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ARTICLE INFO ABSTRACT

Keywords: Swelling clay minerals, exemplified by Na-montmorillonite (Na-Mt), are vital constituents in expansive soils and
Clay hold significant relevance in geotechnical engineering. Comprehending their distinctive swelling behavior upon
Swelli.ng hydration is imperative for managing potential damage to civil infrastructure. Conversely, this swelling property
3;::3131_ dynamics gives rise to numerous advantageous applications, including using these clays in barrier materials and nano-
Tension composites. The hierarchical structure of montmorillonite, consisting of clay mineral layers, tactoids, aggregates,
Compression and assemblies of aggregates, plays a pivotal role in the swelling behavior of expansive clays. This investigation
Shear employs molecular dynamics (MD) and steered molecular dynamic (SMD) simulations to explore the nano-

* Corresponding author.

mechanical properties of hydrated Na-Mt tactoids at various hydration levels. It provides insights into their
responses to compression, tensile, and shear deformation. This study reveals increased hydration levels increase
interlayer spacing in clay structures, resulting in higher average d-values. Water molecules drive attractive
electrostatic interactions with clay mineral layers, predominantly mediated by sodium ions, highlighting the
complex interplay between interlayer hydration and tactoid stability. Higher hydration enhances tactoid
compressibility, reducing the stress required for deformation by compressing water molecules and clay mineral
layers in the interlayer space. The study also demonstrates a notable reduction in tensile modulus with increasing
hydration, signifying the significant impact of even minimal hydration on interlayer cation-clay layer in-
teractions. Hydrated tactoids exhibit altered mechanical responses in shear deformation compared to dry ones,
requiring lower shear stress to detach the top clay layer from the tactoid. The presence of water molecules
impedes the locking of clay mineral layers, further influencing mechanical properties. The results and insight
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provided by this work will contribute to a better understanding of the impact of interlayer hydration on the
stability and response of swelling clay minerals.

1. Introduction

Swelling clay mineral, an integral component of expansive soil, has
long been investigated due to its unique swelling behavior upon hy-
dration. When hydrated, swelling clay applies swelling pressure to civil
infrastructures, resulting in the damage of buildings, dams, bridges, etc.
[1]. Swelling clays are found all over the United States and cause an
average annual damage cost of 9 billion USD [2]. Swelling clays are
extensively used as landfill liners due to their high specific surface area,
and low permeability [3]. Besides the geotechnical prospect, swelling
clays find applications in polymer clay nanocomposites, the pharma-
ceutical industry, the biomedical field, and the cosmetic industries [4,5].
The swelling behavior of clays is heavily exploited in all these
applications.

Na-montmorillonite (Na-Mt) is one of the most commonly found
swelling clay minerals that belong to the smectite group. Na-Mt is a 2:1
phyllosilicate mineral comprising two silica tetrahedral sheets and one
alumina octahedral sheet [6,7]. The clay mineral layers get negatively
charged due to the isomorphous substitution of ions in the octahedral
layer compensated by interlayer cations [8]. The clay interlayer prop-
erties vary significantly based on the interlayer cations. Na-Mt clay
consists of a hierarchical structure at the molecular level [9]. A series of
experimental studies exploring clay porosities, clay-rich soil hydration,
and hydration sites confirmed the multiscale structure of clays [9-15].
The hierarchical clay structure contains a clay unit layer (t-o-t sheet),
tactoid (particle containing several clay mineral layers stacked in a
vertical direction), aggregate (several tactoids gathered in random
orientation), and multi-aggregate (several aggregates gathered). This
multiscale structure houses three layers of porosities, i.e., interlayer
porosity (within tactoid), inter-tactoid porosity (within aggregate), and
inter-aggregate porosity (within multi-aggregate). During clay hydra-
tion, clay interlayers contain 86 % water while other porosities contain
14 % water [13]. Therefore, investigating interlayer hydration behavior
carries great important to better explain clay hydration at the molecular
level.

Na-Mt tactoid is the basic clay particle that contains interlayer po-
rosities. Ten identical clay mineral layers are vertically aligned to form a
tactoid. The clay mineral layers of tactoid interact with each other and
with interlayer cations [9]. The nanomechanical properties of tactoid
significantly depend on interlayer properties. Both experimental and
modeling studies showed that clay interlayer spacing increases with
increasing hydration [16,17]. This is particularly relevant in swelling
clays, where interlayer cation hydration leads to crystalline swelling in
the interlayer space [18]. Additionally, saturated swelling clays expe-
rience the breakdown of their particles into smaller sizes, resulting in
increased swelling and reduced swelling pressure [19]. This phenome-
non is further studied using discrete element modeling to understand the
role of particle subdivision in swelling and swelling pressure [20].
Consequently, it is essential to investigate the impact of increased
interlayer hydration on tactoid interaction and mechanical behavior to
bridge the swelling behavior between nano and micro scale. Molecular
dynamics simulations offer a valuable approach for investigating these
aspects.

Molecular dynamics (MD) simulation is a computational technique
that utilizes molecular mechanics to determine the conformation and
dynamics of a molecular system. The atoms are treated as classical
spheres, while the bonds are treated as springs. A force field is used to
compute the energy of the system [21]. Steered molecular dynamics
(SMD) can be employed to investigate the mechanical response of a
molecular system [22]. Both MD and SMD simulations have been
employed to investigate different materials systems, including oil shale,

proteins, coronaviruses, polymer clay nanocomposites etc [9,23-32].
Different properties of clay minerals under various environmental con-
ditions have been extensively explored using MD simulations [33-47].
Numerous MD studies have explored the hydration mechanism of clay
minerals, investigating changes in counterions, interlayer water levels,
and the effects of relative humidity and adsorption and transport of CO4
and CHj in swelling clay systems [48-52]. However, these studies pri-
marily focused on the clay bi-layer systems without taking into consid-
eration the clay hierarchical structure (tactoid, aggregate etc.). In a prior
study, the behavior of the dry Na-Mt clay tactoid was inspected using
both MD and SMD simulations [9]. The present study addresses the clay
tactoid behavior and mechanical properties in hydrated conditions.
Na-Mt clay properties are determined for four different amounts of
interlayer hydration, i.e., 10 %, 20 %, 30 %, and 60 % (by weight). This
study probes the key mechanisms that changes the clay tactoid d-value,
interlayer interactions, and deformation behavior in tactoid due to
compression, tension and shear with increasing hydration.

2. Methodology
2.1. Model construction

The molecular model of Na-Mt tactoid has been obtained from the
previous study [9]. The unit clay layer of Na-Mt was built based on
Swy-2 clay with the simplified structural formula of NaSi;g(AlgFeMg)
O20(OH)4 [41]. The utilized clay model is 6 x 3 unit cells long in the XY
direction with the unit cell dimensions of 5.28 A x 9.14 A x 6.56 A. As
the isomorphous substitution of octahedral cations produces a charge of
—0.5e per unit cell, nine interlayer Na cations are placed in the inter-
layer. A tactoid model is built by vertically placing tenclay mineral
layers on each other. The ten clay mineral layers are called B, C, D, E, F,
G, H, I, J, and K from bottom to top, respectively (Fig. 1). The distance
between the bottom and top clay layer is termed the “aggregated
d-value". This tactoid contains nine interlayers, each of which houses
nine interlayer cations. Then, water molecules are placed in each
interlayer for 10 %, 20 %, 30 %, and 60 % interlayer hydration (by
weight) (Fig. 2). In subsequent sections, the tactoid models with 10 %,
20 %, 30 %, and 60 % hydration levels are mentioned as Na-Mt tactoid
10, Na-Mt tactoid 20, Na-Mt tactoid 30, and Na-Mt tactoid 60, respec-
tively. The total number of water molecules corresponding to 10 %,
20 %, 30 %, and 60 % (by weight) hydration is 72, 144, 216, and 432,
respectively. The water molecules are represented by the TIP3P
(Transferable Intermolecular Potential 3 Point) model. With increasing
amounts of hydration, the initial dimension of the tactoid changes only
in the Z-direction. The initial size of dry tactoid is 31.68 A x 27.44 A x
96.56 A. The initial size of hydrated tactoids remains the same in XY
directions. The vertical height of 10 %, 20 %, 30 %, and 60 % hydrated
tactoids are 114.56 A, 132.56 A, 168.56 A, and 249.56 A. The initial
magnitude of aggregated d-value for 10 %, 20 %, 30 %, and 60 % hy-
drated tactoid are 108 A, 126 A, 162 A, and 243 A, respectively (Fig. 2).
Materials Studio 7.0 was used to construct the clay model, and VMD
1.9.3 was used to add the TIP3P water molecules. CHARMm force field is
utilized to parameterize the clay tactoid model, and the parameters are
taken from the literature [42,53,54]. These clay parameters are
consistent with other clay force field parameters [9,55]. Previous studies
have also extensively validated the clay parameters with respect to the
experimental results [42,56,57].

2.2. Simulation details

The current study performs the MD and SMD simulations of hydrated
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tactoids with four different amounts of interlayer hydration (10 %,
20 %, 30 %, and 60 % by weight). The NAMD simulation package was
used to perform all the MD and SMD simulations [58]. The Theoretical
and Computational Biophysics Group developed NAMD in the Beckman
Institute for Advanced Science and Technology at the University of Il-
linois at Urbana-Champaign. The MD simulations are performed to
minimize and equilibrate the hydrated tactoid models. The minimiza-
tion was performed at the vacuum condition using the conjugate
gradient method, and then the models were brought to normal tem-
perature (300 K) and pressure (1.01325 bar) conditions. The tempera-
ture was first raised from 0 K to 300 K in three steps with an increment
of 100 K, and next, the pressure was increased from 0 bar to 1.01325 bar
in four steps with 0.25 bar steps. Then, all the models are equilibrated at
NTP (normal temperature and pressure) conditions for two ns with a
timestep of 0.5 fs. MD simulations of hydrated clay tactoids consistently
utilized periodic boundary conditions (PBC) to incorporate the Particle
Mesh Ewald (PME) method for handling electrostatic interactions. The
switch and cut-off distances used for van der Waals and electrostatic
force calculations were 16 A and 17 A, respectively.

The SMD simulations were performed on equilibrated hydrated
tactoids to explore clay tactoids’ compression, tension and shear
behavior with increasing interlayer hydration. Constant velocity SMD
was employed where constant velocity was applied on the top clay layer
while the bottom clay layer was fixed. The constant velocity parameters
k=9 kcal/mol/AZ and v = 2 }O\/ps) have been obtained from the pre-
vious study. To investigate the compression behavior, compressive
forces were exerted on the oxygen atom from the top clay mineral layer
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(K) along the Z-axis while the bottom layer (B) was fixed. The evaluation
of tensile properties involved pulling the top layers vertically (forces are
applied on one layer (K), two layers (J, K), three layers (I, J, K), four
layers (H, I, J, K), and five layers (G, H, I, J, K) in the vertical direction)
while keeping the bottom layer (B) fixed. For shear deformation, forces
were applied to the surface of the top clay mineral layer (K) along the X-
axis, with the bottom clay mineral layer (B) remaining fixed. The sim-
ulations were run on the Center for Computationally Assisted Science
and Technology (CCAST), a North Dakota State University parallel
computing facility.

3. Result and discussion

3.1. Effect of interlayer hydration on the nanomechanical behavior and
interactions in clay tactoid

The hydrated Na-Mt tactoid is analyzed for different percentages of
water content. The average d-values of the equilibrated structure of Na-
Mt Tactoid with 10 %, 20 %, 30 %, and 60 % water content were 13.
11 1°\, 14.45 [o\, 16.04 Z\, and 19.95 A respectively. In MD simulation, the
average d-values are computed by finding the average spacing in the z-
direction between the corresponding oxygen atoms on the clay mineral
layers’ surface (Table 1). Here, the average d-values of the equilibrated
hydrated tactoid structure were consistent with previously reported d-
values from experimental and modeling studies utilizing CHARMm
forcefield and TIP3P water models to investigate clay-fluid interactions
in swelling clays [16,43,46,59]. The d-values from our prior

Clay mineral

Interlayer
hydration

Aggregated
d-value

——

d-value

Fig. 1. Molecular model of hydrated Na-Mt tactoid containing ten clay mineral layers from B (Bottom layer) to K (top layer) with interlayer hydration.
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investigation [54] for the bilayer clay model utilizing CHARMm force-
field and TIP3P water model closely matched basal spacings obtained
from studies for the bilayer clay model employing ClayFF and SPC water
models [52,60-62] across different hydration levels (Table 1S).
Furthermore, the average d-valuesobserved for ten-layer clay tactoids
hydrated at 10 %, 20 %, and 30 % show a minimal deviation compared
to basal spacings for the bilayer clay model evaluated in earlier studies
utilizing ClayFF and SPC water models (Table 1S) [52,60-62]. In this
work, the presence of water molecules promotes the expansion of the
interlayer spacing within the clay structure. The interlayer spacing
expanded as the hydration level increased, resulting in higher average
d-values. Furthermore, increasing hydration and average d-values
directly impacted the aggregated d-values. The aggregated d-values of
10 %, 20 %, 60 %, and 30 % hydrated Na-Mt tactoids are 118.05 A,
129.60 A, 144.47 A, and 179.32 A, respectively.

In the hydrated tactoid structure, water in the interlayer space leads
to nonbonded interactions involving the clay mineral layers and Na ions
within the interlayer. These nonbonded interactions are primarily
electrostatic and Van der Waals in nature. To evaluate these in-
teractions, we computed the interaction energies among different
components such as tactoid (all clay mineral layers with Na ions), clay
mineral layers, Na ions, and water in the 10 %, 20 %, 30 %, and 60 %
interlayer hydrated tactoids, as shown in Table 2. Negative interaction
energies indicate attractive interactions, mainly when they are pre-
dominantly electrostatic in nature, while positive values indicate
repulsive interactions. Within the hydrated Na-Mt tactoid, the interac-
tion between the tactoid and water increased with higher water content
in the interlayer space. Electrostatic forces primarily drove this inter-
action. Notably, Na ions played a dominant role in the interaction be-
tween the tactoid and water, surpassing the contribution of the clay
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Table 1
Equilibrated d-values for hydrated Na-Mt tactoid with different hydration levels
(10 %, 20 %, 30 %, and 60 %).

Na-Mt Tactoid  Na-Mt Tactoid Na-Mt Tactoid Na-Mt Tactoid
10 20 30 60

Clay d-value (A) d-value (A) d-value (A) d-value (&)
layers

BC 13.09 14.37 16.02 19.92
CD 13.12 14.39 16.03 19.89
DE 13.12 14.65 16.05 19.97
EF 13.09 14.45 16.02 19.95
FG 13.14 14.43 16.06 19.96
GH 13.12 14.36 15.99 19.94
HI 13.09 14.37 16.05 19.97
I 13.12 14.52 16.12 19.96
JK 13.13 14.50 16.05 19.99
Average 13.11 14.45 16.04 19.95

mineral layers. In the 10 % interlayer hydrated tactoid, out of a total
interaction energy of —49,394 kJ/mol, —42,082 kcal/mol originated
from Na-water interaction, while the remaining —7312 kJ/mol came
from clay sheet-water interaction. This trend of Na ions being more
influential than clay mineral layers in the tactoid-water interaction
persisted as the water content increased. Similar interaction behavior
was observed in higher hydration levels within the Na-Mt tactoid. The
Na-water interaction and clay sheet-water interaction remained attrac-
tive in nature. As hydration increased, the attractive interaction between
the clay mineral layers and water intensified due to a larger number of
water molecules interacting with the clay surface. The total clay sheet-
water interaction energy for the 10 % hydration tactoid was —7312
keJ/mol, which increased to —30,917 kJ/mol for the 60 % hydration
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Fig. 2. Initial molecular model hydrated Na-Mt tactoid with different hydration levels a) 10 %, b) 20 %, c¢) 30 %, and d) 60 %, mentioned with initial d-spacing and

aggregate values.
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Table 2
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The nonbonded interaction energies between Tactoid-water, Na-Water, Clay mineral layers-water, and Na-clay mineral layers for hydrated Na-Mt tactoid with
different hydration levels (10 %, 20 %, 30 %, and 60 %). Negative and positive values of energy represent attractive and repulsive interactions, respectively.

Tactoid Models Nonbonded Interactions between

Electrostatic (kJ/mol)

Van der Waals (VDW) (kJ/mol) Interaction energies (kJ/mol)

Na-Mt Tactoid 10 Tactoid-water -45137
Na-Water -44592
Clay mineral layers-water -545
Na-clay mineral layers -43223
Na-Mt Tactoid 20 Tactoid-water -67705
Na-Water -61246
Clay mineral layers-water -6458
Na-clay mineral layers -39697
Na-Mt Tactoid 30 Tactoid-water -76345
Na-Water -68421
Clay mineral layers-water -7924
Na-clay mineral layers -35948
Na-Mt Tactoid 60 Tactoid-water -95410
Na-Water -81102
Clay mineral layers-water -14308
Na-clay mineral layers -26530

-4256 -49394
+2510 -42082
-6766 -7312
-649 -43872
-9537 -77242
+2730 -58516
-12267 -18725
-546 -40244
-11476 -87822
+2723 -65698
-14199 -22123
-470 -36418
-14413 -109823
+2196 -78906
-16609 -30917
-239 -26770

tactoid. Meanwhile, the Na-clay sheet interaction energy decreased from
—43,872 kJ/mol to —26,770 kJ/mol. Previous studies have indicated
that the Na-clay sheet interaction is vital for maintaining the stacked
structure of the tactoid. However, with increasing hydration, the
strengthened attractive interactions between Na-water and clay sheet-
water reduced the attractive interaction between the clay mineral
layers and Na ions, which hold the stacked structure together. This
finding aligns with observations from prior studies [17,18,43]. The
increased attractive interaction between water molecules and the clay
mineral layers competes with the attractive energy between the clay
mineral layers and Na ions, thereby impacting the stability of the
stacked structure.

With increasing hydration levels, we observed reduced interaction
between the clay mineral layers (layer J and layer K) in the Na-Mt tac-
toid. Table 3 provides a detailed account of the interactions for various
components within the interlayer space. Specifically, we examined the
interactions between layer J and layer K, their interactions with water
molecules and Na ions within the same interlayer space, and the in-
teractions between Na ions and water. In this interlayer space, the
interaction between Na ions and water increased with hydration,
influencing the interaction between Na ions and the clay mineral layers
(K and J). For the 10 % hydrated Na-Mt tactoid, the interaction between
Na ions and water was —4496 kJ/mol, which increased to —9763 kJ/
mol for the 60 % hydration level. Meanwhile, the interaction between
Naions and the clay mineral layers (K and J) in the 10 % hydrated Na-Mt
tactoid was —4980 kJ/mol, but it reduced to —2859 kJ/mol for the 60 %
hydrated Na-Mt tactoid. The increase in the hydration level in the

Table 3

interlayer space of the clay layer led to a decrease in the attractive
interaction between Na ions and the clay mineral layers, limiting the
stacking of the sheets together. Simultaneously, the presence of water in
the interlayer space also impacted the interaction between the clay
mineral layers (layers K and J). In previous dry tactoid studies, the
interaction between layers K and J was predominantly Van der Waals in
nature and measured —1842 kJ/mol [9]. However, even at 10 % hy-
dration, this interaction drastically reduced to —652 kJ/mol. As the
hydration level increased, the interaction between the clay mineral
layers became repulsive and predominantly electrostatic. For the 20 %,
30 %, and 60 % hydrated tactoids, the interaction between the clay
mineral layers (J and K) were +124 kJ/mol, +191 kJ/mol, and
-+367 kJ/mol, respectively. These changes in the interaction between
the clay mineral layers had significant consequences, disrupting the
stacked structure of the clay mineral layers in the Na-Mt tactoid. This is
consistent with prior research on interlayer swelling, where water
molecules enter the interlayer space, causing individual clay mineral
layers to disperse, leading to the particles’ breakdown [17,19]. Addi-
tionally, earlier studies indicate that water activity dictates the stability
of hydration states and cationic partitioning within clay minerals [62].
Variations in intercalation Gibbs free energy associated with water ac-
tivity directly impact the thermodynamically stable hydrated state and
significantly influence the stability and structural integrity of clay
minerals [62]. In this study, the altered interaction between the clay
mineral layers (layers K and J) also contributed to the disruption of the
stacked structure of clay mineral layers within the tactoid. Moreover,
increasing the hydration level beyond 60 % further increased the

The nonbonded interaction energies between Layer K-layer J, Layer K and J -Water, Na-water, and Na-Layer K and J for hydrated Na-Mt tactoid with different hy-
dration levels (10 %, 20 %, 30 %, and 60 %). Negative and positive values of energy represent attractive and repulsive interactions, respectively.

Tactoid Models Nonbonded Interactions between

Electrostatic (kJ/mol)

Van der Waals (VDW) (kJ/mol) Interaction energies (kJ/mol)

Na-Mt Tactoid 10 Layer K-layer J +158
Layer K and J -Water -154
Na-water -4799
Na-Layer K and J -4917
Na-Mt Tactoid 20 Layer K-layer J +565
Layer K and J -Water -817
Na-water -7506
Na-Layer K and J -4202
Na-Mt Tactoid 30 Layer K-layer J +400
Layer K and J -Water -1069
Na-water -7957
Na-Layer K and J -3998
Na-Mt Tactoid 60 Layer K-layer J +382
Layer K and J -Water -1792
Na-water -10025

Na-Layer K and J -2836

-810 -652
-768 -921
+303 -4496
-62 -4980
-442 +124
-1295 -2112
+344 -7162
+-63 -4265
-209 +191
-1556 -2625
+309 -7648
-44 -4042
-15 +367
-1811 -3603
+261 -9763
-22 -2859
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repulsive interaction between the clay mineral layers. This heightened
repulsion may eventually separate the clay mineral layers, ultimately
leading to the breakdown of the tactoid particles.

3.2. Influence of hydration levels on the compression behavior of Na-Mt
tactoid

This study investigated the compression response of hydrated tac-
toids at different hydration levels using SMD. During the compression
process, external forces were applied to the surface oxygen atoms of the
top clay layer (layer K), while the bottom clay layer remained fixed
(Fig. 3a). Our analysis focused on the aggregated d-value of the hydrated
tactoid, which significantly changed with the application of compressive
stress. We observed that increasing hydration required less compressive
stress to induce the same amount of deformation in the hydrated tactoid.
Specifically, for the Na-Mt Tactoid 10, the aggregated d-value decreased
from 118.05A to 103.7 A, indicating a compression of 14.52 A at
10.36 GPa stress. Similarly, for the Na-Mt Tactoid 20, the aggregated d-
value reduced from 129.60 A to 115.69 A, corresponding to a
compression of 13.97 A at 5.92 GPa stress. For Na-Mt Tactoid 30, the
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aggregated d-value decreased from 144.47 A to 128.74 A, resulting in a
compression of 15.73 A at 4.44 Gpa stress, while for Na-Mt Tactoid 60,
the aggregated d-value reduced from 179.32 A to 163.46 A, with a
compression of 15.86 A at 3.98 GPa stress. Fig. 3¢ demonstrates the
faster decrement of the aggregated d-value for higher hydration levels of
the tactoid (also refer to Figure 1S), achieved with less compressive
stress. This indicates that as the hydration increases, the tactoid becomes
more compressible, with water playing a significant role in this
behavior. The reduction in the interlayer space during compression was
mainly attributed to the decreased distance between the clay mineral
layers (Fig. 3b). As reported in previous studies [3], a similar observa-
tion was made in our study where, initially, deformation occurred in the
void spaces between the clay mineral layers and fluids. As compression
continued, water molecules became compressed, and the clay mineral
layers started to deform. However, the decrease in the spacing (thick-
ness) of clay mineral layers was found to be insignificant during
compression. Furthermore, more significant deformation was observed
at the top portion of the tactoid during the compression process
compared to the bottom portion. This trend continued along the hy-
drated tactoid, with the extent of deformation gradually decreasing from

(2)
—

Compressive stress (GPa)
0 1 2 3 4 5 6 7 8 9 10

0 1 1 1 1 1 1 1 1 L 1 J
2 4 —Na-Mt Tactoid 10
——Na-Mt Tactoid 20
4 —Na-Mt Tactoid 30
-6 —Na-Mt Tactoid 60
-8 4
-10 A
12
14 -
-16 -
10 -
9 —Na-Mt Tactoid 10
3 4 ——Na-Mt Tactoid 20
7 —Na-Mt Tactoid 30
6 —Na-Mt Tactoid 60
5
4
3
2
1
0 T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12
Compressive strain

Fig. 3. Hydrated Na-Mt tactoid model under compression. a) Compression test set up where the bottom layer of equilibrated model (Na-Mt Tactoid 10) is fixed and
compressive force applied at top layer using constant velocity SMD b) Compressed Na-Mt Tactoid 10 model attributed to decrease in interlayer space between clay
mineral layers c¢) Decrement in aggregated d-value (Initial aggregated d-value minus final aggregated d-value) vs compressive stress plot hydrated tactoid models
shows the faster decrement in interlayer space with less compressive stress for higher hydration level d) Compressive stress-strain response for hydrated Na-Mt
tactoid for different hydration level (10 %, 20 %, 30 %, and 60 %) becomes softer as hydration increases in interlayer space.
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top to bottom.

The number of water molecules present inside the interlayer space
significantly influenced the compressive response of the hydrated tac-
toid. We observed different stress-strain behaviors in the Na-Mt tactoid
by varying the hydration level. Fig. 3d shows the stress-strain response
for all hydrated tactoid models, where strain values are calculated by
dividing the deformation in aggregated d-values by the height of the
equilibrated hydrated tactoid. Here, the stress-strain response is divided
into Region I (0-0.05 strain) and Region II (0.05-0.11 strain). Defor-
mation in region II leads to a stiffer response compared to region I. We
evaluated the compression modulus for all hydrated tactoid structures in
both regions using the least square method to quantify this. In region I,
the compressive moduli are 52.42, 35.94, 32.17, and 28.35 GPa for Na-
Mt Tactoid 10, Na-Mt Tactoid 20, Na-Mt Tactoid 30, and Na-Mt Tactoid
60, respectively. The stress-strain behavior for the ten-layer hydrated
clay tactoid observed in region I is consistent with prior studies for the
bilayer clay models [54,63,64], indicating a softer response (decreasing
moduli) with increasing hydration. Moreover, the calculated compres-
sion moduli for ten-layer clay tactoid hydrated at 10 %, 20 %, and 30 %
closely match those reported in prior studies for the bilayer clay model;
where Zhao et al. predicted 48.32, 38.69, and 32.62 GPa; Xu et al.
predicted 50.34, 40.83, and 38.75 GPa; Schmidt et al. predicted 30.62,
25.26, and 19.86 GPa; for 10 %, 20 %, and 30 % hydration levels,
respectively [54,63,64]. In Region II, the compressive moduli are 98.31,
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88.01, 52.58, and 51.17 GPa for the same tactoid models. The
compressive moduli in Region II were significantly higher than those in
Region I for all hydrated tactoid models. In region I, the initial defor-
mation resulted from the compression of the void space between the clay
mineral layers and water molecules, requiring less force and resulting in
lower compressive moduli. In contrast, in Region II, as the void space
filled, the deformation was caused by the compression of both water
molecules and clay mineral layers, necessitating higher stress and
resulting in higher moduli. Moreover, we also observed that as the hy-
dration level increases, the stress-strain response becomes softer, lead-
ing to a reduction in compression moduli in both regions of the tactoid.
Even with just 10 % hydration, the compression modulus for the hy-
drated tactoid is drastically reduced from 125.1 to 52.42 GPa compared
to the dry tactoid [9] in the initial deformation stage, and this reduction
continues with further increases in hydration. Here, the compression in
the tactoid is not solely due to the compression of the void space be-
tween clay mineral layers and fluids but also from the compression of
fluid’ layers. The increase in water molecules within the interlayer space
contributed to a substantial amount of compression, requiring relatively
smaller magnitudes of stress. Therefore, the hydration level played a
crucial role in softening the stress-strain response and reducing the
overall compression moduli in both regions of the hydrated Na-Mt
tactoid.
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Fig. 4. Tensile deformation response of hydrated Na-Mt tactoid a) Representation of tensile deformation in Na-Mt Tactoid 10 model, where the top clay mineral layer
is pulled vertically, and the bottom layer is constrained b) Tensile deformed Na-Mt Tactoid 10 model showed the attachment of water molecules to top clay mineral
layer K during detachment of top layer from the rest of tactoid c) Plot of tensile stress vs displacement for hydrated Na-Mt tactoid for different hydration level (10 %,
20 %, 30 %, and 60 %) d) Tensile stress vs displacement response for Na-Mt Tactoid 10 model after pulling one (K), two (J, K), three (I, J, K), four (H, I, J, K), and five

(G, H, 1, J, K) top clay mineral layers.
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3.3. Effect of hydration on tensile deformation behavior in Na-Mt tactoid

The tensile behavior of the hydrated tactoid is investigated by pull-
ing the top clay mineral layer of the equilibrated hydrated Na-Mt tactoid
in the vertical direction (Fig. 4a). The results, presented in Table 2,
reveal that as hydration levels increase between the clay mineral layers,
the attraction between Na ions and clay mineral layers diminishes,
impacting the stacking of the clay structure. Consequently, the influence
of hydration on the tensile deformation of the Na-Mt tactoid becomes
evident. The relationship between tensile stress and displacement of the
top clay layer, K, is shown in the Fig. In the linear range, spanning
around 4 A, all hydrated tactoid models display a linear correlation
between stress and displacement (Fig. 4c¢). Upon further extension up to
204, a slight stress increment is observed. However, as the clay layer
extends beyond this point, the required tensile stress for deforming layer
K begins to decrease, indicating the detachment of the clay mineral layer
from the rest of the tactoid across all models. Within the linear region,
the stiffer response of hydrated tactoid decreases with increasing hy-
dration levels. This is attributed to the reduction in interaction between
Na ions and clay mineral layers K and J (Table 3), which affects the
mechanical behavior of the hydrated tactoid and leads to a decrease in
tensile modulus. Specifically, for hydrated tactoids at 10 %, 20 %, 30 %,
and 60 % hydration levels, the observed tensile moduli are 52.43 GPa,
50.49 GPa, 48.63 GPa, and 47.31 GPa, respectively. In comparison to
dry tactoid, the hydrated counterparts require less force to initiate the
detachment of the top clay layer K. For instance, in the case of 10 %
hydrated tactoid, a stress of 1.68 GPa is needed for this detachment,
while dry tactoid requires 2.87 GPa [9]. The decreased stress also
significantly impacts the mechanical properties of the 10 % hydrated
tactoid, reducing the tensile modulus from 133 GPa (for dry tactoid) to
52 GPa. Here, 10 % of hydration significantly affects the interaction
between interlayer cations and clay mineral layers. For Na-Mt Tactoid
10, the interaction energy between Na ions and clay mineral layers is
substantially decreased from 59,738 kJ/mol to 43,872 kJ/mol
compared to dry tactoid [9], and this reduction further continues as
hydration increases. As a result, the diminished interaction between Na
ions and clay mineral layers disrupts the stacking of clay mineral layers,
decreasing the tensile modulus.

During the process of tensile deformation, we noticed that despite
having a lower tensile modulus, tactoids with higher hydration levels
increased maximum stress when detaching the top clay layer, K, from
the tactoid structure. This phenomenon can be attributed to the
attachment of water molecules to the clay mineral layer K during
detachment (Fig. 4b). As hydration increased, more water molecules
became attached to the top clay mineral layer K, fostering a stronger
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Fig. 5. : The nonbonded interaction between top clay mineral K and interlayer
water molecule (between layer K and layer J) shows the strong interaction as
hydration increases during tensile deformation.
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interaction between the water molecules and the layer K, as shown in
Fig. 5. Analyzing the number of attached water molecules revealed that
with higher hydration levels, a more significant number of water mol-
ecules were associated with the top mineral layer K. Specifically, out of
the interlayer water molecules between layer K and J (72, 144, 216, and
432 for 10 %, 20 %, 30 %, and 60 % hydrated tactoids, respectively),
60, 107, 178, and 214 water molecules were attached to the top layer K.
This attachment of water molecules to the clay layer K contributed to the
augmented tensile stress observed during detachment of layer K from
rest of tactoid with increased hydration levels. Simultaneously, we
analyzed the tensile deformation behavior for hydrated tactoids after
sequentially pulling off different numbers of layers starting from one
layer (K), two layers (J, K), three layers (I, J, K), four layers (H, L, J, K),
and five layers (G, H, L, J, K) in the vertical direction. With an increasing
number of layers during pulling, the tensile response became progres-
sively stiffer, demanding greater force for the complete detachment of
layers from the rest of the tactoid structure, as shown in Fig. 4d. For
instance, in the 10 % hydrated tactoid case, initiating the detachment of
a single layer required a stress of 1.68 GPa, whereas detaching five
layers required 3.87 GPa (Fig. 4d). A similar tensile behavior was also
observed across the other hydrated tactoid models (Figure 2S). As the
number of layers involved in the detachment increased, the nonbonded
interactions between these layers and the remainder of the tactoid
intensified. Additionally, the increased number of atoms being pulled in
the vertical direction contributed to a greater force requirement for
detaching layers from the hydrated tactoid structure.

3.4. Shear deformation and hydration-induced mechanical changes in
Na-Mt tactoid

The hydrated Na-Mt tactoid was subjected to shearing by moving the
upper clay mineral layer K horizontally while keeping the bottom layer
B fixed, as shown in Fig. 6a. A constant velocity SMD of 2 A/ps velocity
was used to deform the hydrated tactoid horizontally. As shear stress
was applied to the upper clay mineral layer K, it slid relative to layer J,
causing slight deformation in layer J in the direction of the applied force
(Fig. 6b). Importantly, unlike in the dry case [9], sliding motion was not
observed for the remaining bottom clay mineral layers. This change in
behavior was attributed to increasing hydration, which led to a decrease
in the interaction between Na cations and the top layers K and J, as
indicated in Table 3. Consequently, layer J had no corresponding
movement even after clay layer K slid in the shear direction. In contrast,
dry tactoids exhibited sliding of the top clay mineral layers relative to
each other, with the fixed bottom layer, B, showing the least displace-
ment [9]. This sliding of layers led to the locking of Na cations within the
tetrahedral cavities of clay minerals, which in turn initiated the locking
of the sliding phenomena of clay mineral layers [9,46]. However, water
molecules within the interlayer space created a solvation shell sur-
rounding the Na cations in hydrated tactoids, limiting their locking
within the tetrahedral cavities. As a result, the locking phenomena
observed in dry tactoids were absent in the hydrated ones, fundamen-
tally altering the mechanical response of the hydrated tactoid.

As shear deformation continued in the hydrated tactoid, the top clay
mineral layer K detached from the adjacent layer J and from the rest of
the tactoid, moving approximately 30 A in all hydrated tactoid models.
Fig. 6¢ illustrates the shear deformation response for all models, plotting
shear stress against displacement. In the initial deformation phase up to
10 A, the shear stress required for deformation was roughly 1.5 GPa for
all models (Fig. 6¢). However, as the detachment approached (at 30 /i’\),
the shear stress increased to 2.25 GPa for all models (Fig. 6¢). In the
initial deformation stage, the interaction between Na cations and clay
mineral layers K and J resisted deformation, necessitating higher stress
for shearing up to 10 A. However, as deformation progressed, the clay
layer K slid in the shear direction without locking Na cations in the
tetrahedral cavities due to interlayer swelling where water surrounds
the Na cations (Fig. 7). This resulted in lower stress (0.75 GPa) required
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where water molecules surround the Na cations.

for the subsequent 20 A of deformation. In contrast, the shear defor-
mation response in dry tactoid was divided into two phases: first, Na
cations slid in the tetrahedral cavities, and second, they initiated the
locking of clay mineral layers, leading to a significant increase in shear
stress (up to 6.67 GPa) (Figure 3S) required for the detachment of clay

layer K from the rest of the tactoid [9]. However, increased interlayer
swelling in hydrated tactoids reduced the interaction between Na cat-
ions and clay mineral layers K and J (Table 3), affecting their stacking.
Additionally, the water surrounding Na cations (Fig. 7b) failed to
initiate the locking of clay mineral layers, resulting in a lower force
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required to detach the top clay layer. Here, increasing hydration led to
reduced interactions between Na cations and clay mineral layers K and
J, altering the mechanical properties of hydrated tactoids during shear
deformation. This aligns with prior findings from non-equilibrium MD
simulations on Arizona-type montmorillonite, where frictional weak-
ness and velocity-strengthening behavior in shear-induced interlayer
sliding were observed, indicative of aseismic slip[65]. The influence of
hydrogen bond formation around cations on clay mineral hydration
state significantly affects frictional behavior, resulting in diverse hy-
dration states that impact interlayer sliding and frictional strength[65].
These variations in hydration state due to hydrogen bonding influence
fault slip stability, akin to the observed effect on the locking of sliding
phenomena of clay mineral layers [9,46] due to an increase in hydration
during our simulation.

The shear moduli for different hydration level tactoids were evalu-
ated in the initial deformation region (up to 10 10\), where the defor-
mation in the top layer transformed into shear strain after considering
the height of equilibrated hydrated tactoid models. The shear moduli for
10 %, 20 %, 30 %, and 60 % hydrated tactoids were 25.39, 18.65,
17.98, and 17.36 GPa, respectively. Comparing these values to the dry
tactoid (69.56 GPa) [9], it’s evident that even 10 % hydration signifi-
cantly reduced the shear modulus, indicating the impact of hydration on
the separation of clay mineral layers during shearing. Furthermore,
increasing hydration decreased the shear modulus due to the reduced
interaction between Na cations and clay mineral layers. However, the
interaction between water and clay mineral layers K and J increased
with hydration, leading to the attachment of water molecules to the top
layer K during deformation (Fig. 6b) and resulting in consistent shear
stress required to detach the top layer from the tactoid.

4. Conclusions

The MD and SMD study of hydrated Na-Mt tactoid provides valuable
insights into the mechanical behavior at different hydration levels,
particularly in response to compression, tensile, and shear deformation.
This work highlights the crucial role of water molecules within the
interlayer space in influencing these clay mineral assemblies structural
and mechanical properties. It shows that increasing hydration levels
leads to the expansion of the interlayer spacing within the tactoid
structure. The presence of water molecules significantly impacted the
nonbonded interactions within the tactoid, particularly between the
tactoid and water, primarily driven by electrostatic forces. Notably, Na
ions played a dominant role in the attractive interactions with water
molecules, surpassing the contribution of the clay mineral layers. This
shift in interaction dynamics became more pronounced with increasing
hydration levels, ultimately affecting the stability of the stacked struc-
ture. The increased attractive interaction between water molecules and
clay mineral layers competed with the attractive energy between the
clay mineral layers and Na ions, potentially leading to the breakdown of
the tactoid particles.

Furthermore, this study explored the compression response of hy-
drated tactoid, revealing that higher hydration levels made the tactoid
more compressible. Water molecules played a significant role in this
behavior, contributing to the reduction in interlayer spacing during
compression. This reduction was mainly attributed to the compression
of water molecules, while the thickness of clay mineral layers remains
relatively stable. This change in hydration level also influences the
stress-strain response, resulting in a softer behavior as hydration in-
creases. During tensile deformation, even a small amount of hydration
significantly affected the interaction between interlayer cations and clay
mineral layers, decreasing tensile modulus. Higher hydration levels also
increased the maximum stress observed during detachment due to the
attachment of water molecules to the top clay layer. This attachment
fostered a stronger interaction between water molecules and the clay
layer, influencing the mechanical response of the hydrated tactoid.
Further, in shear deformation, the interlayer swelling in hydrated
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tactoids alters their mechanical response compared to dry tactoids. The
detachment of the top clay layer from the rest of the tactoid requires
lower shear stress in hydrated tactoid due to reduced interactions be-
tween Na ions and clay mineral layers. Additionally, the presence of
water molecules inhibits the locking of clay mineral layers, further
impacting the mechanical properties.

This study underscores the intricate interplay between water mole-
cules and clay mineral layers within hydrated Na-Mt tactoids, ultimately
influencing their structural and mechanical behavior. The findings and
insights provided by this work not only enhance our understanding of
intercalation, exfoliation, deformation behavior, and particle break-
down in swelling clays but also highlight the pivotal role of interlayer
interactions in the swelling process of smectite clays.
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