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Abstract: The macroscopic engineering properties of sand-
stone are dominated primarily by mineral features in a
microscopic scale. This study will investigate the microscopic
physical and mechanical properties of the main minerals
(quartz, K-feldspar, Na-feldspar and kaolinite) in Yungang
Grottoes sandstone, using the molecular mechanics and the
molecular dynamics simulations. The microscopic physical
properties were represented by density and volume. The
microscopic mechanical properties were represented by
Young’s modulus and Poisson’s ratio. The microscopic
mechanical properties of the minerals in various directions
were then explored. The influences of water molecules and
the surrounding temperature on the microscopic physical and
mechanical properties of the minerals were furthermore
investigated. It is found that the differences in the
microscopic densities between the simulated results and
those from the open data set are, respectively, 0.37%, 1.15%
and 9.16%, for the quartz, Na-feldspar and kaolinite cells; the
microscopic mechanical properties of various minerals have a
significant anisotropy; the Young’s modulus of halloysite
decreases by 75.86% compared with that of kaolinite; as the
water molecule number increased from O to 5, the Young’s
moduli of K-feldspar, Na-feldspar and kaolinite cells
decreases by 31.31%, 55.05% and 42.60%, respectively; for
each mineral, as the temperature increases from 243.15 to
303.15K under one atmospheric pressure, the volume
increases and the density decreases. Those results may
have a theoretical significance for the analysis of microscopic
mechanism of hydration in the Yungang Grottoes sandstone.
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1 Introduction

Yungang Grottoes reflects both the artistic style of the early
grottoes in China from the middle fifth to early sixth centuries
and the blooming religious culture in the northern China.
This grotto is one of the most important cultural heritages in
China, which has great artistic, scientific and cultural values.
Naturally weathering is a severe problem during the
preservation of rock relics of the Yungang Grottoes.

Yungang Grottoes is located in Datong City, Shanxi
Province, China. It possesses a continental semi-arid mon-
soon climate. The rainy months are from July to September,
with an average annual precipitation and evaporation of 423
and 1,746 mm, respectively [1]. The water types in the
Yungang Grottoes sandstone are mainly stagnant water in the
weathered rock mass, condensate water, capillary water and
so on. Various types of water interact with minerals in the
sandstone. The hydration becomes a main cause of the
weathering in Yungang Grottoes [2].

The hydration of sandstone has been investigated from
various aspects. Rao [3] used the environmental scanning
electron microscopy to observe the weathering process of
sandstone; Grafchikov et al. [4] investigated the weathering
process of sandstone by X-ray fluorescence and other
techniques; McCabe et al. [5] investigated the influence of
climate on the sandstone weathering in the UK; Barone et al.
[6] explored the effect of salt crystallization on the physical
and mechanical properties of sandstone during weathering
and Sato and Hattanji [7] investigated the weathering
processes caused by different minerals.

Most of the existing works related to the hydration in
Yungang Grottoes are focused on the macroscopic scale.
For example, Wang et al. [8] explored the effects of
temperature and moisture on the relics; Guo and Jiang
[1] investigated the effects of the water content and
salinity on sandstone weathering; Yang et al. [9]
examined the effect of water on the long-term strength
of the rock column and Yang et al. [10] demonstrated the
reflectance spectroscopy during the monitoring of a
sandstone weathering process.

However, the macroscopic properties of the Yungang
Grottoes sandstone depend primarily on the physical and
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mechanical properties of minerals in a microscopic scale [11].
Those in the microscopic scale should be paid more
attentions. In this study, the types and contents of the
minerals will be determined using X-ray diffraction (XRD).
The molecular mechanic (MM) and molecular dynamic (MD)
simulations will be carried out using the software Material
Studio. The unit cells and super cells of the minerals will be
then established and optimized. Using MM simulations, the
microscopic physical and mechanical properties of minerals
will be obtained, and the microscopic mechanical properties
of minerals in various directions will also be explored. The
influences of water molecules and temperature on the
microscopic physical and mechanical properties are further-
more examined, respectively, by the use of MM and MD
simulations. The hydration mechanism of the sandstones is
thereafter investigated in a microscopic scale.

2 Methodology

2.1 Materials

The physical and mechanical properties of the Yungang
Grottoes sandstone are much related to the mineral
contents and weathering magnitudes.

To obtain the mineral types and contents of the
Yungang Grottoes sandstones, the samples at Grottoes 1,
2,3,5,7,12, 14, 17, 19, 21, 23, 29 and 39 were collected.
The XRD tests for these sandstones were conducted by
the PetroChina Research Institute of Petroleum
Exploration and Development.

To determine the weathering magnitudes of those
samples, according to the P-wave velocity ratio of weathered
rock to fresh rock, the weathering magnitude of the
sandstone in Yungang Grottoes can be classified as 1-9
grades or Grade 1 (fresh), Grade 2 (slightly weathered), Grade
3-4 (moderately weathered), Grade 5-6 (highly weathered),
Grade 7-8 (completely weathered) and Grade 9 (residual soil)
[12]. As the velocity ratio falls, the weathering grade increases
and weathering magnitude decreases.

2.2 Microscopic physical and mechanical
properties of minerals

2.2.1 Establishment and optimization of models

The physical and mechanical properties of minerals in
the sandstone in the macroscopic scale are mainly
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determined by those in the microscopic scale. To
investigate the microscopic physical and mechanical
properties of minerals, the unit cell and super cell
models should be established according to the
Crystallography Open Database [13]. The size of a super
cell may affect the simulation result [14]. To reduce
errors, for each mineral, the super cell is constructed by
64 unit cells in a style of 4A x 4B x 4C.

In nature, molecules usually exist with low energy in
a stable state. Therefore, the unit cells and super cells
need to take geometric optimization so as to minimize
the energy. To minimize the energy, it is necessary to
compute the atomic interactions between the unit cells
and super cells. The interaction forces exerted by other
atoms are associated with the positions. The universal
force field (UFF) [15] was used in the study to describe
the potential energy, demonstrating in the function of
atom coordinates. The potential energy of UFF is given
by equation (1):

E=E,+E,+E +E+E +E, 1)

where E is the potential energy, E,, is the bond’s
stretching energy, E, is the bending potential energy of
bond angles, E, is the distortion potential energy of normal
dihedral angle, E; is the distortion potential energy of
abnormal dihedral angle, E. is the potential energy of
Coulomb action and E, is the potential energy of van der
Waals action. Bonding interaction may be described by the
first four terms, while non-bonding interaction may be
described by the last two terms.

The Coulomb energy between the two point charges
may be obtained by equation (2):

E. = kteQz/(Rz) @)}

where k. is the Coulomb constant, g; and g, are the
volumes of two point charges and R is the distance
between two point charges.

The potential energy of the van der Waals may be
obtained by the Lennard-Jones potential (12-6) [16] (see

equation (3)):
U@r) = 4{(9)12 - (Eﬂ 3)
r r

where r is the distance between atoms, € is the minimum
value of potential function and o is the value of r when
the potential function equals to O.

To optimize unit cell, the MM simulation configura-
tions were set up as follows in the software Material
Studio. The smart method was adopted to improve the
precision. Electrostatic forces between the point charges
were computed by Ewald Sum method [17], with the
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precision of 10kcal/mol. van der Waals energy was
obtained based on the atom method. To speedup the
computation of van der Waals energy, it is necessary to set
the cutoff distance. The reason is that both the attractive
forces and the repulsive forces weaken rapidly with an
increase in distance r (see equation (3)), although an atom
interacts with all atoms in the molecule. Then the forces of
the two molecules are computed only within the cutoff
distance. According to the nearest image convention, the
cutoff distance should be less than the half of the shortest
cell length. Therefore, the unit cell cutoff distances of quartz,
K-feldspar, Na-feldspar and kaolinite were, respectively, 2.45,
3.55, 3.55 and 2.55A. Super cell cutoff distances of those
minerals were all 12.5 A, with spline width = 1A and buffer
width = 0.5 A. The external pressure was set at 0 GPa. The
number of iteration steps was set at 300. After optimization,
the stable conformations of unit cells and super cells were
then obtained for the later computations.

2.2.2 Computations of physical properties of minerals

Microscopic physical properties of minerals were repre-
sented by volumes and densities in the study. Known the
cell lengths, the angles between edges and masses (M) of
the optimized unit cells and super cells, the volume (V)
and the densities (p) are obtained, respectively, by
equations (4) and (5):

V = abc- sin a sin § sin y 4)

where a, b and c are the axes lengths of cells, respectively; a,
B and y are the included angles of the axes, respectively.

2.2.3 Computations of mechanical properties of
minerals

Microscopic mechanical properties of minerals were
represented by Young’s modulus and Poisson’s ratio in
the study. Computations were based on Theodorou and
Suter’s method [18], which assumes the stress—strain
relation satisfies the generalized Hooke’s law. Set the
time of strain at nine and the maximum strain amplitude
at 0.4%. The elastic properties related to stress and
strain may be obtained by equations (6) and (7):

aO'Im 1 024

T, ene= -7 (6)
00k " Vo 0y, 0€nik T i Enk

Clmnk =

Slmnk = Cl;nlnk (7)
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where T = initial temperature, V, = the volume of initial
mineral cell, A = Helmholtz free energy, defined as the
deformation potential energy, o, and o, (I, m, n, k =1,
2, 3, 4, 5, 6) = the stresses applied on cells and &, and
&m = the corresponding strains, —1 = the inverse matrix.

Thus, the stiffness matrix Cpn, and the flexibility
matrix Sp,.x were obtained. The minerals are usually
polycrystalline, the Voigt—-Reuss—Hill (VRH) [19,20]
approximation method was then used to compute the
elastic constants, namely, the bulk moduli K and the
shear modui G. The VRH approximation method may be
described as equations (8) and (9):

K= (Ky +Kr)/2 (8)
G = (Gy + Gpr)/2 )

where V and R are the moduli of cells in Voigt and Reuss
obtained by equations (10)-(13). The second-order
tensors C; and S;; in equations (10)—(13) are, respectively,
reduced from the fourth-order tensors Cppux and Sy in
equations (6) and (7), considering the symmetry of the
stress and strains.

9Ky = (Ciy + Gy + G3) + 2(Cia + Cs + Gy) (10)

15Gy = (Ciu + Cp + G3) — (Ca + Gs + Gy) )
+ 3(Cyy + Cs5 + Cgp)

1/Kg = (Si1 + Sn + S33) + 2(S12 + Sa3 + S31) (12)

15/Gr = 4(S1 + Sn + S33) — 2(S12 + Sz + S31) 13)

+ 3(Sa4 + Ss5 + See)

The Young’s modulus E and Poisson’s ratio v were
obtained by equations (14) and (15) [21]:

E = 9KG/3K + G)
v = 3K - E)/(6K)

(14)
(15)

2.2.4 Water and temperature influences

Considering the interlayer water and adsorbed water
may influence the mechanical properties of minerals, the
sorption module in the Material Studio was then used for
simulations. The water molecules were geometrically
optimized before simulations. Because the water and
mineral molecules were small, the Metropolis method
was adopted. The interlayer water molecules were
inserted into the minerals. For the adsorbed water,
considering that the hydration radius is 3.0 to 4.5 A, new
unit cells were established with by, = b + 4.5 A, which is
the length of unit cell with adsorbed water molecules.
Other original unit cell parameters remain unchanged.
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In the simulations, the mineral unit cells may adsorb up
to five water molecules. Unit cells of minerals with 1, 3
and 5 adsorbed water molecules were thereafter
established.

In the study, the MD simulation was used to
investigate the influence of temperature on the micro-
scopic physical and mechanical properties of minerals,
the NPT (number of particles N, pressure P and
temperature T) ensemble was used to simulate the
microscopic physical and mechanical properties of
minerals, and the Nose—Hoover and Berendsen methods
[22,23] were adopted to control the temperature and
pressure, respectively. The time step and total time were
set at 1.0 fs and 200 ps, respectively. The initial velocity
of system was then obtained by the Maxwell-Boltzmann
distribution randomly. Because the weathering occurs
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Figure 1: Unit cells of minerals (a) unit cell of quartz (b) unit cell of K-felspar (c) unit cell of Na-feldspar (d) unit-cell of kaolinite.

on the surface layer of Yungang Grottoes sandstone as
the temperature varies from —-30°C to 30°C, the simula-
tions were carried out at 243.15, 273.15 and 303.15K
under one atmospheric pressure.

3 Results and discussion

3.1 Formation and optimization

According to the test results of XRD, it is found that
quartz, feldspar (K-feldspar and Na-feldspar) and kaoli-
nite are the main minerals of Yungang Grottoes
sandstone. The unit cells and super cells of those
minerals were established.
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For unit cells, the chemical formula of quartz is SiO,,
belonging to the triclinic system with the space group of
P3121. The lattice parameters of the quartz unit cell are
thata = $=90°,y =120°, a=b = 4.913 A and c = 5.404 A.
The quartz unit cell is shown in Figure 1(a).

The chemical formula of K-feldspar is KAISi;Og,
belonging to the monoclinic system with the space group
of C2/m. The lattice parameters of K-feldspar unit cell are
that a = 90°, B = 116.1°, y = 90°, a = 8.45 A, b =12.9 A and
¢ = 7.15A. Normally, feldspar is in disorder at high
temperature while in order at low temperature. In this
study, the K-feldspar and Na-feldspar models have
rather high-order degrees. The K-feldspar unit cell is
shown in Figure 1(b).

The chemical formula of Na-feldspar is NaAlSi;Osg,
belonging to the triclinic system with the space group of
Cl. The lattice parameters of Na-feldspar unit cell are
that a = 94.245°, B = 116.605°, y = 87.809°, a = 8.137 A,
b =12.787 A and ¢ = 7.157 A. The unit cell of Na-feldspar
is shown in Figure 1(c).

The chemical formula of kaolinite is Al,[Si;O0]
(OH)g, belonging to the triclinic system with the space
group of P1. The lattice parameters of kaolinite unit cell
are that a = 91.684°, § = 105.128°, y = 89.7549°, a =
5174 A, b = 8.985A and ¢ = 7.352A. The unit cell of
kaolinite is shown in Figure 1(d).

All super cells of minerals were then configured. The
quartz super cell is taken as an example to be shown in
Figure 2.

The potential energies of quartz unit cell and super
cell before and after the optimization are taken as an
example to be shown in Table 1. From Table 1, it can be
seen that the potential energies of unit cell are —20.19 kcal
mol ™ and —28.12 kcal mol ™, respectively, before and after
optimization. The potential energies of super cell are
-1286.76 kcal mol ! and —1794.14 kcal mol ™, respectively,
before and after optimization. The potential energies of
unit cell and super cell decreased, respectively, by 39.28%
and 39.43% after optimization. The potential energies of
both unit cell and super cell decreased greatly in the
generation of the stable conformations.

3.2 Microscopic physical and mechanical
properties of minerals

3.2.1 Microscopic physical properties of minerals

The microscopic physical properties of the unit and
super cells of minerals are listed in Table 2. From Table 2
it can be seen that the volumes of quartz, K-feldspar,
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Figure 2: Super cell of quartz.

Na-feldspar and kaolinite unit-cell are 110.53, 683.21,
672.98 and 299.41 A3, respectively; the volumes of
quartz, K-feldspar, Na-feldspar and kaolinite super cell
are 7072.00, 43024.36, 43694.59 and 19146.75 A, respec-
tively; the densities of unit cells and super cells of
quartz, K-feldspar, Na-feldspar and kaolinite are 2.71,
2.71, 2.59 and 2.86 g cm >, respectively.

3.2.2 Verification of microscopic physical properties of
minerals

The microscopic densities of quartz, K-feldspar, Na-
feldspar and kaolinite cells and super cells obtained by
MM simulation were compared with those from the
published data set in the macroscopic and microscopic
scales (see Table 3).

From Table 3 it can be seen that the densities of
quartz, K-feldspar, Na-feldspar and kaolinite in MM
simulation are 2.71, 2.71, 2.59 and 2.86 gcm >, respec-
tively. According to the published data set, the macro-
scopic density of those are, respectively, 2.65, 2.57, 2.61
and 2.68gcm™> or lower 2.26%, lower 5.45%, higher
0.77% and lower 6.71% than those, respectively, from the
MM simulations; the densities of quartz, Na-feldspar and
kaolinite are, respectively, 2.70gcm™ [24], 2.62gcm™
[25] and 2.62gcm™ [26], or lower 0.37%, greater 1.15%
and lower 9.16% than those, respectively, from the MM
simulation.

In summary, the microscopic densities of unit and
super cells of quartz, K-feldspar, Na-feldspar and
kaolinite obtained by the MM simulation agree well
with the published data set. The differences between the
simulated results and the published data set may be
caused by the following factors. (1) In a natural state, it



DE GRUYTER

Microscopic mechanism of sandstone hydration in Yungang Grottoes, China

— 603

Table 1: Potential energies of unit cell and super cell of quartz before and after optimization

Energy type Potential energy of unit cell/kcal mol™ Potential energy of super cell/kcal mol™
Before optimization After optimization Before optimization After optimization
Bond 4.07 0.08 260.51 5.57
Angle 2.53 0.03 161.89 2.05
Torsion 1.25 1.20 80.24 76.72
Inversion 0.00 0.00 0.00 0.00
Electrostatic 0.00 0.00 0.00 0.00
van der Waals —-28.05 -29.44 -1733.92 -1821.75
Total energy -20.19 -28.12 -1286.76 -1794.14

Table 2: Microscopic physical properties of unit cells and super
cells of various minerals

Mineral type Cell type Volume/A3 Density/g cm™
Quartz Unit cell 110.53 2.71

Super cell 7072.00 2.71
K-feldspar Unit cell 683.21 2.71

Super cell 43024.36 2.71
Na-feldspar Unit cell 672.98 2.59

Super cell 43694.59 2.59
Kaolinite Unit cell 299.41 2.86

Super cell 19146.75 2.86

is difficult to obtain the density of the pure minerals, and
the densities of other minerals may affect the result. (2)
The parameters (such as cell lengths and angles) used in
the microscopic models of the minerals in the simulation
may be different from those in the published data set.

3.2.3 Microscopic mechanical properties of minerals

The microscopic mechanical properties of the unit cells
and super cells of minerals were obtained by MM

simulation and are shown in Table 4. From Table 4 it
can be seen that the Young’s moduli of the unit cells of
quartz, K-feldspar, Na-feldspar and kaolinite are 215.6,
126.54, 102.56 and 162.12 GPa, respectively; the Young’s
moduli of the super cells of quartz, K-feldspar, Na-
feldspar and kaolinite are 214.16, 126.48, 102.87 and
162.88 GPa, respectively; the Poisson’s ratio of unit cells
and super cells of quartz, K-feldspar, Na-feldspar and
kaolinite are 0.17, 0.23, 0.21 and 0.26, respectively.

3.2.4 Anisotropy

The anisotropy are important mechanical properties of
K-feldspar, Na-feldspar and kaolinite because the unit
cells of these minerals are, respectively, monoclinic,
triclinic and triclinic systems which are highly asym-
metric. To investigate anisotropy, the Young’s moduli
and Poisson’s ratios of mineral unit cells were obtained
by simulations and are shown in Table 5.

From Table 5 it can be seen that the Young’s moduli
of K-feldspar in the Y and Z directions are 3.161 and 5.455
times, respectively, greater than those in the X direction;
the Young’s moduli of the Na-feldspar in the Y and Z

Table 3: Comparison of physical properties between MM simulation and published data set

Mineral type Cell type Density/g cm™
MM simulation Macroscopic (published data set) Microscopic (published data set)

Quartz Unit cell 2.71 2.65 2.70

Super cell 2.71
K-felspar Unit cell 2.71 2.57 —

Super cell 2.71
Na-feldspar Unit cell 2.59 2.61 2.62

Super cell 2.59
Kaolinite Unit cell 2.86 2.68 2.62

Super cell 2.86
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Table 4: Microscopic mechanical properties of unit cells and super
cells of various minerals

Mineraltype Cell type  Young’s Poisson’s ratio
modulus/GPa

Quartz Unit cell 215.60 0.17

Super cell 214.16 0.17
K-feldspar Unit cell 126.54 0.23

Super cell 126.48 0.23
Na-feldspar  Unit cell 102.56 0.21

Super cell 102.87 0.21
Kaolinite Unit cell 162.12 0.26

Super cell 162.88 0.26

directions are 5.566 and 8.832 times, respectively, greater
than those in the X direction; the Young’s moduli of
kaolinite in the X and Y directions are 1.972 and 6.442
times, respectively, greater than those in the Z direction.
Minerals have positive Poisson’s ratios in all directions,
indicating that their volumes do not expand under
external load.

The Poisson’s ratios of K-feldspar and Na-feldspar in
the yx direction are 0.90 and 1.28, respectively, which
are obviously greater than the macroscopic Poisson’s
ratio with the maximum of 0.5. That is partly because the
optimized unit cell models used in the calculation have
structural defects in some particular directions.

3.2.5 Water and temperature influences

Kaolinite is an octahedron 1:1 layered silicate with a unit
structural layer. Halloysite structure is a layer of water
molecules sandwiched by two layers of kaolinite. The
chemical formula of halloysite is Al,[Si;0,0](OH)s-4H,0,
which has a unit structural layer height of 10.1A and a
water molecular layer thickness of 2.9 A. The lattice

Table 5: Unit cell anisotropy of K-feldspar, Na-feldspar and
kaolinite

Elastic constants K-feldspar Na-feldspar Kaolinite
Young’s Direction X 46.16 26.38 134.49
modulus/ Direction Y  145.89 146.81 439.34
GPa Direction Z  251.81 232.95 68.20
Poisson’s Direction xy 0.28 0.23 0.04
ratio Direction xz 0.06 0.03 0.72
Direction yx 0.90 1.28 0.12
Direction yz 0.06 0.09 0.18
Direction zx 0.31 0.27 0.36
Direction zy 0.11 0.14 0.03
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parameters of halloysite unit cell are a = 90°, § = 100°,
y = 90° a = 520A, b = 892A and ¢ = 10.25A.
Considering the influence of the interlayer water on
the mechanical properties of kaolinite, a unit cell of
halloysite was established and optimized.

The mechanical properties of K-feldspar, Na-feldspar,
kaolinite and halloysite’s unit cells with various absorbed
water molecules were obtained (see Table 6). From Table
6 it can be seen that, as adsorbed water molecules
increases from O to 5, the Young’s moduli of K-feldspar,
Na-feldspar, kaolinite and halloysite decrease by 73.77%,
72.80%, 42.60% and 47.46%, respectively; the Poisson’s
ratios of K-feldspar and halloysite are almost unchanged;
the Poisson’s ratio of Na-feldspar increase by 14.25% and
that of kaolinite decrease by 11.54%.

Microscopic physical and mechanical properties of
the unit cells of minerals at various temperatures were
also obtained (see Table 7). From Table 7 it can be seen
that as temperature rises from 243.15 to 303.15K, the
volume of the unit cell of quartz, K-feldspar, Na-feldspar
and kaolinite increases by 0.25%, 0.23%, 0.17% and
0.31%, respectively; the density of these minerals
decreases by 0.26%, 0.22%, 0.15% and 0.28%, respec-
tively; the Young’s moduli of these minerals decrease by
0.12%, unchange, increase by 0.17% and decrease by
7.53%, respectively; the Poisson’s ratio of these minerals
decreases by 1.18%, unchanges, decreases by 0.48% and
increases by 3.85%, respectively.

3.3 Relation between weathering
magnitudes and mineral contents of
Yungang Grottoes sandstone

Weathering magnitudes of sandstones at various grotto
locations were classified (see Figure 3). From Figure 3 it
can be seen that the weathering magnitudes of Yungang
Grottoes sandstone mainly concentrate on Grades 3-6,
namely moderately weathered (Grades 3-4) and highly
weathered (Grades 5-6). The number of weathering
grottoes with Grade 5 is the largest, with a total of six. It
is found that the weathering magnitudes of the grottoes
are generally high.

Grades 3 and 6, respectively, at grottoes 14 and 29
were selected to investigate the relation between the
weathering grades and mineral contents of those
sandstones in Yungang Grottoes because the weathering
magnitudes in these two grottoes are quite different. The
photographs of these two grottoes are shown in Figure 4.
The corresponding weathering grades and mineral
contents are listed in Table 8.
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Table 6: Microscopic mechanic properties of mineral unit cells with various absorbed water numbers

Adsorption K-feldspar Na-feldspar Kaolinite Halloysite

water numbers
Young’s Poisson’s Young’s Poisson’s Young’s Poisson’s Young’s Poisson’s
modulus/ ratio modulus/ ratio modulus/ ratio modulus/ ratio
GPa GPa GPa GPa

0 126.54 0.23 102.56 0.21 162.12 0.26 39.32 0.21

1 47.92 0.27 42.57 0.26 142.81 0.24 29.70 0.24

3 37.50 0.25 36.92 0.28 102.89 0.24 26.24 0.22

5 33.19 0.26 27.90 0.28 93.05 0.23 23.78 0.21

Table 7: Microscopic

physical and mechanical properties of minerals at various temperatures

Mineral type Temperature/K Volume/A3 Density/g cm™3 Young’s modulus/GPa Poisson’s ratio
Quartz 243.15 7074.881 2.708 213.419 0.169
273.15 7088.391 2.702 213.284 0.168
303.15 7092.814 2.701 213.166 0.167
K-feldspar 243.15 43694.421 2.708 126.613 0.226
273.15 43768.792 2.703 126.586 0.227
303.15 43795.886 2.702 126.608 0.226
Na-feldspar 243.15 43155.289 2.583 102.771 0.207
273.15 43164.153 2.582 102.793 0.207
303.15 43229.563 2.579 102.942 0.206
Kaolinite 243.15 19148.894 2.865 162.637 0.260
273.15 19193.166 2.859 162.772 0.260
303.15 19208.333 2.857 150.386 0.270
: p 98.54%, and the contents of calcite and ankerite both
6 * ° decrease to 0.
For the weathering Grade 3, the descending order in
0 the mineral contents is listed as quartz, feldspar,
=2 5 5 5 5 5 5 ini i i
25 o—o—o—o F kaohmt(?, ankerite and cralc%te. In the san.le.way for the
5 weathering Grade 6, the list is quartz, kaolinite, feldspar,
]
= ankerite and calcite. For both Grades 3 and 6, the
on . .
8 contents of quartz and ankerite are, respectively, the
S4r ° highest and lowest in all minerals.
b
=
3L . 54 3.4 Microscopic mechanism of sandstone
hydration in Yungang Grottoes
1 1 1 1 1 1 1 1 1 1 1
1 2 3 5 12 14 17 19 21 23 29 39 . . . . .
Grotto Number 3.4.1 Microscopic mechanism of macroscopic physical

Figure 3: Weathering magnitudes of sandstones at various grotto

locations.

From Table 8 it can be seen that compared with the
weathering Grade 3 with Grade 6, the wave velocity ratio
of the weathering Grade 6 decreases by 33.33%, and the
contents of quartz, feldspar and kaolinite, respectively,
decrease by 13.84%, decrease by 61.11% and increase by

and mechanical properties of minerals

The microscopic physical and mechanical properties of
minerals have great implications for the minerals in the
macroscopic scale. In this scale, the Young’s modulus
and Poisson’s ratio of the quartz—feldspar sandstone in
the horizontal direction is significantly greater than
those in the vertical direction [27]. From Table 5 it can
be seen that the Young’s moduli and Poisson’s ratios of
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() (b)
Figure 4: Photographs of Grottoes 14 and 29. (a) Grotto 14. (b) Grotto 29.
Table 8: Contents of various minerals in samples of Grottoes 14 and 29
Grotto number Weathering grade Velocity ratio Contents of minerals/%
Quartz Feldspar® Kaolinite Calcite Ankerite Others
14 3 0.75 51.3 23.4 13.7 6.3 2.4 2.6
29 6 0.50 58.4 9.1 27.2 - - 4.1

#Feldspar concludes K-feldspar and Na-feldspar.

K-feldspar and Na-feldspar in the horizontal direction
were significantly greater than those of feldspars in the
vertical direction. This is because the K-feldspar and Na-
feldspar have the strongest bonds, or the Al-O bond and
the Si-O bond in their silicate structures increase the
intrinsic lattice resistance of dislocation. Therefore,
feldspar—quartz sandstone composed of K-feldspar and
Na-feldspar has an initial anisotropy in the microscopic
scale.

From Table 5 it can be also seen that the mechanical
anisotropies of K-feldspar and Na-feldspar are similar,
agreeing with the isomorphism in the macroscopic scale.
From Figure 1(b and c) it can be seen that both K-
feldspar and Na-feldspar have tetrahedrons of [Al-O,]
and [Si-0,] connected with each other to generate a
chain connected with four tetrahedrons. The structural
differences between K-feldspar and Na-feldspar are
mainly due to the radii of ions. The greater radius of
potassium ion results in more expansion of the
tetrahedron frames of K-feldspar. On the contrary, the

tetrahedron frames of Na-feldspar may collapse in this
condition.

From Table 5 it can be seen that kaolinite has the
lowest strength in the Z direction due to the existence of
OH---O hydrogen bond that weakens the interlayer force
in that direction. Therefore, kaolinite easily fails in the Z
direction. When existing in the interlayer of kaolinite,
the water molecules may furthermore weaken the
interlayer hydrogen bond. Thus, from Table 6 it can be
seen that the Young’s modulus of halloysite decreases by
75.75%, compared with that of kaolinite. In the macro-
scopic scale, the crystal layer of halloysite will be
displayed as a tubular or curled scale shape [28].

3.4.2 Microscopic mechanism of sandstone hydration
Now we provide an explanation of the sandstone

hydration. As the water molecules permeate into the
crystal of minerals and bring out the cations to generate
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new minerals, changes in the sandstone structure may
occur both in the macroscopic scale and in the
microscopic scale. The average humidity in the
Yungang Grottoes are usually 40%-50% and may rise
to 60%-80% after rain [1]. Moreover, the Yungang
Grottoes has been polluted by the coal industry [29],
which will enhance the precipitation acidity. In the
acidic environment, the feldspar of the Yungang
Grottoes sandstone may be hydrated as follows [30]:

2KAISi30g(K-feldspar) + 2H* + 9H, O
s A125i205(OH)4(kaOlinite) + 4H4SIO4 + 2K+

In this chemical formula, the feldspar converts into
kaolinite by the actions water molecules and hydrogen
ions. Therefore, the replaced metal cations will be taken
away by the acid fluid.

In hydration, the mineral strengths in the sandstone
of Yungang Grottoes become weak. Four main reasons
account for that in a microscope scale:

(1) From Table 6 it can be seen that as the adsorbed
water molecules increase from O to 1, huge decreases
are observed in the Young’s moduli of K-feldspar
and Na-feldspar. The reason is that the adsorbed
polarized water molecules may disturb the cations
on the crystal surface and lead to structural damage
when K-feldspar and Na-feldspar start to adsorb
these water molecules.

(2) From Table 6 it can be seen that as the numbers of
adsorbed water molecules increase, the Young’s
moduli of minerals greatly decrease to 73.77%,
72.80%, 42.60% and 47.46%. Tan [31] suggested
that the osmotic pressure between the inside and
outside crystals caused by the concentration gra-
dient of ions in solution transfers the water
molecules from low concentration zone to high
concentration zone, which may apply the repulsive
forces inside the crystal and then the crystal
expands. These changes may damage the original
structure of the mineral crystal and lead to further
declination in the mechanical properties of the
sandstone.

(3) From Table 4, it can be seen that the Young’s
modulus of kaolinite is 28.18% and 58.07%, respec-
tively, greater than that of K-feldspar and Na-
feldspar. Nevertheless, the kaolin formed in hydra-
tion [32] is subjected to combine with water
molecules and therefore has a good plasticity.

(4) The varying temperature will also cause the dete-
rioration of the mechanical properties. From Table 7
it can be understood that as the temperature rises,
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the volumes of minerals increase. In the macroscopic
scale, this increase may lead to the expansion of the
mineral particles and to furthermore generate or
expand the fractures in the sandstone.

The weakening in the strength by hydration has a
significant impact on the weathering of the Yungang
Grottoes sandstone. In Table 8 it can be observed that
during the moderately weathering stage which is less
affected less hydration, the main minerals of the
sandstone are quartz and feldspar and a few calcium
minerals such as calcite and ankerite. As shown in
Figure 4(a), at Grotto 14, discoloration was observed on
the surface of sandstone with a few cracks and light loss
of material and the shapes of the sandstone carving
may be clearly identified. Nevertheless, as presented in
Table 8, the highly weathering stage was heavily affected
by hydration, wherein the feldspar has been mostly
hydrated into kaolinite; the main minerals of the
sandstone are quartz and kaolinite; and calcite and
ankerite decomposed. As shown in Figure 4(b) at Grotto
29 where the sandstone was restored, the surface layer
has been highly weathered, leading to the strip near the
surface layer; the sandstone carvings were blurred and
may hardly be recognized.

3.5 Discussions

As the main minerals of Yungang Grottoes sandstone,
quartz, K-feldspar, Na-feldspar and kaolinite were
simulated to obtain the microscopic physical and
mechanical properties using their stable configurations.
The microscopic physical properties agree well with the
open data set. The microscopic mechanical properties
indicate that the strength of feldspar in the horizontal
direction exceeds that in the vertical direction due to the
distribution of the ionic bonds in a cell, the structural
differences of K-feldspar and Na-feldspar lie in the radii
of ions and the hydrogen bond in kaolinite cell makes it
prone to fail in the Z direction. These influences may
contribute to the anisotropy in the macroscopic scale.
Furthermore, this study considered two factors influen-
cing the microscopic physical and mechanical properties
or water molecule and temperature. As for the absorbed
water molecule, the polarized water molecule may
disturb the cations and gradually increase the repulsive
forces to enable the cells to expand. In addition, the
water molecules in the interlayer of kaolinite may
disrupt the hydrogen bond. These two types of water
molecules may both damage the initial structures.
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Temperature rise will enable the cell to expand in such a
manner that it creates and develops more cracks in the
sandstone. The microscopic damages on the mineral
structures caused by the water molecule may lead to
great loss in the mechanical properties of the sandstone
in the macroscopic scale. Furthermore, the comparison
of Grotto 14 and Grotto 29 implies that the deterioration
in weathering degree may severely ruin the cultural
relics if the hydration occurred in the sandstone. The
physical and mechanical properties of the sandstone in
the macroscopic scale are mainly dominated by those in
the microscopic scale. This is one of the main motiva-
tions for the multi-scale investigations. The results
herein obtained from the molecular simulations may be
referable for the analysis of the microscopic mechanism
of sandstone hydration in Yungang Grottoes.

4 Conclusion

In this study, taking the Yungang Grottoes sandstone as
an example, quartz, K-feldspar, Na-feldspar and kaoli-
nite were selected as the main minerals to investigate the
physical and mechanical properties using simulations in
the microscopic scale. The influences of water and
temperature on the microscopic mechanical properties
were also explored. The conclusions can be drawn as
follows:

(1) The unit cell and super cell models of quartz, K-
feldspar, Na-feldspar and kaolinite were established
and optimized. The microscopic physical and me-
chanical properties of those minerals were obtained
by MM simulation. The simulated results agree well
with those in the published data set.

(2) The anisotropy of K-feldspar and Na-feldspar shows
that their Young’s moduli in the Y and Z directions
are three to eight times greater than those in the X
direction. Kaolinite has the lowest strength and is
mostly easy to fail in the Z direction.

(3) The interlayer water has a significant influence on
the Young’s modulus of kaolinite. As the number of
adsorbed water molecules increases, the Young’s
moduli of K-feldspar, Na-feldspar kaolinite and
halloysite decrease in various degrees.

(4) In MD simulation under one atmospheric pressure,
as the temperature rises from 243.15 to 303.15 K, the
volume and density of quartz, K-feldspar, Na-
feldspar and kaolinite increases and decreases,
respectively.
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