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In the present paper, we investigate how water acts to weaken rock in two complementary ways: mechanically
through the generalized effective stress principle, and chemically through time-dependent rock-fluid reactions
that allow subcritical crack growth. These processes, together with capillary suction and stress corrosion, were
incorporated into a three-dimensional discrete element grain-based model to investigate both the time-
independent and the time-dependent mechanical behavior of partially saturated sandstone at the mesoscale.
The capillary parameters related to capillary suction and subcritical parameters related to stress corrosion in the
model were calibrated to match the deformation behavior of partially saturated sandstone observed in labora-
tory. Following this calibration, numerical simulations of partially saturated sandstone with different levels of
saturation were performed in uniaxial compression. The simulations show that both the peak strength and elastic
modulus of the sandstone decrease as a function of increasing saturation and that the relationships between these
properties can be expressed by negative exponential functions. The simulations are in good agreement with the
experimental results. Second, the long-term brittle deformation of partially saturated sandstone with different
levels of saturation under a constant stress level was modeled. The results show that time-to-failure during brittle
creep decreases, and the initial strain and the minimum creep strain rate increases, as a function of increasing
saturation, as also observed in laboratory. The simulations also highlight the formation of tensile cracks as the
main deformation mechanism during brittle creep. Finally, brittle creep in partially saturated sandstone samples
with different levels of saturation was studied under different stress levels. These simulations show that the
minimum creep strain rate and the time-to-failure as a function of stress can be well described by exponential
relations. We conclude that the proposed model permits a deeper understanding of time-independent and time-
dependent deformation and failure of partially saturated sandstone at the mesoscale.

1. Introduction

The majority of rocks forming the Earth’s crust exhibit complex
mechanical behavior associated with their internal microstructure and
the presence of water.>? Rock microstructure is one of the main factors
controlling the progressive failure of rocks, which involves the sequen-
tial closure, nucleation, interaction and coalescence of microcracks,
eventually resulting in macroscopic failure.> Water and other
aqueous solutions are ubiquitous in the Earth’s brittle upper crust, and
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the majority of the void space in rocks usually contains a fluid phase.
The effect of water on the strength and other physical properties of rock
is important for understanding the deformation, damage and failure
processes of rocks in nature. The presence of water within rock mass is
also essential to influence long-term stability of the rock mass sur-
rounding structures, such as repositories of radioactive wastes in un-
derground, caverns to store liquid natural gas (LNG) or liquid petroleum
gas (LPG), rock slopes or the pillars and mining rooms in mining
engineering.(”10
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The influence of water on the strength and deformability of sedi-
mentary rocks has been widely studied.''* Hawkins and McCon-
nell,?® for example, summarized the influence of water content on the
mechanical behavior of 35 different British sandstones and found a
reduction in the unconfined compressive strength (UCS) between dry
and saturated conditions that varied from 8.2% for siliceous sandstones
up to 78.1% for the case of clay-rich sandstones. Vasarhelyi’®
re-analyzed the UCS and Young’s modulus (E) data of Hawkins and
McConnell established a linear regression relation between the petro-
physical constants of the dry and saturated materials. Erguler’’ pre-
sented a quantitative analysis of the effects of water content on the
mechanical properties of rock, and developed a method for estimating
the strength and deformability properties at any water content based on
their physical properties. Verstrynge et al.’® applied a multi-scale
experimental investigation, including mineralogical analysis,
non-destructive testing (X-ray microfocus computed tomography and
acoustic emission) and mechanical testing, to observe the influence of
moisture on the mechanical behavior of ferruginous sandstone from the
micro to the macro scale. Masuda'® performed a series of systematic
creep experiments on granite and andesite both in the dry and wet states
and showed that water leads to a greater strain rate sensitivity of the
failure stress. However, these analyses were qualitative descriptions
based on laboratory observations rather than quantitative expressions.
Heap et al.'® reviewed the available data on water-weakening in sand-
stone and found that the strength reduction in the presence of water
increases as a function of increasing clay content.

The main underlying physical mechanisms that promote the
observed reduction in rock strength in the presence of water include
fracture energy reduction, capillary tension decrease, pore pressure in-
crease, friction reduction, and chemical and corrosive deterio-
ration.”’>! None of these mechanisms can be discounted outright, but
some are more important than others for certain rock types and loading
conditions. The presence of water within rock influences rock defor-
mation in two ways.?*2"3* Mechanically, stress is partitioned between
the rock matrix and the pore fluid. Pressurized pore fluids act to reduce
all the applied normal stresses and thus tend to weaken and embrittle
rocks. A marked decrease in strength is also observed with an increase in
moisture content in rocks, which can be explained by the capillary
effect.?>*>%” Chemically, rock-fluid interaction occurs through stress
corrosion reactions between water molecules and strained atomic bonds
at the tips of microcracks.?>°%*%*! Many investigators have shown
evidence that capillary tensions contribute to enhancement of the
strength of rock. Schmitt et al.*? explained that water-weakening in
Tournemire shale and Vosges sandstone could be attributed to the
release of capillary suction between grains, which was linked to pore
size distribution. West®® and Rozhko®® investigated capillary phenom-
ena in partially-saturated sandstone and adopted the effective stress
principle as an interpretation of the effect of moisture on the strength of
rocks.

Stress corrosion is the main mechanism of time-dependent, subcrit-
ical crack growth in shallow crustal conditions (upper 20 km).53%3%4
Stress corrosion is driven by reactions that occur between a chemically
activated geological fluid (commonly water) and the strained crack tip
bonds, such as the hydrolysis of silicon-oxygen bonds in a quartz-water
system.>>%%434¢ The strained crack tip bonds result in a weakened
(activated) state that can be broken at lower stresses than unaffected
bonds. Waza et al.*” investigated experimentally the effect of water on
the velocity of crack propagation in an andesite and a basalt, and
showed the velocity of crack growth in water-saturated rocks was 2-3
orders of magnitude greater than in room-dry samples. Nara et al.”" >
concluded that, when the relative humidity of the air was higher, the
subcritical crack growth index tended to be lower, and the subcritical
crack growth index at 90% relative humidity became close to the value
in liquid water. Kranz et al.>® found that the time-to-failure for Westerly
granite during brittle creep experiments was significantly reduced in the
presence of water. Tang et al.'® studied the influence of water saturation

International Journal of Rock Mechanics and Mining Sciences 145 (2021) 104840

on the long-term strength of sandstone. For samples pre-immersed in
water, these authors found that the minimum creep rate and the
time-to-failure increased and decreased, respectively, as a function of
the duration of pre-immersion.

The main object of the present paper is to further advance our un-
derstanding of the mechanical behavior of partially saturated sandstone
with different levels of water saturation at the mesoscale. For this pur-
pose, we considered that water retained in rock acts to reduce rock
strength in two ways: mechanically through the generalized effective
stress principle and chemically through stress corrosion reactions. A
three-dimensional discrete element grain-based model (3DEC-GBM)
that accounts for both the mechanical and chemical effects was built to
explore the short- and long-term mechanical behavior of sandstone with
different levels of saturation on the mesoscale. A calibration procedure
to determine the grain scale parameters for the model was first con-
ducted according to the macroscopic response of sandstone deformed in
laboratory experiments (e.g., uniaxial compression strength tests and
uniaxial compressive creep tests). Following this validation, we then
performed a series of uniaxial compressive strength simulations and
uniaxial compressive creep simulations with different levels of water
saturation to analyze the influence of water saturation on the mechan-
ical properties of the studied Yunnan sandstone.

2. Numerical model
2.1. Three-dimensional discrete element grain-based model

The constituent minerals of Yunnan sandstone, collected in Yunnan
(China), are quartz (60%), feldspar (19%), calcite (8%), and cement
(13%) (Fig. 1a). The grain size of Yunnan sandstone is approximately
100-200 pm. The average dry density is 2061 kg/m>, and the average
porosity, calculated using mercury intrusion porosimetry, is 7.9%. A
three-dimensional discrete element grain-based model (3DEC-GBM),
consisting of an assemblage of Voronoi polyhedra grains with variable
sizes and shapes, was built to capture the key meso-structural features
and arrangement of mineral grains within the rock in a realistic manner
(Fig. 1b).>*%” The model provides a good representation of the micro-
structure of the studied sandstone (compare Fig. 1a and b). In this study,
we generated numerical cylindrical specimens with a diameter of 50 mm
and a length of 100 mm (the same dimensions as for the laboratory
experiments described later in this paper) in order to deform them
numerically. The specimen with 5300 Voronoi polyhedral grains that is
consistent with the discretization of the numerical specimens used in
previous studies®®®” is constructed. Equivalent diameters (i.e. diameter
of the sphere of equivalent volume) of the grains in the model follow a
log-normal distribution, in which the logarithmic mean and logarithmic
standard deviation are 1 and 0.35, respectively. The sphericity (i.e. the
ratio of the surface area of the sphere of equivalent volume to the surface
area of the grain) of the grains in the model also follows a log-normal
distribution, in which the logarithmic mean and logarithmic standard
deviation are 0.145 and 0.03, respectively.

Within the 3DEC-GBM, the macroscopic behavior of specimens is
controlled by both the grains and the grain contacts. In the model, the
grains are considered to be deformable and are assigned to be linear
elastic without an ultimate strength. Further, the contacts between
grains are automatically divided into several triangular sub-contacts
after the entire grain is zoned. These sub-contacts between the
deformable grains follow two contact criteria: Rankine’s maximum
tensile stress criterion and the Mohr-Coulomb shear failure criterion,”
as shown in Fig. 2.

The crucial step in 3DEC-GBM is to select appropriate meso-
properties of both the grains and the grain contacts according to the
known macro-properties of the rock. Using a “trial-and-error”
method,’®°° numerical modeling was performed on cylindrical speci-
mens (100 mm in length and 50 mm in diameter), and the input pa-
rameters were varied until the mechanical behavior, strength, and
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Fig. 1. (a) Scanning electron microscope (SEM) image (left) and optical microscope image (right) of Yunnan sandstone. (b) Three dimensional Voronoi tessellation
(left) designed to replicate the grain scale properties of the sandstone and a section of the cubic sample (right).
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Fig. 2. Stress-strain graph showing the constitutive behavior of sub-contact between the deformable grains. Sub-contacts can fail (open), slide, or overlap. Kn —
normal stiffness of the sub-contact; Ks — shear stiffness of the sub-contact. Redrawn from Ghazvinian et al.>*.

failure patterns of the numerical simulation closely matched the data 2.2. Capillary pressure related generalized effective stress

and observations from laboratory experiments of the studied sandstone.

We highlight that only one type of grain and one type of contact were Many crustal rocks (e.g., the studied Yunnan sandstone; Fig. 1) are
considered in the parametric calibration performed in this paper, which composed of interlocking mineral grains and microstructural defects (e.
means that the effects of mineral heterogeneity were explicitly not g. pores, microcracks and grain boundaries). Amongst these micro-
considered. structural defects, the primary channels for fluid transport are provided
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by the larger pores (often simply called “pores” or “nodal pores”) con-
nected via narrow pore-like channels (usually known as “pore throats™),
while the storage volume for fluids such as water is provided by the total
available void space.®®®® Under partially saturation conditions, only a
proportion of the available void space is saturated with fluid. According
to the capillary law,°* water bridges are more likely to initially invade
and saturate the pores with smaller apertures (see Fig. 3). The capillary
effect occurs whenever the pore space is partially-saturated with at least
two immiscible fluids, such as gas and water.®*°® Capillary pressure is
created by liquid menisci in the pores between mineral grains. It has
been demonstrated that water-weakening in partially-saturated rocks
can be attributed to a decrease in capillary tension,?%3%36:4%67-70

To explain the influence of water on mechanical behavior of rock
under partially saturated conditions, Rozhko®® and Schmitt et al.*?
introduced a generalized effective stress law, established for rocks
partially-saturated with air and water:

Solid-solid contact

N
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Mineral grain

Adsorbed water
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where ¢ is the effective stress, o is the total stress, and 4 is the additive
coefficient which is equal to the degree of saturation S.. We further as-
sume that the total air pressure is equal to the prevailing atmospheric
pressure, ug = 101.325 kPa.

The formulation used to describe the relationship between capillary
pressure and saturation is implemented as follows:”!

b() ya 1/p
P.(5¢,b) =ty — u,, = apwg; SI7 — 1 2

where S, is the saturation degree, by is the relative specific aperture
corresponding to the saturation of the pore throat, b is the local pore
throat aperture, g is the acceleration due to gravity, p,, is the density of
water, and a and f are constants related to capillary pressure curves. Eq.

Fig. 3. (a) Schematic illustration of a representa-
tive elementary volume of partially saturated
sandstone. The mineral grains were bonded and the
moisture transport through grain boundary or pore.
The parts with a smaller pore aperture are saturated
initially according to the capillarity law. (b) The
relationship of incremental pore volume and pore
diameters of the studied sandstone in mercury
intrusion porosimetry tests. (c) Smooth parallel-
plate model on grain contacts where sub-contacts
correspond to parallel-plate subregions containing
solid-solid contact points and pore space whose
aperture is a constant value.
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Fig. 3. (continued).
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(2) has the same form as the van Genuchten curve72, but takes into ac-
count the effect of pore throat aperture.

The formulation of a generalized effective stress can then be obtained
from Egs. (1) and (2):

. S.b 1e
c=0c+ap,g 0 (sel/*)ﬂ — 1) —u, 3

This generalized effective stress law is introduced into the three-
dimensional discrete element grain-based model (3DEC-GBM) to
mimic the time-independent mechanical behavior of the partially satu-
rated Yunnan sandstone. The microstructural defect network within the
rock comprises rough-walled pathways in nature and water is therefore
not uniformly distributed in the network of pores, pore throats and
microcracks in the rock (Fig. 3a).”® The relationship of incremental pore
volume and pore diameters of the studied sandstone follow an approx-
imately lognormal function (Fig. 3b). The median pore diameter of the
pores is of the order of 100 nm. In our model, the mean grain size of
grains within the specimen was set to be significantly larger than the
actual mineral grains of the studied sandstone. We assume that the ap-
ertures of the sub-contacts scale by the same factor, and that these ap-
ertures fall in the range of 1-60 pm. We implemented the local
parallel-plate model into the sub-contacts to represent the unevenly
distributed pockets of fluid in the partially saturated sandstone. The
contact between grains is automatically divided into several triangular
sub-contacts after the entire grain is zoned, and each sub-contact com-
prises the partial boundary of the contact (Fig. 3c). Each sub-contact can
be treated as a representative element volume that comprises solid-solid
contact points and pore space located along the grain triple junction.

Because the grain size of our model is much larger than the aperture
of the sub-contact between grains, it is likely that locally the air-water
interface at the pore space is elongated in shape, parallel to the con-
tact plane (Fig. 3c). The contact-parallel curvature is smaller than the
contact-perpendicular curvature, and the magnitude of the principal
curvature radii is about 10 pm. Therefore, we are conservative and as-
sume that the capillary pressure is given in parallel plate geometry,

which is the lower of the two extremes presented (parallel plates and
circular). The pore spaces are simplified as two parallel plates with a
constant aperture value (Fig. 3c). The interface between liquid and air is
curved and often called the meniscus. The front of the meniscus is
connected to the atmosphere containing air and water vapor (Fig. 3c).
The pressure on both sides of the meniscus is discontinuous. The pres-
sure in the water at the rear of the meniscus is usually lower than the
atmospheric pressure. This pressure difference called capillary pressure
(P,) is expressed by the Young-Laplace equation:P, = 2y cos /b, where
y is the interfacial tension, 0 is the contact angle between the water
interface and the solid (pore throat) surface, measured through the
wetting phase, r is the radius of curvature, and b is the aperture of the
two parallel plates. Once the normal stress or shear stress at the sub-
contact exceeds the tensile strength or shear strength at the sub-
contact, respectively, the sub-contacts fail and form microcracks at the
solid-solid contact points.

For a contact between grains, according to the capillary law, the
water occupies and saturates the sub-contacts with smaller apertures,
and all sub-contacts with larger apertures contain air and water vapor.
The saturation degree of the contact is given by:

S bA,
S biA;

Se 4

where b; is aperture of the ith sub-contact of the contact, A; is area of the
sub-contact of the contact, n is the total number of sub-contacts of the
contact, m is the number of sub-contacts with smaller apertures than
aperture (b.). Each saturation degree in the model corresponds to an
aperture (b.), and the sub-contacts with an aperture less than b, are
occupied by water. In our model, the aperture of the sub-contacts range
is assumed as 1-60 pm.

Our implementation of the generalized effective stress law is based
on the following assumptions: (1) both tensile and shear failure criteria
of the rock are expressed in terms of the generalized effective stress, not
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the total stress; (2) when the saturation level within samples is constant,
the saturation level of the sub-contacts in the samples, which is deter-
mined from the sub-contact aperture, is also constant; and (3) the
capillary phenomenon only occurs at sub-contacts between grains and
does not affect the grains themselves. The capillary pressure affects the
normal deformation of the sub-contact.

2.3. Saturation related stress corrosion theory

Stress corrosion, a weakening reaction of the bond structure in rock
through chemical reaction with the pore fluid, is considered to be one of
the key factors driving the time-dependent deformation behavior of
rocks in the upper crust (e.g., Atkinson®®). It is well known that the
presence of water greatly affects the rate of stress corrosion cracking in
rock.530:28:43,49,50.7475 The most common formulation to describe a
stress-induced stress corrosion process under the influence of a corrosive
environment (commonly water or some aqueous solution) and reaction
site stress is given by Eq. (5) based on chemical reaction rate
theory.?%31:%8:4476 The subcritical crack growth velocity is proportional
to the rate of chemical reaction.”®

E(0)—V'6+cc*+TV, /2p>

RT )

v=vy, exp<f

where V* is the activation volume for the surface corrosion process, E*
(0) is the activation energy for surface corrosion at a stress-free surface,
co? is the combined effect of a second order term in the expansion of the
activation energy and the loss of strain energy due to corrosion, R is the
universal gas constant, T is the absolute temperature, and I'V;,,/2p rep-
resents the influence of curvature of the reaction surface. In the
expressionl 'V,,;,/2p, p is the radius of curvature of the crack tip, V;, is the
molar volume of the rock, and I" is the surface free energy of the rock
corrosion interface. Because o2 and I' are small in comparison to the
other terms in Eq. (5), they can be neglected to a good approximation.”®
Eq. (5) can then be simplified to:
E'(0) — V*a)

(6)

v:voexp<— RT

The term E*(0) in Eq. (6) is related to the environment and is
expressed as the difference in chemical potential between the reactants
and products of the corrosion reaction, as follows:

E*(O):/" g —“Hp —Nipo @)

where n is a material constant known as the stress corrosion index, and
U+, pp, and upgo are the chemical potential of the activated state, a
bond, and of water, respectively. The chemical potentials of the acti-
vated and non-activated bonds are those corresponding to a stress-free,
flat interface (the stress and curvature contributions are accounted for
separately in Eq. (5)). Under atmospheric conditions, the stress corro-
sion index is assumed to be equal to unity in which the relative humidity
is greater than 1%.

The chemical potentials of the reactants are given by:*>”°

H 1,0 = Hos + RT In ®)

where up20 is the chemical potential of water in the saturated solution
compared to its standard state (uo,), and a; is the activity of the water,
which is the amount of unbound water at the meniscus. as is defined as
the ratio of the escaping tendency of water (f;) to the escaping tendency
of pure water with no radius of curvature (fy) at the temperature of the
experiment, which can be replaced by the ratio of the vapor pressure of
water (P;) to the vapor pressure of pure water (Pg) with no radius of
curvature at the temperature of the experiment. P;/Py is also defined as
the humidity value at the reaction site.?” The relative humidity at the
meniscus increases with the increase of water vapor pressure. So, the
chemical reaction rate is related to the water vapor rather than the
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concentration of liquid water at the meniscus. At a constant tempera-
ture, it is assumed that up+, up, and pos are independent of environment.
It is worth noting that the dependence of stress corrosion on the amount
of water in the environment is all contained in the activity.

As a result of thermodynamic equilibrium between capillary pressure
and water vapor, the water transport equilibrium is governed by the
Kelvin equation (Eq. (9)).

P; M,y cos 6

mil= My oSt
P RTp,b ©)

where M,, is the molar mass of water, and p,, is the density of water,

Substituting Egs. (7)—(9) into Eq. (6), the formulation that describes
the relation between the chemical reaction rate (also called subcritical
crack growth velocity), saturation and reaction site stress can be ob-
tained as follows:

v :ﬂlexp(ﬂzﬂfﬂg/b) (10)
where ;= Avoexp((— pgtpg + Ho) /RT)By = V' /RTps =
(Myy cos 0) /(RTp,,), and A is the constant of proportionality between
the chemical reaction rate and the degradation rate.

This stress corrosion theory and the generalized effective stress law
were introduced into the three-dimensional discrete element grain-
based model (3DEC-GBM) in order to mimic the long-term weakening
processes in partially saturated Yunnan sandstone with different levels
of saturation. We assume that stress corrosion reactions only occur at
sub-contacts between deformable grains and do not affect the grains
themselves. Therefore, each sub-contact is a potential reaction site. The
mesoscopic mechanical properties of the sub-contacts, which are char-
acterized by values of tensile strength and cohesion in this study, are
weakened at a uniform rate that is proportional to the chemical reaction
rate (Fig. 4). Once the normal stress or shear stress at the sub-contact
exceeded the tensile strength or shear strength at the sub-contact,
respectively, the sub-contacts failed and microcracks formed. Hence,
the formulation that describes the chemical reaction rate (v) of meso-
scopic mechanical properties of the sub-contacts is given by:

, 060 <0 <o, an)

where o6 is the threshold stress (so-called activation stress) below which
stress corrosion reactions cannot occur (approximately equal to 0.4 of
the peak stress’”), o is the peak strength, and is the reaction-site stress
which incorporates a tensile stress, a shear stress, or mixed stresses
acting on the sub-contact.

When only tension force is applied to the sub-contact, the degrada-
tion rate is given by:

dJT 0 B 6 < 0y
Tzl: ﬂ]e(ﬂzofﬁa/h)?% <5 <o 12)
© 0 >0,

where Gis the tension stress acting on the ith sub-contact of the contact,
JTis the tension strength of the ith sub-contact of the contact, and b, is
cutoff aperture. All pores with smaller aperture (b < = b.) are assumed to
be saturated with the water, and the pores with larger aperture (b > b,)
are assumed to contain air and water vapor in the contact.

When only shear force is applied to the sub-contact, the degradation
rate is given by:

dJe 0 ~ T < 0y
d[t — ﬁle(/fﬂ*ﬁ}/hr)7 60 <7< o0, 13)
0o T>0.

where 7 is the shear stress acting on the ith sub-contact of the contact,
and J{ is the cohesion of the ith sub-contact of the contact.
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Sub-contact

v=aJ{/dt
or
v=dJi/dt

In(v)
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Fig. 4. Degradation rate relations for the 3DEC-GBM. o - threshold stress below which stress corrosion does not occur; o, - the peak strength, JI' andJ;-the tension

strength and the cohesion of the ith sub-contact of the contact, respectively.

When mixed tensile-shear force is applied to the sub-contact, the
degradation rate is obtained by utilizing the principle of superposition:

0 6<o0y and T < 0y
BP0 5y <G <6, and T < 0y
T

d;; ={ B/ 5 < gy and 6y <T< o,
P BTl g (BTN 6 <G < 6, and 6y < T < 0,
o© 0 > 0.01T > O,
0 0<o0p and 7 < 0y
ﬂle(/}ﬁ’ﬂ‘/b”) 690 <6 <0, and T < 0y

dd_J; = BT P G <6y and 60 <7 < o,
B g BB 6 <G < 6 and 6y <7 < o,
© 0> 0.0T > 0,

(14)

where ¢ and 7 are the tension and shear stress acting on the ith sub-
contact of the contact, respectively.

When mixed compressive-shear loading is applied to the sub-contact,
frictional forces are generated along the sub-contact. The shear stress 7
at the sub-contact can be substituted by the effective shear stress above
friction, 7 — o, tan ¢, and the degradation rate is then given by:

0 T — 0, tan ¢ < 0y
ﬂle(ﬂzwﬂn tan <1>)7ﬁ3/b<)7 6o <T—0,tan ¢ < 0, (15)
0o T—o,tan ¢ > o,

aJ; _
dr

where 7 and o, are the shear stress and normal stress at the sub-contact,
respectively.

For time-dependent deformation in our model, the stress-corrosion
time step, At, is taken as real time, and can be automatically adjusted
via a self-adaptive procedure. The initial stress-corrosion time step is
equal to 1s. When the maximum unbalanced force exceeds some
threshold, the stress corrosion timestep, At, can be decreased by a ratio
of 0.9. The specified minimum time step is 1 x 1072 s. When the
maximum unbalanced force is reduced below some threshold, the stress
corrosion timestep, At, can be increased by a ratio of 1.1. The specified
maximum time step is 1 x 10* s. The threshold mentioned above is
defined as the ratio of the maximum unbalanced force to the average
gridpoint force.”®

3. Influence of saturation on mechanical behavior of sandstone

In the present paper, the influence of water saturation on the time-
independent and time-dependent mechanical behavior of Yunnan
sandstone at the mesoscale was studied numerically. In order to validate
our modeling approach, these numerical simulations were combined
with laboratory testing. Cylindrical samples measuring 50 mm in
diameter by 100 mm in length were used for both the numerical
modeling and the laboratory testing. The cylindrical sandstone samples
used in the laboratory tests were all drilled from a single block of
Yunnan sandstone, and all in the same orientation, providing a high
level of repeatability under controlled laboratory test conditions. In
order to prepare sandstone samples with precise but different levels of
saturation, the prepared samples were stored under controlled, constant
humidity conditions, guided by vapor-liquid equilibrium theory. In this
study, the saturation levels of the prepared samples were maintained
constant at 13.1%, 24.3%, 45.2% and 100%, respectively.

3.1. Time-independent mechanical properties under different levels of
water saturation

The stress-strain curves from uniaxial compression experiments on
Yunnan sandstone under different levels of water saturation are shown
in Fig. 5. These stress-strain curves are typical of those for sandstone
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Fig. 5. Experimental uniaxial stress-strain curves for sandstone samples with
different levels of saturation (from 13.1% to 100%).
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deformed under uniaxial compression. Strain is first a concave-upwards,
nonlinearly increasing function of stress that is commonly attributed to
the closure of pre-existing defects. The stress-strain curve then becomes
quasi-linear, attributed to primarily elastic deformation. Finally, the
slope of the stress-strain curve decreases due to new, dilatant crack
growth, with the stress eventually reaching a peak, which is the uniaxial
compressive strength. This is followed by a stress drop associated with
the macroscopic failure of the sample. The data of Fig. 5 also show that
the uniaxial compressive strength (peak stress) of the sandstone de-
creases as a function of increasing saturation level. As the saturation
level increased from 13.1% to 100%, the uniaxial compressive strength
decreased from 52.5 MPa to 38.3 MPa. The macroscopic mechanical
properties of Yunnan sandstone from our experiments at different
saturation levels are summarized in Table 1. The experimental results
show that the relationship between the saturation level of a specimen
and its uniaxial compressive strength and elastic modulus can be well
described by the following exponential relations:

6(S.) =37.15 + 22.86¢ 00345 (16)
E(S.) = 8.66 + 4.53¢ 0025 a7

where o is the uniaxial compressive strength, E is elastic modulus, and S,
is the level of saturation. These results are consistent with previous
experimental studies that have also shown that saturation with water
decreases the strength and elastic modulus of sandstone (see Heap
et al.'® and references therein).

Based on the above experimental results, a series of numerical sim-
ulations using the generalized effective stress law were conducted to
determine the appropriate capillary pressure curve parameters. The
calibrated capillary pressure curve parameter was found to be f = 1.51.
The calibrated meso-mechanical parameters for saturated sandstone
were as follows: Young’s (elastic) modulus and Poisson’s ratio of grains
were 9.5 GPa and 0.27, respectively; normal stiffness (Kj), normal to
shear stiffness ratio (K,/K;), cohesion (J.), tensile strength (Jy), friction
angle (¢) and residual friction angle (¢,) of the sub-contact were 40 GPa
mm~, 2, 6.1 MPa, 2.16 MPa, 27° and 6°, respectively.

The results of uniaxial compression simulations on the studied
sandstone under different saturation levels are shown in Fig. 6, where
the axial stress is plotted as a function of axial strain, lateral strain and
volumetric strain. As expected, we observe that the numerical stress-
strain curves do not contain the initial non-linear phase seen in the
laboratory experimental data (Fig. 6). This is because our model does
not consider the influence of initial defects and mechanical settling.
However, the model is able to accurately reproduce both the mechanical
behavior and strength of the sandstone beyond this initial phase.”” Fig. 6
shows that the peak strength of simulated sandstone decreased as the
saturation level was increased from 13.1% to the fully saturated state
(100%). The compressive strength was reduced from 52.5 to 38.3 MPa,
as the saturation level was increased from 13.1% to 100%, a reduction of
close to 27% (Fig. 6). The simulations also show that the stress drop
associated with macroscopic failure is less steep as the saturation level is
increased (Fig. 6), indicating that the sandstone had become “softer”
(less brittle) as a function of increasing water content.

During the simulations of uniaxial compression, there is no obvious
influence of saturation level on the shape of the volumetric strain curves

Table 1
Macro mechanical properties of Yunnan sandstone under different saturation
conditions.

Humidity/ Water Water Elastic Peak
% content/% saturation/% modulus/GPa strength/MPa
40% 0.8 13.1 12.1 52.5
75% 1.48 24.3 11.2 47.2
98% 2.76 45.2 10.4 42.7
Saturated 6.1 100.0 9.5 38.3
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Fig. 6. Experimental and simulative stress-strain curves for a cylindrical lab-
oratory specimen with different saturation levels (13.1, 24.3, 45.2, and 100%).
The solid lines and dashed lines are the modeled and experimental stress-strain
curves, respectively. In addition, the dashed pink line is the experimental stress-
strain curve with a saturation level of 13.1% in which the initial non-linear part
of the stress-strain curve is removed. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

at low stress, where the volumetric strain initially increased (volume
decrease) linearly (Fig. 7). However, the volumetric strain curves began
to exhibit differences for different levels of saturation at higher levels of
axial stress. In particular, the switch from compaction-dominated to
dilation-dominated behavior (marked by vertical dashed lines in Fig. 7)
occurred at lower axial stress and lower volumetric strain as saturation
level was increased. It can be inferred that the increase of humidity
reduces the coefficient of friction among the cracks and that the cracks
can move more easily, thus resulting in the dramatic increase in volu-
metric strain upon sample failure. We note that there are no systematic
or significant differences in the geometry of the macroscopic shear
fractures produced in the numerical samples with increasing saturation
levels. Overall, however, we find that the numerical simulations accu-
rately reproduce the mechanical behavior (e.g., the elastic modulus) and
strength of the laboratory experiments (Table 2).

Fig. 7 also shows the simulated microcrack count rate as a function of
axial strain. The crack count rate is still a useful tool valuable to quali-
tatively characterize microcrack growth and damage accumulation
during the deformation process. Miiller et al.>® and Cai et al.*’ demon-
strated that the numerically simulated microcrack count rates are in
good agreement with the evolution of AE activity measured during
laboratory experiments, and could be used to characterize the temporal
evolution of microcracking and damage evolution during deformation.
In the early, elastic stage of deformation, the microcrack count rate is
very low, for every level of saturation (Fig. 7). The microcrack count
rates then start to increase significantly once the axial stress reaches
about 40% of the peak stress, again almost regardless of the level of
saturation. We note that this also corresponds very closely to the tran-
sition from compaction-dominated to dilatant-dominated behavior. The
microcrack count rates then increase at an even higher rate once the
stress reaches about 80% of the peak stress, and reach a maximum at the
peak stress for each simulation and every condition. Finally, the count
rate decays steadily during the post-peak stress decrease.

Fig. 8 shows a suite of images of one of the numerical samples during
deformation at a saturation level of 13.1% (images 1 to 6), and docu-
ments the progressive failure process during the simulated increase in
axial stress. It can be seen that failure in the numerical sample occurs
along a macroscopic shear fracture zone, with a number of minor
ancillary, smaller fractures (Fig. 8, image 6). The macroscopic failure
mode of the numerical samples is in good agreement with that observed
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Table 2
Experimental and numerical results for the uniaxial compressive strength of the
studied sandstone under different saturation conditions.

Saturation Laboratory strength/MPa Simulated strength/MPa Error
13.1% 52.5 52.3 0.3%
24.3% 47.2 48.1 1.9%
45.2% 42.7 42.2 1.2%
100% 38.3 38.3 0%

in the laboratory experimental sample (Fig. 8, image 7).

3.2. Time-dependent mechanical properties under different levels of water
saturation

In order to study the time-dependent deformation of numerical
samples under different saturation conditions, a series of numerical
simulations were initially conducted, using the generalized effective
stress law and stress corrosion theory, to determine the appropriate
subcritical crack growth parameters. The calibrated subcritical crack
growth parameters were found to be f; = 2.9 x 1074, P2 =1.56 x 1077
and 3 = 4.66 X 1077, Fig. 9 shows simulated uniaxial compressive creep
curves (axial strain as a function of time) for the studied sandstone with
a saturation level of 13.1%, performed at constant stresses of 70, 80, 85,

90, and 95% of the uniaxial compressive strength, o, corresponding to
36.4, 41.6, 44.2, 46.8, and 49.4 MPa, respectively. In these simulations,
strain first decelerates and then passes through a point of inflexion
before accelerating as the sample approaches macroscopic failure; the
same phenomenology as observed during brittle creep experiments in
the laboratory (e.g., Brantut et al.?). Note that the numerical sample held
at a stress level of 70% of the uniaxial compressive strength did not fail
even after 100 h. For the other simulations, we observe an approxi-
mately 20-fold decrease in the time-to-failure of the numerical samples,
from 3.14 x 10° to 1.66 x 10%s, as the constant creep stress is increased
from 80% to 95% of o, (i.e. from 41.6 MPa to 49.4 MPa) (Fig. 9 and
Table 3). Again, the very large decreases observed in the time-to-failure
produced by the small increases in applied creep stress (Table 3),
replicate those previously observed in laboratory creep experiments (see
Brantut et al.?). This strong similarity between results from our nu-
merical simulations and those from laboratory experiments (Table 3)
lends support to our numerical methodology and approach.

Fig. 10 shows simulated creep curves (strain-time curves) and
number of failed sub-contacts (a proxy for microcrack damage) as a
function of elapsed time for sandstone samples with different levels of
saturation (i.e. 13.1%, 24.3%, 45.2% and 100%) under a constant uni-
axial creep stress of 36.61 MPa. These simulated curves also show the
decelerating and accelerating creep behavior typically observed during
laboratory experiments. The instantaneous strain (i.e. the strain at the
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Fig. 8. Macroscopic fracture evolution in a deformed numerical specimen (images (1)-(6)) and macroscopic fracture patterns in the deformed experimental

specimen (image (7)).
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Fig. 9. Modeled uniaxial creep curves (strain-time curves) for sandstone with a
saturation level of 13.1% under different constant uniaxial stresses (from 36.4
to 49.4 MPa).

Table 3
Experimental and numerical results for the time-to-failure of Yunnan sandstone
with a saturation of 13.1% under different constant axial stress levels.

Peak stress/MPa Stress level/MPa Time to failure error
Laboratory/s Simulation/s
52.3 36.61 - 1.71 x 10° -
41.84 3.14 x 10° 3.14 x 10° 0.00%
44.46 9.72 x 10* 1.05 x 10° 3.39%
47.07 4.45 x 10* 3.23 x 10* 27.41%
49.69 1.60 x 10* 1.66 x 10* 3.75%

start of the creep portion of the simulation) increased as a function of
increasing saturation level (Fig. 10). For example, as the saturation level
was increased from 13.1% to 100%, the instantaneous strain increased

10

from 0.327% to 0.391% (Fig. 10). We also observed an approximate two
orders of magnitude decrease in time-to-failure (from 1.62 x 10%t0 1.68
x 10* s) associated with an increase in saturation level from 13.1% to
100% (Fig. 10). The decreases in time-to-failure observed in our simu-
lations as a function of saturation level are comparable with those re-
ported by Kranz et al.>® from laboratory measurements on wet and dry
Westerly granite.

These results demonstrate that the rate of sub-contact breakage
(microcrack damage evolution) is correlated with the decelerating and
accelerating creep phases shown in Fig. 10. Overall, our simulations
show that tensile microcracking dominates over shear microcracking
during the creep process (Fig. 10). A relatively small number of micro-
cracks (i.e. failed sub-contacts) was generated in the initial phase of the
simulation, which weakens the internal structure of the numerical
sample. The number of both tensile and shear microcracks then
continued to increase slowly and the rate of microcrack formation
remained almost constant for a large portion of the creep simulation.
After an extended period, however, the number of microcracks (both
tensile and shear) started to increase exponentially, manifested in the
rapid increase in strain and the approach to instability and eventual
failure of the sample (shown in Fig. 10).

The minimum creep strain rates and the times-to-failure are plotted
as functions of axial stress on semi-log axes in Fig. 11a and Fig. 11b,
respectively, for saturation levels of 13.1%, 24.3%, 45.2% and 100%.
Fig. 11a shows that the creep strain rate for each of the four saturation
levels can be well described by the following exponential relation:

e=ae” (18)

where ¢ is the minimum creep strain rate, ¢ is the uniaxial compressive
creep stress, and a and b are constants. The constants a and b are
different for the different saturation levels (Table 4). Fig. 11b shows that
the time-to-failure for each of the four saturation levels can be well
described by the following exponential relation:

—do

tf =ce (19)

where tris the time-to-failure, and c and d are constants. The constants ¢
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Fig. 10. Modeled uniaxial creep curves (strain-time curves) and number of crack counts as a function of time for sandstone samples with different saturation levels
while maintaining a constant stress level of 36.61 MPa. (a) 13.1%, (b) 24.3%, (c) 45.2% and (d) 100%.

and d are also different for the different saturation levels (Table 4). Heap
et al.>>*® found that the minimum creep strain rate and the
time-to-failure as functions of differential stress during triaxial brittle
creep experiments on porous sandstone and microcracked basalt,
respectively, could be well described by either a power law or an
exponential law.

4. Discussion

The three-dimensional discrete element grain-based model (3DEC-
GBM) used herein provides us with insights into the time-dependent
deformation of partially saturated rock (here sandstone) with various
levels of water saturation. However, although the model duplicates well
the shape and arrangement of mineral grains within the rock, it is unable
to reproduce in full the real grain structure and heterogeneity of the
sandstone with respect to its mineral composition. This arises due to the
finite limit of available computing power, so that it is impracticable to
reproduce exactly the grain structure of the rock, and an element of
simplification is therefore always required. Gao et al.”>®! presented a
UDEC-GBM model that incorporated a minimum grain size set at 7.6
times the actual grain of the rock in an effort to reflect grain scale het-
erogeneity as closely as possible. Li et al.®? analyzed the effect of the
grain size of granular brittle rocks on the macroscopic responses
observed in uniaxial compression tests and Brazilian disc tests and set
the grain diameter to 0.18 mm. In this study, we used cylindrical

11

specimens (50 mm in diameter by 100 mm in length) comprising 5300
Voronoi polyhedral grains. Our numerical samples are therefore similar
to the discretization of the numerical specimens used in previous studies
(e.g.,54). If enhanced parallelization of 3DEC becomes available in the
future, then our modeling approach can be further refined to reveal
more detail of the fracture processes occurring at the mesoscale.

Ga et al.®' and Bewick et al.®® built a microstructural model of
sandstone that contained three different minerals: feldspar (50%),
quartz (20%), and calcite (30%). These authors randomly distributed
the mineral grains in their model based on the actual mineral compo-
sition percentages. Chen et al.>* and Tan et al.%® further reproduced the
actual heterogeneity with respect to mineral composition of the rock
using a digital image processing (DIP) method. The DIP method provides
a good basis for establishing numerical models that better account for
the heterogeneous microstructure of natural rocks. In this study, only
one type of grain and one type of contact are considered in the para-
metric study, which means that the effects of mineral heterogeneity are
explicitly not considered. However, further progress in this modeling
approach requires that 3DEC-GBM and DIP be combined in order to
make significant advances in the study the failure mechanisms of het-
erogeneous rocks at the mesoscale.

Our mechanical model is also capable of simulate the influence of
temperature (see Eq. (6)), but the modeling procedure used here was
specifically focused on the study of the deformation behavior of rock
under different levels of saturation at ambient temperature. Potential in-
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Table 4
The constants for the creep strain rate and the time-to-failure of Yunnan sand-
stone under the different saturation levels.

Constants Saturation

a b c d
13.1% 5x107% 0.52 2.63 x 10! 0.33
24.3% 9x107Y 0.43 8.29 x 10%° 0.34
45.2% 1x107%° 0.66 1.79 x 10! 0.41
100% 3x10°Y 0.57 2.00 x 10" 0.46

situ applications are therefore restricted to the shallow crust. To use our
numerical model to study the long-term evolution of the Earth’s crust at
greater depths, it would need to be extended to incorporate more
advanced constitutive models. In addition, in natural environments
relevant to rock engineering or underground excavations, rock is often
saturated by aqueous fluids with varying salinity and non-neutral values
of pH. It is therefore essential to focus future modeling studies on the
effects of, for example, salinity and pH on subcritical crack growth (i.e.
stress corrosion) in rocks to have a better understanding of the time-
dependent fracturing behavior of rock in real sub-surface environ-
ments. For example, Nara et al.”"® used the load relaxation method of
the double torsion test to investigate subcritical crack growth in rock in

12

International Journal of Rock Mechanics and Mining Sciences 145 (2021) 104840

distilled water and in an aqueous solution of sodium hydroxide (NaOH,
Ca(OH)3) under conditions of controlled temperature, which provide the
basis for investigating the influence of electrolyte concentration on
time-dependent behavior of rocks.

5. Conclusions

In the present paper, we proposed a three-dimensional discrete
element grain-based model (3DEC-GBM) that incorporates the general-
ized effective stress principle and stress corrosion theory. We used this
model to characterize the short- and long-term deformation behavior of
a low-porosity sandstone with different saturation levels at the meso-
scopic scale. The capillary parameters and subcritical parameters were
validated against laboratory uniaxial compression experiments and
brittle creep experiments under different saturation levels, respectively.
We found that the model could accurately capture the mechanical
behavior, strength, and failure patterns obtained in laboratory experi-
ments (here demonstrated for Yunnan sandstone). The time-
independent numerical simulations show that water can significantly
degrade the mechanical property of the sandstone. The average peak
strength and elastic modulus of 100% saturated specimens were reduced
by 26.39% and 27.63%, respectively, compared to specimens with a
saturation level of 13.1%. Further, the creep numerical simulations were
performed under different saturation levels while maintaining a con-
stant stress level. We found that the growth of macro fractures in
sandstone samples is predominately due to the growth of tensile
microcracks, and that the deformation in the specimen was water sen-
sitive (i.e. the time-to-failure was reduced as the level of saturation was
increased), as also reported in earlier experimental studies.'® We also
performed a set of uniaxial compressive creep simulations with different
levels of saturation (i.e. 13.1%, 24.3%, 45.2%, 100%) under different
constant axial stresses of 70, 80, 85, 90, and 95% of the uniaxial
compressive strength. We found that creep strain rates and
times-to-failure for each of the four sample types can be well described
by exponential relations. The presented procedure shows new possibil-
ities to provide a deeper understanding of the mechanical behavior of
sandstone with different saturation levels in a realistic manner by
explicitly considering fracture processes at the grain scale.
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