
(Fan et al., 2023). The MD simulation method has
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been employed to study the mechanical behaviors
of dehydrated kaolinite; for example, in the elastic—
plastic stretching of kaolinite, the most broken bond
in the atomic structure at all stages is the AlI-O bond
(Yang et al., 2019). It has been found that the weak-
est mechanical properties of clay minerals are attrib-
uted to networks of hydrogen bonds (Duque-Redondo
et al., 2014). The surface energy of the clay has also
been exploited in some studies (Benco et al., 2001) to
investigate the failure mechanism of kaolinite. Zhang
et al. (2021) simulated the uniaxial strain behavior of
dehydrated kaolinite and obtained its anisotropic me-
chanical response.

However, with regard to the influence of water on
kaolinite, most MD simulations have only studied the
anisotropic adsorption (Smirnov and Bougeard, 1999;
Liu et al., 2012) and diffusion behavior (Chen et al.,
2019; Sun et al., 2021; Lu et al., 2024c) of water mol-
ecules. Research on the mechanical properties of na-
noscale clay minerals with water films has mostly fo-
cused on montmorillonite (Wei et al., 2023), illite (Lu
et al., 2024b), but not kaolinite. However, the short-
and long-term reliability and failure properties of clay
(e.g., cracks during tension and collapse during com-
pression) are vital for various engineering applications
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(Armand et al., 2013). Furthermore, the presence of
interlayer water films makes clay minerals highly sus-
ceptible to damage during tension and compression.
Therefore, it is important to investigate the mechanism
by which water films weaken the tensile/compressive
properties of hydrated kaolinite.

Accordingly, we investigate the influence of water
films on the tensile and compressive properties of ka-
olinite using the MD simulation method. Uniaxial ten-
sion along the transverse (x) direction and uniaxial com-
pression along the longitudinal (z) direction were ap-
plied on kaolinite having one to four layers of inter-
particle water molecules. The deformation and failure
mechanisms of these different kinds of hydrated ka-
olinite are then studied.

2 Simulation methods

2.1 Modeling

Kaolinite is a 1:1 clay mineral composed of one
octahedral alumina sheet and one tetrahedral silica sheet,
having the unit-cell formula of Al,Si,0,(OH),, as illus-
trated in Fig. 1c. The atomic structure of kaolinite was
elucidated using X-ray diffraction measurements with
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Fig. 1 Simulation details of the model: (a) kaolinite with one water film layer; (b) 12ax7bx1c kaolinite supercell and two
kinds of polyhedron sheet; (c) kaolinite crystal and SPC water molecule; (d) uniform tensile deformation along the x-
direction and compressive deformation along the z-direction. The tensile and compressive strain rates of deformation were
1x10°° fs™'. The atoms are colored according to their types. References to color refer to the online version of this figure
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the unit-cell parameters a=5.1489 A, h=8.9340 A, c=
7.3840 A, 0=91.93°, f=105.05°, and y=89.80° (Neder
et al., 1999). The simple point charge (SPC) water model
was applied in this clay—water system, with a bond
length of 1 A and an angle of 109.47° (Jorgensen et al.,
1983). As shown in Fig. 1a, the clay mineral sheet is
the 12ax7bx6¢ kaolinite supercell formed by replicating
the unit cell. This size is large enough to ignore size
effects on mechanical simulations. In addition, 420,
840, 1260, and 1680 water molecules are added be-
tween the particles of kaolinite to form one to four
layers of water films, respectively (Lu et al., 2024a).

2.2 Simulation details

The simulations were performed using LAMMPS
(Largescale Atomic/Molecular Massively Parallel Si-
mulator) (Plimpton, 1995). Furthermore, we used the
ClayFF force field (Cygan et al., 2004), which is a popular
function for simulating the crystal structure of clays
(Porion et al., 2007; Suter et al., 2007) and the mobility of
interlayer water (Leng and Cummings, 2006; Kalinichev
et al., 2007). As a general-purpose force field for mo-
lecular simulations of layered materials and their fluid
interfaces, ClayFF primarily incorporates non-bonded
potentials, where only hydroxyls and water molecules
incorporate bond stretching and bond-angle bending
terms. This ensures the accuracy of predictions while
simplifying calculations (Tang et al., 2019; Geng et al.,
2024). Other studies have shown that physical proper-
ties are accurately reproduced in similar simulations,
including energy properties such as elastic constants,
bulk modulus, dielectric constants, vibrational spec-
tra, and stress—strain relations (Pouvreau et al., 2019;
Tararushkin et al., 2022).

The Coulombic interactions, van der Waals inter-
actions, bond stretching, and angle bending are expressed
in Egs. (S1)—(S6) of the electronic supplementary ma-
terials (ESM). Periodic boundary conditions are applied
in all directions, allowing particles to interact across the
boundaries, exit at one end of the box, and re-enter
at the other end. Both the temperature (7) and pressure
(P) were controlled using the Nosé¢-Hoover schemes
(Hoover, 1985). The cutoff of the van der Waals force
was set at 10 A. Long-range Coulombic interactions
were computed using the Ewald summation with a toler-
ance of 1x10™, The system was brought through a two-
step process under standard ambient conditions (7=
300 K; P=101325 Pa) using the NPT (constant-pressure,

constant-temperature) ensemble. First, a 500-ps-long
simulation was performed and the system reached a
steady state after this equilibrium process. Next, we
simulated the tensile and compressive deformations at
500 ps.

It is well-established that the longitudinal com-
pression of clay will invariably result in transverse
tension given unconfined conditions; the inverse holds
as well. Considering this phenomenon, we implement
two custom uniform deformations on kaolinite with
varying water film thicknesses. Specifically, uniform
tensile and compressive deformations are applied along
the x-direction (1 0 0) and z-direction (0 0 1), respec-
tively, with a strain rate of 1x10° fs™', as depicted in
Figs. 1c and 1d. During the process of tension and com-
pression, data sampling was performed every 1 ps.

3 Results and discussion

3.1 Stress

Fig. 2a shows the stress—strain curves under stretch-
ing along the x-direction, and the tensile strength and
strain at failure (or ultimate tensile strength and strain)
at the failure point F, are shown in Table S1 of the ESM.
As expected, the tensile stress on the systems decreases
with the increase in the water film thickness. The fail-
ure tensile strengths (or ultimate tensile strengths, point
F) of hydrated kaolinite range from 8.12% to 27.53%
less than those of dehydrated kaolinite. However, the
corresponding failure strain (or ultimate tensile strain,
point /) is very similar (¢=0.13). Hence, the water film
weakens the tensile strength of hydrated kaolinite but
does not affect the critical condition for its failure.

The atomic bond length can be analyzed using a
radial distribution function (RDF) (Fan et al., 2022;
Zhang and Song, 2022), which represents the proba-
bility of the central atom finding the target atom. The
coordination number is obtained by integrating the ra-
dial distribution function. In Fig. S1 of the ESM, the
coordination number corresponding to the first trough
ofthe RDF curve represents the number of atoms bonded
to the central atom (Zhang et al., 2014). St, Ao, Ob, and
Oh represent the tetrahedral silicon, octahedron alumi-
num, bridge oxygen, and hydroxyl oxygen, respectively.
For example, in the Ao—Oh curve in Fig. Sla, each Ao
atom is connected to four Oh atoms, with a bond length
of ¥=2.99 A. Therefore, we formed virtual Ao—Oh,
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Fig. 2 Mechanical response of dehydrated and hydrated kaolinite when stretched along the x-direction: the stress—
strain curves (a); the snapshots in the tensile process of dry (b) and hydrated (c) kaolinite. Point F_is defined as the
moment of structural failure. The hydrated kaolinite in Fig. 2c is the case with one layer of water film. References

to color refer to the online version of this figure

Ao—-Ob, and St—Ob bonds in kaolinite with the dis-
tances of 2.99 A, 3.20 A, and 2.06 A, respectively, as
shown in Figs. Sla—S1c. Based on this, the relation-
ship between the bonds and the deformation and failure
can be studied, as shown in the snapshot images of
Figs. 2b and 2c. It can be seen that when ¢=0.13, the
tensile failure was mainly caused by the breaking of co-
valent bonds in the clay mineral sheet. Moreover, when
£=0.50, the clay mineral sheet was split into two parts.
Fig. 3a shows the stress—strain curve resulting from
compression along the z-direction, with negative val-
ues representing compressive stress. It is clear that the
water films have a significant effect on the longitudi-
nal compressibility of kaolinite. The failure compres-
sive strengths of hydrated kaolinite range from 15.71%
to 26.02% less than those of dehydrated kaolinite
(Table S1). Furthermore, the failure compressive strain
increases as the number of layers of water film increases,
meaning that the water films act to delay the failure time
of kaolinite. It can be seen in Figs. 3b and 3c that the
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clay mineral sheet and water film were slightly disturbed
at failure point £, and subsequently at failure strain ¢=
0.27, the structures were completely crushed.

Opverall, the compressive strength is much higher
than the tensile strength, although it is weakened more
significantly by water (Table S1). The van der Waals
force can be used to explain the higher stress levels
(Eq. (S2) and Fig. S2), since atoms need to overcome
these attractions for stretching behavior to occur. The
van der Waals force between particles will first increase
and then gradually decrease as distance increases, in-
dicating that the stretching between two atoms becomes
easier. Conversely, the van der Waals forces cause re-
pulsion when the atoms are compressed, which increases
significantly as the atomic spacing becomes closer. The
same is true for Coulombic potential energy (Eq. (S1)).
Hence, the compressive stress is higher than the tensile
stress, and overall, the tensile strengths of dehydrated
and hydrated kaolinite are both far lower than their
compressive strengths (Table S1). Therefore, kaolinite

£,70.27

Fig. 3 Mechanical response of dehydrated and hydrated kaolinite compressed along the z-direction: the stress—strain
curves (a); snapshots during the compressive process of dry (b) and hydrated (c) kaolinite. Point F, is defined as the
moment of structural failure. The hydrated Kkaolinite in Fig. 3¢ is the case with one layer of water film. References to

color refer to the online version of this figure
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mineral sheets in extreme environments are more sus-
ceptible to tensile failure than compressive failure.

Hydrated kaolinite systems can be divided into two
components to analyze the weakening mechanism of
water films: clay mineral sheets and water films. The
stresses on each component were calculated separately,
as shown in Fig. 4. When stretching along the x-direction
(Fig. 4a), the trends for the hydrated kaolinite are very
similar to that of the dehydrated kaolinite for the stress
of the clay mineral sheet. In fact, both the failure stresses
and strains (at point ') are almost equal for dehydrated
and hydrated kaolinite. Thus, the tensile properties of
kaolinite mineral sheets are not affected by water films
when kaolinite is subjected to uniform stretching along
the x-direction.

However, for differing water film thicknesses, the
stress curves are not as similar, as shown in Fig. 4b. The
unstable diffusion of water molecules results in signif-
icant stress fluctuations on the water film, even reach-
ing negative values (which correspond to compressive
stresses). The average stresses for one to four layers of
water films before failure (before the dashed line at =
0.13) were calculated, and were 0.051, —0.0012, —0.014,
and -0.0086 GPa, respectively. The stress on the water

Layers of interparticle water:

film decreases as its thickness increases, and the stress
on a single water film layer is much more significant.
Therefore, Fig. 2a shows that the kaolinite with one
water film layer is subjected to higher tensile stress,
while the lower stresses of other water films make that
of the other cases lower. In conclusion, the thicker the
water film, the smaller the stress on it, which leads to
a smaller tensile stress on the clay—water system. This
is the basic mechanism by which water films weaken
the tensile properties of kaolinite.

The trend of the stress—strain curve when hydrated
kaolinite was compressed along the z-direction is en-
tirely different from that of the tensile curve. The curves
in Figs. 4c and 4d almost coincide with the curves of
the clay—water system in Fig. 3a, which means that the
strength and development of compressive stress in the
clay mineral sheets and the water films are similar. This
is because the water films and clay mineral sheets re-
pelled each other during the compression process, and
the stress at the contact surface is the same (Fig. S3 of
the ESM).

In the compression process, the water film weakens
the compressive properties of hydrated kaolinite for
two reasons. First, the water film increases the volume
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Fig. 4 Stress—strain curves of the clay mineral sheet (a) and water film (b) when stretched along the x-direction, and those
of the clay mineral sheet (c) and water film (d) when compressed along the z-direction



of the clay—water system, so the stress as a volumetric
force decreases with the thickening of the water film.
Second, the water film divides the clay mineral into two
parts. As the thickness of the water film increases,
compressing the two adjacent mineral sheets becomes
more difficult.

3.2 Strain
3.2.1 Strain stretching along the x-direction

The volumetric strain (¢,) and linear strain (&) of
the system during stretching along the x-direction can
be observed. Fig. 5a shows that the system’s volume
increases under uniform stretching, and the volumet-
ric strain (g,) decreases with an increase in the water
film thickness. As shown in Fig. 5b, compression oc-
curs along the z-direction with stretching, and the lin-
ear strain (¢.) decreases more significantly as the water
film thickens because of the high compressibility of the
water film. Hence, interparticle water films can promote
compression along the longitudinal direction, thereby
delaying volumetric expansion (Fig. 5a).
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Fig. 5 Strains of dehydrated and hydrated kaolinite when
stretching along the x-direction: (a) volume strain ¢ (b) linear
strain g,
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In addition, it can be seen in Fig. 4 that the failure
strains (at point F) are similar for all cases. As men-
tioned earlier, the water film thickness does not affect
the tensile properties of the clay mineral sheet, nor does
it change the system’s length (/, the initial length / ~
62.25 A). The tensile values (Al) were similar under
the same strain ¢. Hence, all five clay cases will be
destroyed when the covalent bond breaking point (Al =
e1,~8.09 A, where the failure strain is £=0.13) is
reached. Broken covalent bonds in the clay mineral
sheets are the reason for failure when stretching along
the x-direction.

3.2.2 Compression along the z-direction

Two volumetric strain curves were obtained when
all cases were compressed along the z-direction. Fig. 6a
shows the volumetric strain of the clay—water system,
and Fig. 6b shows the volumetric strain for the clay
mineral sheets themselves. As shown in Fig. 6a, the
failure volumetric strain ¢, (at point F) of the system
decreases as the water film thickness increases. The
thicker the water film, the more compressible the sys-
tem. However, in Fig. 6b, the failure volumetric strains
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Fig. 6 Volumetric strain (¢) of clay—water system (a) and
clay mineral sheets (b) when compressed along the z-direction
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for all the clay mineral sheet cases are almost equal.
Hence, the enhanced compressive deformation of the
system is mainly due to the increase in the water film
thickness. The water film helps guard against the fail-
ure of hydrated kaolinite.

In Fig. 6b, the failure volumetric strains (g,) of the
five cases are almost equal, showing that the critical
conditions for crushing clay mineral sheets are the same
(e.g., the critical length when the covalent bond of the
clay mineral sheet is crushed). Moreover, the failure
strain (g,) increases as the water film thickness increases.
Like in Fig. 6a, hydrated kaolinite is crushed more slowly
thanks to the water film delaying the mutual extrusion
of the two adjacent clay mineral sheets. Therefore, when
hydrated kaolinite is compressed, the water film is com-
pressed first, and the connections of the water film (i.e.,
non-bond and hydrogen bonds) are broken.

3.3 Failure mechanism
3.3.1 Stretching along the x-direction

In the ClayFF force field, the calculation of ka-
olinite’s covalent bonds is included in the formula of
the non-bond interactions (such as van der Waals forces
and Coulomb potential energy, shown as Eqgs. (S1) and
(S2), respectively). Figs. S4 and S5 in the ESM thor-
oughly explain the analysis of non-bond interactions.
Therefore, the bond-breaking phenomenon of kaolinite
sheets can be understood by analyzing the interaction
energy (E, o) 0f St--Ob, Ao---Ob, and Ao---Oh
(EenncionEnonsond™Evangerwaats B crossc)» @S shown in Fig. 7.
The negative value indicates the interaction between
two atoms. An increasing interaction energy means that
the atomic bond is elongated. When the interaction
energy changes suddenly, this is considered the break-
ing of a bond. The strain corresponding to the dashed
line is the failure strain (¢,=0.13).

By comparing the positions of the mutation point
of three curves, one can see that the covalent bonds
break in the order of Ao---Oh, St---Ob, and then Ao---
Ob, which shows that the most easily broken bond is
Ao---Oh (Duque-Redondo et al., 2014). Interestingly,
the mutation point of Ao---Oh is very close to the po-
sition of the dashed line (failure strain). Thus, the struc-
tural failure of hydrated and dehydrated kaolinite should
start with the breaking of the Ao---Oh bond (the criti-
cal value of its breaking is A/~8.09 A, as mentioned
in Fig. 5) and then lead to the dissolution of the other
two covalent bonds.
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Fig. 7 Interaction energy of atomic pairs in clay mineral
sheets when dehydrated (a) and hydrated (b) kaolinite are
stretched along the x-direction. The hydrated kaolinite is
the case with one layer of water film (1 kcal=4185.85 J)

Observing the interaction energy not only eluci-
dates the order of bond breaking, but also showcases
the law of bond rebounding. Different trends occurred
after the mutation point was passed. For the St---Ob and
Ao---Oh bonds, the interaction energy suddenly de-
creased after the mutation point, indicating a sudden
shortening of the atomic distance. The reason for this
is that at the moment when the St---Ob and Ao---Oh
bonds break on the fracture surface, those on the non-
fracture surface rebound. Conversely, the Ao---Ob curve
shows an upward trend after the mutation point, mean-
ing that the rebounding ability of the Ao---Oh bond is
weak. Fig. 8 details the phenomenon of the fracture and
rebound of three covalent bounds.

3.3.2 Compression along the z-direction

The changes in the van der Waals and Coulomb
potential energy of the system during the compressive
process are presented in Fig. 9. The van der Waals po-
tential energy (red line), displaying a positive value, is
mainly repulsive. Before failure, the atomic spacing be-
comes smaller under compression, leading to increased
van der Waals repulsion. Then, the arrangement of atoms
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Fig. 8 Order (a—d) of the three kinds of bond breaking (Ao---
Ob, Ao---Oh, and St---Ob) of clay mineral sheets in the tensile
process (in x-z plane). The colors of the atoms are the same
as in Fig. 1. References to color refer to the online version
of this figure

becomes disordered after failure, resulting in a decrease
in the van der Waals force. Interestingly, the develop-
ment of the van der Waals energy almost parallels the
stress—strain curve (gray line), which shows that the van
der Waals force determines the stress and failure with
compressive deformation. The compressive stress in-
creases with the van der Waals repulsion, and vice versa.

In contrast, the negative Coulomb interaction en-
ergy (blue line) shows that the attraction between at-
oms with opposite charges is more significant. As the
atomic spacing is compressed, the increases in attrac-
tion and repulsion are not synchronized, resulting in
complex changes in the Coulomb potential energy curve.
For instance, the curve initially decreases (before ap-
proximately £=0.1), indicating a more significant in-
crease in Coulomb attraction. Moreover, the mutation
point of the Coulomb potential energy lags behind the
failure point F. of the stress—strain curve.

The interaction energies of different components in
the clay system were analyzed to understand the unique
phenomenon of the Coulomb energy curve. The curves
in Fig. 10a represent the interaction energies of clay—clay,
clay—water, and water—water for the case of one water
film layer. One can see that the interaction energy curves
of the clay—clay and clay—water decreased before &=
0.1. Hence, the compression of clay—clay and clay—
water is evident at this stage, which is the reason for the
enhanced Coulomb attraction (Fig. 9b). In addition, the
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Fig. 9 Evolution of the van der Waals potential energy (E,,,)
and Coulomb potential energy (E_, ) of dehydrated (a) and
hydrated (b) kaolinite in the compressive process. The
hydrated kaolinite is the case with one layer of water film.
The gray lines are the stress—strain curves for each case; see
Fig. 3a for details. References to color refer to the online
version of this figure

hysteresis of the mutation point of the clay—clay curve
leads directly to that of the Coulomb potential energy
(Fig. 9b). It is also worth mentioning that the interac-
tion energy curve of water—water is continually in-
creasing, and the calculated hydrogen bonding energy
(Martin, 1960; Neder et al., 1999) is constantly decreas-
ing (Fig. S7 of the ESM), indicating that the water film
is becoming looser during the compression process.

In Fig. 10b, the interaction energy for the clay—
clay case was divided into the energy between different
clay mineral sheets, and the energy within the clay min-
eral sheets. Before ¢=0.1 (Fig. S3 shows the enlarged
image), the interaction energy of clay—clay (black line)
decreased because of the decrease in interaction energy
between different clay mineral sheets (red line). This
stage is dominated by compression between different
clay mineral sheets, which mainly manifests in the en-
hancement of the Coulombic attraction component of
the interaction energy. When ¢, is in the range between
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Fig. 10 Interaction energies between different components
in kaolinite with one water film layer: (a) interaction energies
of clay—clay, water—water, and clay—water; (b) the total
interaction energy of clay—clay, the interaction energy between
different clay mineral sheets, and that within clay mineral
sheets. For comparison, the gray curve in Fig. 10a is the stress—
strain curve of kaolinite with one water film layer in Fig. 3a

0.10 and 0.23, the sharp increase of interaction energy
within the clay mineral sheets (purple line) dominates the
change of the clay—clay curve (black line). The com-
pression at this stage mainly manifests in an enhanced
van der Waals repulsion force as part of the interaction
energy. In addition, because of the different changes in
these two curves, the mutation point of the clay—clay
curve lagged behind similarly to the Coulombic poten-
tial energy (in Fig. 9b).

The compressive process along the z-direction can
be explained as follows. The first stage (before ¢=0.1)
is the compression of the water film itself, compression
between the water film and the clay mineral sheet (the
hydrogen bonds of clay---water increase at this stage, as
shown in Fig. S4), and compression between different
clay mineral sheets. The second stage (from £=0.1 to the
failure point) mainly involves intense compression within
the clay mineral sheets. The third stage (after the failure
point) is the crushing of the system and particularly the
internal structure of the clay mineral sheets. Fig. 11 briefly
illustrates the compressive process.

(a) £:50.05.

‘ _z‘:i’aa‘m,
‘%@»ﬁr“
Lttt

o e e ee

-A.-A-;mm:b:..

The compression between different clay mineral sheets
(black arrow), that between clay mineral sheet and water film
(red arrow), and that within water film (blue arrow)

(0) £7015

The compressmn within clay
mineral sheet

Failure of clay mineral sheet
and water film

Fig. 11 Schematic diagram of clay mineral sheets and
water films being compressed along the z-direction: (a) ¢=
0.05; (b) £=0.15; (c) £=0.30. References to color refer to the
online version of this figure

4 Conclusions

We investigated the influence of water films on the
mechanical properties of kaolinite via MD simulation
of uniaxial stretching and compression.

The water films significantly weakened the ten-
sile and compressive properties of hydrated kaolinite.
For one to four layers of water films, the tensile strength
along the x-direction decreased by amounts ranging from
8.12% to 27.53%, and the compressive strength along
the z-direction reduced by amounts ranging from 15.71%
t0 26.02%.

When stretched along the x-direction, the tensile
strength of the hydrated kaolinite was weakened be-
cause of the unstable diffusion of water molecules. When
compressed along the z-direction, the water film in-
creased the volume of the hydrated kaolinite and accord-
ingly weakened the compressive stress on the system.

The tensile failure along the x-direction was due
to the breaking of covalent bonds in the kaolinite min-
eral sheet. Through analysis of the energy changes, we
found that the bonds were broken in the order of Ao---
Oh, St---Ob, and finally Ao---Ob.

The compressive failure and stress along the z-
direction were dominated by the van der Waals repulsion
between atoms. The overall compression process first
involved compression of water—water, then water—clay



and clay—clay, and finally compression within the clay
mineral sheets.

This study helps to explain the physical proper-
ties of hydrated kaolinite in high-stress environments,
specifically the stress/strain, deformation, and the break-
ing of bonds, which may support resource extraction
and disaster prevention and mitigation in extreme con-
ditions. Moreover, further investigations can be made
into chemical processes between clay and water, and
their resulting impact on mechanical properties.
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