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Abstract

The initial water content significantly affects rock mechanics, especially with swelling minerals. However, the effects of initial water
content on the mechanical properties and failure mode of sulfate rocks remain unclear. This study explores these effects by conducting
unconfined compressive strength (UCS) experiments and discrete element method simulations on sulfate rocks. The results indicate that
as the initial water content increased from 0 to 9%, the Young’s modulus and Poisson’s ratio of sulfate rock exponentially decreased by
48.9% and 290%, respectively. Additionally, the crack initiation stress (o), crack damage stress (o.4), and UCS decreased by 62.4%,
51.5%, and 53.3%, respectively. The stress responses to initial water content follow linear functions. Notable decreases were also observed
in the normal and shear stiffness parameters (k, and k) of contact, diminishing by 46.53% and 46.54%, respectively; peak cohesion
decreased by 69.70%; peak friction angle by 17.39%; peak tensile strength by 124%. Rising initial water content leads to increased dam-
age and softening of sulfate rock, causing decreased mechanical properties. It can be observed that as the initial water content increases,
the proportion of micro-tensile fractures in the total number of fractures increases, and the dominant failure mode of sulfate rock grad-
ually transitions from shear to tensile failure.
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1 Introduction rock. This swelling phenomenon is accompanied by

changes in the mechanical properties of the rock. All over

Sulfate rock consists of both a clay matrix and finely dis-
persed anhydrite minerals (Schweizer et al., 2018). The clay
and anhydrite minerals have the ability to absorb water.
The volume increase due to the absorption of water by
anhydrite and clay minerals is called rock swelling. Water
access induces swelling of expansion minerals, simultane-
ously leading to damage to the microstructure inside the
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the world, there have been large engineering disasters in
tunnels crossing sulfate rock formations, such as tunnel
floor heave, lining destruction, and reduction of the effec-
tive cross-sectional area of tunnels, as shown in Fig. 1
(Alonso et al., 2013; Liu et al., 2011; Serafeimidis et al.,
2013; Xu et al., 2021; Zhang et al., 2017). These issues
are partly attributed to the influence of swelling and partly
to changes in rock mechanical properties caused by swel-
ling after absorbing water. Therefore, for engineering
design, the swelling characteristics and mechanical proper-
ties of sulfate rock are of utmost concern to technicians.
Changes in mechanical properties can also alter the failure
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Fig. 1. Serious diseases of tunnel due to sulfate rock. (a) Invert heave in Chienberg tunnel, (b) lining structure failure of the Dugongling tunnel, (c) heave
of invert in Wagenburg tunnel, (d) heave of floor in the Belchen tunnel, (¢) heave and failure of the tunnel flat-slab in Lilla tunnel, and (f) lining structure

failure of the South Lvliang tunnel.

mode of rocks (Yan et al., 2023). Water has a significant
effect on these properties of rock (Hu et al., 2014; Liu
et al., 2021; Maximiliano & Triantafyllidis, 2016),
especially swelling rocks that are extremely sensitive to
water. In contrast to swelling properties, the effects of ini-
tial water content on the mechanical properties and failure
behavior of sulfate rock remain ambiguous. It is suggested
that investigating the effect of water on this relationship is
of significant importance in sulfate rock and represents an
attractive topic for engineering construction.

Swelling rocks are categorized as physical (e.g., clay
rocks) or chemical (e.g., sulfate rocks). Clay rocks, typi-
cally soft and water-sensitive, often soften or disintegrate
upon wetting (Cherblanc et al., 2016; Zhang & Wu, 2020;
Zhong et al., 2019). Consequently, their mechanical prop-
erties—particularly elastic modulus and failure strength—
are highly sensitive to initial water content (Bornert
et al., 2010; Hu et al., 2014; Zhang & Rothfuchs, 2004).
Numerous studies have experimentally examined how
water content affects parameters such as elastic modulus,
tensile strength, and compressive strength, and have devel-
oped corresponding predictive models (Hu et al., 2014; Liu
et al., 2021; Maximiliano & Triantafyllidis, 2016;
Vasarhelyi, 2005; Vasdrhelyi & Van, 2006). Furthermore,
the mechanisms by which water weakens these properties
have also been explored (Li et al., 2022; Liu et al., 2021;
Maximiliano & Triantafyllidis, 2016; Yang & Du, 2016;
Zhang et al., 2020).

Unlike the single physical swelling of clay minerals in
clay rock, the swelling of sulfate rock results from two
overlapping processes upon water absorption: (i) the phys-
ical swelling of clay due to osmotic water uptake and

hydration, and (ii) the chemical transformation of anhy-
drite (CaSQ,) into gypsum (CaSO, - 2H,0) when in con-
tact with water (CaSO,4+ 2H,0 = CaSO, - 2H,0)
(Alonso et al.,, 2013; Butscher et al., 2018, 2016;
Schweizer et al., 2018; Serafeimidis & Anagnostou, 2013,
2015). The chemical reaction is the dominant mechanism
and generates swelling pressures several times greater than
those in clay rocks (Butscher et al., 2018, 2016; Pimentel &
Anagnostou, 2013; Steiner, 1993). Swelling pressures
reaching several MPa have led to severe engineering prob-
lems (Alonso et al., 2013; Alonso & Ramon, 2013; Butscher
et al., 2011; Liu et al., 2011; Serafeimidis & Anagnostou,
2013; Xu et al., 2021). Consequently, research on sulfate
rock has primarily focused on its swelling pressure and
associated constitutive relationships derived from experi-
ments (Alonso et al., 2013; Pimentel & Anagnostou,
2013; Pimentel, 2015; Serafeimidis & Anagnostou, 2014,
2015), often neglecting the effect of water on its mechanical
properties. Although some studies have measured the com-
pressive strength, elastic modulus, peak strain, and internal
friction angle of pure anhydrite rock (Gao et al., 2011; Su
et al., 2019; Zhu et al., 2013), they seldom consider the
influence of initial water content. Moreover, pure anhydrite
rock lacks clay minerals, which—despite their lower swel-
ling potential compared to anhydrite—still play a signifi-
cant role in the overall swelling behavior (Madsen &
Nuesch, 1991). This distinction underscores the fundamen-
tal differences between the two rock types and suggests that
mechanical properties derived from pure anhydrite are not
representative of sulfate rock. In summary, experimental
studies focusing on the effect of initial water content on
the mechanical properties of sulfate rock are scarce. Even
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under otherwise identical conditions, variations in initial
water content lead to differences in water absorption capac-
ity and initial mechanical properties. As such, neglecting
the impact of initial water content on the macro- and
meso-mechanical properties and failure behavior of sulfate
rock is insufficient for addressing the design and construc-
tion challenges in sulfate-rich tunnel environments.

In recent decades, numerical simulation techniques,
grounded in laboratory experimental research, have been
extensively used for the quantitative analysis of rock
mechanical properties. These methods are generally classi-
fied into two main categories: continuum-based
approaches, such as the finite element method (FEM)
and finite difference method (FDM), and discontinuum-
based approaches, including the finite-discrete element
method (FDEM), discrete element method (DEM), and
discontinuous deformation analysis (DDA) (Li et al.,
2019). For example, Mardalizad et al. (2018) applied
FEM-based simulations to examine the unconfined com-
pressive strength (UCS) and failure processes of rocks,
while Inga et al. (2023) combined DEM with Brazilian
splitting tensile tests to assess rock mechanical behavior.
Numerous studies (Alejano et al., 2017, Huang et al.,
2023; Sinha et al., 2020) have utilized DEM to systemati-
cally investigate rock failure under uniaxial compression,
providing insight into underlying failure mechanisms.
Although DEM is generally more computationally inten-
sive than continuum methods, it offers distinct advantages
in modeling rock fracture and crack evolution. Specifically,
DEM can capture both macroscopic mechanical responses
and microscopic crack initiation and propagation (Li et al.,
2020; Turichshev & Hadjigeorgiou, 2017; Zhang et al.,
2025). Therefore, this study adopts the DEM approach
to explore the failure modes and macro-micromechanical
behavior of sulfate rocks.

This study examines the effect of initial water content on
the macro- and meso-mechanical properties and failure
modes of sulfate rock through laboratory and 3D grain-
based model (GBM). UCS tests were performed on speci-
mens with 0, 3%, 6%, and 9% water content. A novel 3D
GBM was developed in 3DEC to realistically simulate frac-
turing, and its accuracy was validated against experimental
data. Finally, the combined results of laboratory and
numerical experiments comprehensively revealed the effects
of initial water content on the mechanical properties,
microcracking process, characteristic stress, and failure
modes of sulfate rock.

2 Test materials and methods
2.1 Materials

The study area is located in Linfen City, Shanxi Pro-
vince, China, approximately at 36°05'N and 111°30’E.
An intact block of sulfate rock was selected from a sulfate
rock stratum within a 23.4-km-long tunnel, at a depth of
over 500 m, as shown in Fig. 2(a).

According to the X-ray diffraction (XRD) analyses, a
portion of the results is presented in Fig. 3. The rock con-
sists of gypsum, anhydrite, muscovite, kaolinite, quartz,
smectite, and celestite. Gypsum constitutes an average
mass fraction of 55.9% in the rock block, anhydrite
24.3%, muscovite 8.6%, quartz 4.0%, celestite 0.8%, and
the clay minerals, including kaolinite and smectite, total
6.4%. All the specimens in this experiment originated from
the same block of sulfate rock, as shown in Fig. 2(b).

2.2 Samples preparation

The block was sent back to the laboratory for slow cut-
ting on a high-precision cutting machine to obtain cylindri-
cal samples (with a diameter of 50 mm and a height of
100 mm). To avoid the influence of water on the mechani-
cal properties of the sulfate rock samples, both cutting and
section polishing were performed using the air flushing
method.

After cutting and polishing, the sample preparation pro-
cess is shown in Fig. 4. Initially, the rock samples were
weighed, measured, and photographed, as shown in
Fig. 4(a)—(c). Subsequently, the natural samples were dried
in an oven at 220 °C for 24 h to convert gypsum into anhy-
drite (Su et al., 2019; Xu et al., 2019), as shown in Fig. 4(d).
The dried samples were then reweighed to determine their
dry mass (Fig. 4(e)). To obtain samples with varying initial
water content, the specimens were conditioned in a con-
trolled environment with a constant temperature of 21 °C
and relative humidity (RH) of 90% (Pimentel &
Anagnostou, 2013), under atmospheric pressure measured
at 101.2 kPa, as shown in Fig. 4(f). During wetting, the
samples were weighed every two hours (Fig. 4(g)) until
the target water content was achieved, calculated using
Eq. (1). The preparation was considered complete when
the specimen mass reached mo(l + w;). Finally, the test
samples were prepared with initial water content levels of
0, 3%, 6%, and 9%. It is crucial to note that once prepared,
the water-bearing samples were immediately wrapped in
plastic and stored in a dry, sealed environment to prevent
water loss.

Wy = (m1 —mo)/mo X 100%, (1)

where w, is the initial water content of the sample, m, is the
wet mass of the sample, and mg is the dry mass of the
sample.

Post-experimental observations of the specimens reveal
that the gypsum texture of the studied rock is predomi-
nantly vein-like with a fibrous, as shown in Fig. 5.

2.3 Testing procedures

After completion of the sample preparation, unconfined
compressive strength (UCS) tests were undertaken on dif-
ferent water-bearing samples, with initial water content of
0, 3%, 6%, and 9%, as shown in Table 1.
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Fig. 2. Location map of the study area. (a) Rock block location of the tunnel, and (b) origin rock block of sample.

The UCS tests were conducted using a TAW-2000 elec-
trohydraulic servo rock triaxial testing machine, as shown
in Fig. 6. This apparatus is capable of performing both
UCS and triaxial compressive strength tests on rock speci-
mens. The UCS testing procedure adhered to the method-
ology proposed by Wang et al. (2014). A constant loading
rate of 0.001 mm/s was applied during the uniaxial tests.
During each test, a transducer recorded the axial load,
axial displacement, and radial displacement.

3 DEM numerical simulation
3.1 3DEC-GBM modeling method

Numerical modeling has emerged as a powerful tool to
study mechanical behaviors of rock, rock-like materials,
and jointed rock masses (Wang & Cai, 2019). Numerical
modeling methods, in comparison to experimental
approaches, offer significant advantages, especially in
observing detailed phenomena like cracks, stress, and
strain within specimens. This detailed information is valu-
able for gaining further insight into failure mechanisms and
microscopic failure modes. At the micro-scale, rock mate-

rials are composed of grains of different sizes. In numerical
modeling, different grain shapes are used to consider rock
heterogeneity at the grain scale. For instance, disk and
sphere, square and cube, triangular and tetrahedron, and
polygonal and polyhedron shapes have been used
(Ghazvinian et al., 2014; Kazerani & Zhao, 2010; Wang
& Cai, 2019; Zhang et al., 2021).

Currently, 3DEC incorporates two types of grain-based
models: the tetrahedron grain model and the polyhedron
grain model, the latter utilizing the 3DEC-Voronoi model-
ing approach, as illustrated in Fig. 7. Grain geometry plays
a critical role in the development of crack propagation and
sliding fractures. Distinct differences in grain morphology
and arrangement between the two models lead to varied
mechanical responses. From a geometric standpoint, Voro-
noi tessellations introduce heterogeneity in grain shape and
size, closely resembling actual mineral grain structures.
Moreover, Voronoi grains can be configured with various
aspect ratios, thereby enhancing the simulation of anisotro-
pic behavior in rock materials (Ghazvinian et al., 2014). In
contrast, tetrahedron grains are consistently smooth, four-
faced polyhedra that tend to form continuous surfaces, pre-
dominantly resulting in shear failure, as illustrated in Fig. 7
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Fig. 3. XRD results of the studied rock blocks. (a) Sample for XRD testing, (b) XRD test results of specimen D, (c) XRD test results of specimen E, and

(d) XRD test results of specimen F.

(a) by red lines. Conversely, the rough surfaces of Voronoi
grains promote splitting as the dominant failure mode
rather than shear, as shown in Fig. 7(b) with blue lines
(Ghazvinian et al., 2014; Wang & Cai, 2019).

Voronoi tessellation is one of the available techniques
for generating random polygonal grains within a given
domain. In this method, random seed points are dis-
tributed throughout the region. A 3D Voronoi tessellation
is a partition of a domain of 3D space, D € R®. Given a
number of seed points in D, {S;(x;)} for i={1,---,N},
every seed is assigned a Voronoi cell, C;, as follows
(Ghazvinian et al., 2014):

C; = {P(x) € DId(P,S;) < d(P,S;) Vj#i}, )

where d(-,-) is the Euclidean distance. In the Voronoi tes-
sellation algorithm, to construct the cell C; associated with
the seed §;, the entire computational domain is initially

assigned as the preliminary region. This region is iteratively
refined by sequentially incorporating the influence of
neighboring seeds S;, ordered by their increasing Euclidean
distance from S;. At each iteration, the current estimate of
C; is updated by intersecting it with the half-space defined
as being closer to S; than to S;. This refinement continues
until the distance between S; and a given §; exceeds a
threshold, beyond which the corresponding half-space is
guaranteed to encompass the entire cell. A simple and iso-
tropic termination criterion is defined as

d(S;,8:) > 2dmay, (3)
dmax = Maxpec,d(P, S;) = maxpe(y,d(P,S:), 4)
where {V;} is the set of vertices of cell C;.

The arrangement of tetrahedral grains was generated

using a method analogous to Delaunay triangulation
(Lee & Schachter, 1980). As in the Voronoi tessellation, a
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Fig. 5. Gypsum texture of the studied rocks.

Table 1 set of seed points is defined in an n-D Euclidean space. The
UCS tests of sulfate rock with different initial water content conditions. Delaunay triangulation creates a set of triangles where no
Sample No. Initial water content (%)  points lie inside the circum-hypersphere of any triangle.
S1 0 Furthermore, Delaunay triangulations maximize the mini-
S2 3 mum angle of all angles in the triangulation, which works
22 g to reduce the number of long, skinny triangles as much

as possible (Azocar, 2016).
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Fig. 7. Comparison of grain shapes and fracture development paths in 3DEC-GBM. (a) Tetrahedron grains generated from 3DEC, and (b) polyhedron

grains generated from Voronoi tessellation from 3DEC.

Upon completion of the model construction, inter-grain
contacts are automatically generated. The Coulomb-slip
model was used for block contacts in this study. In the elas-
tic range, the contact behaviour is governed by the normal
(k,) and shear (k) stiffness parameters (Turichshev &
Hadjigeorgiou, 2017):

AF, = —k,AuyA, (5)
AF = —kAugA, (6)
where AF,, and AF; are the increments of normal force (F,)
and shear force (Fy), respectively; Au, and Aug are the incre-
ments of normal displacement and shear displacement,
respectively; 4 is the contact area.
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A contact does not fail under compression; rather, it
fails in tension once its tensile strength is exceeded
(Turichshev & Hadjigeorgiou, 2017). The maximum tensile
force (Tmay) 18 given by

Thax = _O-tmaxAy (7)

where oy .« 18 the tensile strength.

According to Coulomb’s friction law, the maximum
shear force (Fymax) that a contact can sustain without slip-
ping is defined.

Fy max = Fntan ¢ + ¢4, (8)

where ¢ and c¢ are the cohesion and friction angles,
respectively.

After exceeding the maximum shear force, the contact
undergoes slip, during which the tensile strength, cohesion,
and friction angle decrease to their respective residual
values.

Although Voronoi surface subdivision provides a more
realistic representation of grain morphology, it incurs
higher computational costs and increases the risk of model
instability due to smaller faces and edges. In contrast,
despite its geometric simplicity, the tetrahedron grain
model is easier to implement in complex mining geometries
and produces cleaner shapes with greater computational
efficiency (Azocar, 2016). In real rocks, failure may occur
through tensile fracturing, shear failure, or a combination
of both. A grain-based model composed exclusively of
either tetrahedron or Voronoi grains can simulate only a
single failure mode, thereby failing to capture the complex
fracture mechanisms observed at the microscale. To over-
come this limitation, a novel grain-based model is pro-
posed, integrating both tetrahedron and Voronoi grains
to leverage the advantages of each configuration. The sim-
ulations are performed using 3DEC, a discrete element
method (DEM) code developed by Itasca Consulting

\4
Original’boundary
of Voronoi grain

Group Inc. (2025). Specifically, the model generation pro-
cess begins by creating a specified number of random Vor-
onoi grains within a defined region using the 3DEC
Voronoi modeling approach. Each Voronoi grain is then
subdivided into tetrahedral elements, ensuring that the
tetrahedra collectively fill the original boundaries of the
Voronoi grain, as illustrated in Fig. 8.

3.2 Numerical UCS tests

Numerical experimental models were developed using
the new 3DEC-GBM modeling method described in Sec-
tion 3.1. To minimize the influence of boundary effects
on the grain geometry of cylindrical specimens, a three-
dimensional cuboid domain measuring 120 mm in height
and 60 mm in width was first generated, as illustrated in
Fig. 9(a). Cylindrical specimens for UCS testing were then
extracted from the center of the tessellated domain, with
10 mm removed from both the top and bottom ends. The
resulting specimen had a diameter of 50 mm and a length
of 100 mm, as shown in Fig. 9(b). To ensure uniform stress
distribution during UCS testing, high-stiffness platens—
each 50 mm in diameter and 10 mm in height—were
attached to the specimen’s top and bottom surfaces, as
depicted in Fig. 9(c). Finally, the Voronoi tessellations were
further subdivided into smaller cells using the 3DEC com-
mand in accordance with the New 3DEC-GBM modeling
method, as shown in Fig. 9(d).

The loading of the UCS models was achieved by apply-
ing a constant velocity of 0.001 mm/s. This velocity is con-
sistent with laboratory UCS tests and was applied to the
top and bottom platens of the specimens. For the speci-
mens under investigation, the axial stress was quantified
through a method that averaged the stress across different
block zones. This method specifically focused on blocks

\

3 <
Tetrahedron grain

Fig. 8. Modeling process of the new 3DEC-GBM model.
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(b)

100 mm

Fig. 9. Numerical specimen model in 3DEC. (a) Generation of a Voronoi tessellation cuboid, (b) cutting the cuboid into a cylindrical specimen, (c) adding

platens, and (d) subdividing Voronoi tessellations into tetrahedra.

whose centroids were located within a central cubic region
of the cylindrical sample. A box size with dimensions of
35 mm X 35 mm X 40 mm was used to measure axial stress
within the specimens, as shown in Fig. 10(a) (Ghazvinian
et al., 2014; Kanit et al., 2003). The axial strain of each
specimen was determined by averaging the relative dis-
placements between ten pairs of monitoring points located
at both ends of the model. These points were spaced 10 mm
apart along the axis. The lateral strain was calculated by
averaging the relative displacement differences of six pairs
of monitoring points. This included three pairs in the x-
direction and three pairs in the y-direction, with each mon-
itoring point spaced 10 mm from its adjacent point on

~
fev]
N—

50 mm

10 mm
> <
‘¥
I Y
10 mm

either side and 2 mm from the boundaries of the model,
as illustrated in Fig. 10(b).

The correct determination of the calibrated micro-
parameters in the GBM model is a prerequisite to ensure
the accuracy of numerical simulation results. In DEM sim-
ulation, parameter calibration is an essential step to obtain
a set of reasonable meso-parameters according to the
macro-parameters of a given material. The micro- and
macro-mechanical behaviors of 3DEC-GBM models are
controlled by two key components: the grains and the con-
tacts (joints) between these grains. Based on previous
research findings (Ghazvinian et al., 2014; Kazerani
et al., 2010; Wang & Cai, 2019), in this study, an elastic
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Fig. 10. Monitoring positions for strain and stress measurement in uniaxial compression tests. (a) Box size investigated for axial stress measurement, and

(b) location of points for axial and lateral strain measurement.
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model and a Coulomb slip joint model are respectively
employed for the 3DEC grains and grain contacts. The
parameters requiring calibration of an elastic block model
of Coulomb slip joint contacts model in 3DEC, are as fol-
lows: grain (block) Young’s modulus (E), grain (block)
Poisson’s ratio (v), contact normal stiffness (JK,,), contact
shear stiffness (JKj), contact peak cohesion (JC,), contact
peak friction angle (J4p), contact peak tensile strength
(Jorp), contact residual cohesion (JC,), contact residual
friction angle (J4), and contact residual tensile strength
(Jor,). The fundamental principle of a calibration is that
the modeling results should match the material properties
obtained from the laboratory test. From a mechanical
point of view, the calibrating targets include not only the
deformation properties (Young’s modulus and Poisson’s
ratio) but also strength parameters (e.g., peak stress) and
the mode of failure. Trial-and-error method can be used
to calibrate 3DEC-GBM models (Farahmand et al.,
2018; Gao et al., 2016; Wang & Cai, 2018).

| Calibration of deformation parameters |

I
v ¥

| Contact | | Grain |

Initial parameter
JKn/JKs
JKn, JKs

Initial parameter

Jop, Jor,;JCp, JCr
Jor,, Jor,

i
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Before introducing the calibration procedures, parame-
ter sensitivity analysis is necessary to evaluate the impact
of meso-parameters on the macro-properties of materials
(Zhang et al., 2023). In DEM simulation, parameter sensi-
tivity analysis was performed (Azocar, 2016; Ghazvinian
et al., 2014; Sinha & Walton, 2020; Wang & Cai, 2019;
Zhang et al., 2023). Based on previous sensitivity analysis
research results, calibration procedures of grain and grain
contact parameters for 3DEC-GBM in UCS test were
established, as shown in Fig. 11.

4 Results and discussion

4.1 Comparison of laboratory and numerical UCS test
results

The UCS results of the sulfate rock specimens are pre-
sented in Table 2. As shown in the table, both the UCS
and Young’s modulus decrease with increasing initial water

Initial parameter
JKn/JKs

JKn, JKs

Jop, Jor; JCp, JCr
Jo1, JOr,

| Perform UCS tests |

Adjustment of
Jop, Jor
LB No oes UCS (o,
match ?
Adjustment of
JCp, JCr

Fig. 11. Schematic diagram of calibration procedures of grain and grain contact parameters for 3DEC-GBM in UCS test.

Table 2
UCS test results of sulfate rock.

Sample No. Initial water content (%o) UCS (MPa) Young’s modulus (GPa) Poisson’s ratio
S1 0 22.178 7.769 0.10
S2 3 17.195 6.527 0.14
S3 6 14.290 5.127 0.21
S4 9 10.388 3.969 0.39



move_t0010

L. Yu et al. | Underground Space 25 (2025) 387-409

content, while Poisson’s ratio increases under the same
condition.

Based on the above calibration procedure, different
micro-parameters of GBM were selected, and a series of
trial-and-error numerical simulations was conducted. Ulti-
mately, the calibrated grain and grain contact micro-
parameters, obtained after repeated trial-and-error, are
listed in Table 3. A comparison of the experimental and
numerical results of sulfate rock is shown in Fig. 12.
According to Fig. 12, the final failure pattern obtained
from numerical simulations, based on the micro-
parameters of sulfate rock listed in Table 3, is consistent
with the failure mode observed in laboratory experiments.

A comparison of the macroscopic deformation and
strength properties (i.e., Young’s modulus, Poisson’s ratio,
peak stress) between sulfate rock and four modeling cases
is presented in Fig. 12. In this study, Young’s modulus
refers to the slope of the elastic portion of the stress—strain
curve, i.e., the tangential elastic modulus. Poisson’s ratio is
defined as the absolute value of lateral strain divided by
axial strain during the elastic deformation phase. As shown
in Fig. 13, the absolute error between the Young’s modulus
obtained from numerical simulations and that from labora-
tory experiments ranges from 0.89% to 2.6%. For sulfate
rock with an initial water content of 0, the Poisson’s ratio
derived from numerical simulations matches the experi-
mental value. For initial water content of 3%, 6%, and
9%, the absolute error in Poisson’s ratio ranges from
1.28% to 2.38%. Additionally, the absolute error in peak
stress between the numerical and experimental results
ranges from 0.09% to 2.02%. These findings demonstrate
good agreement between the numerical simulations and
laboratory experiments.

Using the specimen with an initial water content of 9%
as an example, a comparison was conducted between the
simulation results of the 3DEC-GBM model, the Voronoi
grains model, and the tetrahedral grains model, relative
to the experimental results, as shown in Fig. 14. Under
otherwise identical conditions, the relative errors in uniax-
ial compressive strength for the 3DEC-GBM, Voronoi,
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and tetrahedral grains models were 0.31%, 2.45%, and
3.94%, respectively. The corresponding errors in elastic
modulus were 2.6%, 4.43%, and 3.6%, while those for Pois-
son’s ratio were 1.28%, 2.05%, and 5.64%, respectively.
These results demonstrate that the 3DEC-GBM model
provides higher accuracy in mechanical parameter inver-
sion compared to both the standalone Voronoi and tetra-
hedral grains models.

The simulations were performed using 3DEC version 9.0
(Itasca Consulting Group Inc., 2025), on a system
equipped with a 13th Gen Intel 17-13700KF CPU, 32 GB
DDRS5 4800 MHz RAM, and an NVIDIA GeForce RTX
3060 Ti GPU. Under identical modeling conditions, the
computation time for a single specimen was 15 h for the
Voronoi grain model, 8.2 h for the tetrahedral model,
and 9.1 h for the proposed 3DEC-GBM model. In sum-
mary, the 3DEC-GBM model enhances simulation accu-
racy while also improving computational -efficiency,
making it particularly advantageous for DEM simulations
involving iterative meso-parameter calibration and large-
scale engineering analyses.

4.2 Influence of initial water content on deformation
properties

The relationships between Young’s modulus and Pois-
son’s ratio of sulfate rock with respect to initial water con-
tent are presented in Fig. 15(a) and (b), respectively. These
results indicate that the macroscopic deformation proper-
ties are strongly influenced by the rock’s initial water con-
tent. As shown in Fig. 15(a), Young’s modulus decreases
progressively with increasing water content, although the
rate of decrease diminishes at higher water content. The
relationship between Young’s modulus and initial water
content observed in this study can be expressed by the fol-
lowing fitting equation:

©)

where E(w;) represents the Young’s modulus at an initial
water content of w;; m; and n; are constants. In this test,

E(wi) = my -exp(n - wy),

Table 3

Calibrated grain and contact property micro-parameters of sulfate rock with different initial water content (wy).

Type Property Value

wi = 0 wi = 3% wi = 6% wp = 9%

Grainparameters Density p (kg/m3) 2348 2355 2480 2560
Young’s modulus E (GPa) 4.8 4.0 3.25 3.0
Poisson’s ratio v 0.17 0.22 0.26 0.31

Contactparameters Normal stiffness JK, (GPa/m) 1420 1020 821 576
Shear stiffness JK (GPa/m) 568 470 323 230.4
Peak cohesion JC, (MPa) 11.2 9.26 7.8 6.6
Peak friction angle Jop (°) 27 254 23.8 23
Peak tensile strength Jorp, (MPa) 4.48 35 2.7 2.0
Residual cohesion JC; (MPa) 0 0 0 0
Residual friction angle Jor (°) 11 9.1 8.4 8
Residual tensile strength Jor, (MPa) 0 0 0 0

Note: Contacts residual cohesion and residual tensile strength are assumed to be zero (Ghazvinian et al., 2014; Kazerani et al., 2010; Wang & Cai, 2019).
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Fig. 12. Comparison between modeling and experimental results of unconfined compression failure pattern for sulfate rock with different initial water
content: (a) w; = 0, (b) w; = 3%, (c) wi = 6%, and (d) w; = 9%. Note: The sample with an initial water content of 0 broke during the UCS test, resulting in

the absence of pictures for this sample.

the values of m; and n; are 7.879 and —0.073, respectively.
The correlation coefficient squared (R?) of the fitted line is
0.992, as shown in Fig. 15(a). The parameter m; denotes
the Young’s modulus when the initial water content is 0.
The parameter »; indicates the decreasing rate of Young’s
modulus with increasing initial water content.

Figure 15(b) shows that as the initial water content
increases, the Poisson’s ratio of the rock gradually
increases. The relationship between the Poisson’s ratio
and initial water content in this test can be fitted by the fol-
lowing equation:

U(Wi) =mp - exp(nz . Wi), (10)

where v(w;) represents the Poisson’s ratio at an initial water
content w;; m, and n, are constants. In this test, the values
of m, and n, are 0.083 and 0.169, respectively. The correla-
tion coefficient squared (R?) of the fitted line is 0.9851, as
shown in Fig. 15(b). The parameter m, denotes the Pois-
son’s ratio when the initial water content is 0. The param-
eter n, indicates the increasing rate of Poisson’s ratio with
increasing initial water content.

The influence of initial water content on Young’s mod-
ulus and Poisson’s ratio can be explained from the perspec-
tive of rock damage. The degree of damage to the rock can
be evaluated by the damage variable. According to Lemai-
tre’s strain equivalence principle and the concept of effec-
tive stress, the damage variable D, is defined based on
the Young’s modulus (Lemaitre, 2013).

E(wi)
E(0)’ (1)

where D, (w;) represents the damage variable of sulfate rock
due to water absorption, and E(w;) represents the Young’s
modulus at an initial water content of w;; E(0) represents
sulfate rock that does not absorb water, 1.e., m;.

Substituting Eq. (9) into Eq. (11) yields the damage evo-
lution for sulfate rock as

Dv(Wi) =1- exp(m . Wi). (12)

In this test, the value of n; is —0.073.

If the stress—strain curve of the rock is obtained from
experiments, the damage variable can also be expressed
in the following equation (He & Ahrens, 1994):

DV(Wi) =1-
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Fig. 13. Errors in deformation and mechanical properties obtained from numerical simulations and laboratory tests. (a) Young’s modulus errors, (b)

Poisson’s ratio errors, and (c) peak stress (UCS) errors.

Dy(w) = (&n, /)", (13)

where ¢,, represents axial strain; & is constant; n3 is the
brittleness coefficient, where a larger value of n3 indicates
a more brittle material.

The uniaxial stress—strain relationship of rock consider-
ing damage is represented by the following equation (Yang
et al., 2001):

a(wi) = E(wi)[1 = Dy(wi)]ey,
=E(w)[1 = (an /)" | o,
Deriving Eq. (14) leads to the following expression:

da(wi) _ &

(14)

(15)

The parameters & and n can be determined from the
peak point P(ep, ap) of the stress—strain curve of UCS test
of the material.

da(wi)|p _

0 16
dey, |p (16)

Substituting Eq. (16) into Eq. (15) yields Eq. (17):

ep\ _ 1
&) l4+n;

By substituting Eq. (17) and (ep, 6p) along with Eq. (12)
into Eq. (14), the coefficient n; can be solved as follows:

(17)

e Wi

(18)

I e
According to the experimental results and Egs. (9), (10),
(12), and (18), the damage variable, and brittleness coeffi-
cient of sulfate rock under different initial water content
can be obtained, as shown in Table 4. Based on Table 4,
it is evident that the damage variable increases with the
increase in initial water content, demonstrating that the
water absorption results in internal damage to the rock.
Simultaneously, the brittleness coefficient decreases with
the increase in initial water content, indicating that water
absorption leads to a gradual transition of the rock from
brittleness to ductility. This suggests that water absorption
causes the sulfate rock to gradually soften. Therefore, the
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Table 4
Comparison of the damage coefficient and brittleness coefficient of sulfate
rock under different initial water content.

Initial water content (%) 0 3 6 9
D, 0 0.20 0.35 0.48
n3 - 4.08 1.82 1.08

damage to the rock after water absorption is the funda-
mental reason for the decrease in Young’s modulus and
increase in Poisson’s ratio of sulfate rock. This damage is
caused by the destruction of the internal structure of the
rock caused by the combination of water and swelling after
absorbing water. Ultimately, as the initial water content
increases, the Young’s modulus decreases, Poisson’s ratio
increases, and the deformation of the rock amplifies.

4.3 Influence of initial water content on characteristic
stresses

In the investigation of the evolutionary process of rock
failure, three important characteristic stress thresholds
(i.e., crack initiation stress o, crack damage stress .4,
and peak strength UCS) have been identified through anal-
ysis of laboratory compression test findings (Nicksiar et al.,
2012; Zhao et al., 2015). Based on the findings of this liter-
ature, a method that integrates the total volumetric strain
with the cumulative number of cracks has been systemati-
cally adopted for the accurate estimation of characteristic
stresses (Ghazvinian et al., 2014; Wang & Cai, 2019;
Wang & Cai, 2018).

The mechanical behavior of the numerical sulfate rock
model with different initial water content under uniaxial
compression is presented in Fig. 16. Taking Fig. 16(a) as
an example, the method for determining the characteristic
stresses based on numerical simulation results is illustrated.
Firstly, o is determined by observing the tangential line
that marks a sharp increase in the cumulative shear crack
number, as shown by the red curve. A FISH script is used
to count the number of shear failure cracks. Secondly, o4
is estimated from the total volumetric strain curve, specifi-
cally at the point corresponding to the reversal point on the
pink curve for volumetric strain. This estimation also
involves identifying a rapid increase in the number of
cumulative tensile cracks, indicated by the light green
curve. Thirdly, UCS is determined from the peak of the
axial stress—axial strain curve, represented by the blue line.
The characteristic stresses derived from Fig. 16 are summa-
rized in Table 5. According to Table 5, the stress thresholds
for crack initiation in sulfate rock with initial water content

Table 5

Characteristic stresses of sulfate rock with different initial water content.
Initial water content (%) 0 3 6 9

o (MPa) 5.109 4.203 3.894 1.922
oed (MPa) 19.969 16.337 13.590 9.694
UCS (MPa) 22.179 16.952 14.578 10.356

of 0, 3%, 6%, and 9% are 5.109, 4.203, 3.894, and
1.922 MPa, respectively. Similarly, the stress thresholds
for crack damage at these initial water contents are
19.969, 16.337, 13.590, and 9.694 MPa, respectively. Lastly,
the peak strength stress thresholds for the same initial
water content are 22.179, 16.952, 14.578, and
10.356 MPa, respectively.

Based on the experimental results in Table 5, the rela-
tionship between initial water content and various charac-
teristic stresses, i.e., 0., 0.4, and UCS, is modeled as shown
in Fig. 17. It can be seen from Fig. 17 that the characteristic
stresses decrease as the initial water content of the sulfate
rock increases. Moreover, the relationship between charac-
teristic stresses and initial water content is linear. The min-
imum correlation coefficient (R?) of the fitting relationship
curve is 0.9003, indicating that the mathematical model in
Fig. 17 can be used to estimate the characteristic stresses of
sulfate rock at different initial water content.

4.4 Influence of initial water content on meso-mechanical
properties

Grain and grain contact, which control the micro-
mechanical behaviors and consequently the macro-
mechanical behavior of a synthetic rock specimen, are the
two key components in 3DEC-GBM simulations. It is seen
from Fig. 18 that the Young’s modulus of grain decreases
with the increase of rock initial water content. Conversely,
the Poisson’s ratio of grain increases with the increase of
rock initial water content. When the initial water content
of the rock increases from 0 to 3%, 6%, and 9%, the
Young’s modulus of the grain decreases by 20%, 47.69%,
and 60%, respectively, while the Poisson’s ratio increases
by 22.73%, 34.62%, and 45.16%, respectively. It can be seen
that the initial water content has a significant impact on the
meso-mechanical properties of the grain in sulfate rock.

The strengths of grain contact control directly the over-
all strength of the model and the post-peak deformation
behavior (Wang & Cai, 2019). Figure 19(a) to (f) shows
the influence of rock initial water content on the meso-
mechanical parameters of grain contact. As shown in
Fig. 19(a), with the initial water content of the rock
increasing from 0 to 3%, 6%, and 9%, the normal stiffness
of the contact decreases by 39.22%, 72.96%, and 146.53%
respectively. Similar trends are observed for other contact
meso-mechanical  parameters, whereby the meso-
mechanical parameters of contact decrease as the initial
water content increases. Specifically, when the rock’s initial
water content increases from 0 to 9%, reductions in the
contact’s shear stiffness, peak cohesion, peak friction angle,
peak tensile strength, and residual friction angle reach
146.54%, 69.70%, 17.39%, 124%, and 37.5% respectively,
as shown in Fig. 19(b) to (f). The contact’s normal stiffness,
shear stiffness, and peak tensile strength are known to be
highly sensitive to changes in initial water content. Previ-
ous studies (e.g., Fig. 11) have shown that normal and
shear stiffness significantly impact the elastic modulus,
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specimen is 6%, (c) the initial water content of the numerical specimen is 3%, and (d) the initial water content of the numerical specimen is 0.

Poisson’s ratio, and failure mode of rock. It is indicated
that the elastic modulus, Poisson’s ratio, and failure mode
of rock are also highly sensitive to changes in initial water
content. Additionally, the peak cohesion, peak friction

angle, and residual friction angle of the rock are sensitive
to initial water content variations; hence, the uniaxial com-
pressive strength of rock is similarly sensitive to changes in
initial water content.
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4.5 Influence of initial water content on failure mode

The evolution of grain failure in terms of micro tensile
and shear failures and macroscopic fracture patterns at dif-
ferent stages is presented in Fig. 20. Figure 20(a) shows
that some micro tensile cracks and shear cracks are ran-
domly distributed throughout the model at the stress level
of o,. The total number of cracks decreases as the initial
water content of sulfate rock increases at the stress level
of o;. This is consistent with the finding that increasing ini-
tial water content reduces o. As shown in Fig. 20(b) and
(c), in the phase between the stress level just after o,q and
before reaching UCS, micro shear fractures develop rapidly
while micro tensile fractures evolve more slowly. At this
stage, macroscopic fractures are almost unobservable.
After the stress exceeds UCS, the number of both types
of fractures increases rapidly, and the proportion of micro
tensile fractures in the total significantly increases. Mean-
while, as shown in Fig. 20(d) and (e), it can be observed
that the proportion of micro tensile fractures in the total
number of fractures increases with the increase in initial
water content.
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On the other hand, based on the orientation, spatial dis-
tribution, and morphological characteristics of the macro-
scopic fractures, it is possible to distinguish between tensile
fractures (aligned parallel to the direction of loading, char-
acterized by grain separation) and shear fractures (oriented
at an angle to the direction of loading, marked by grain dis-
placement). At the peak, the final failure mode and fracture
pattern cannot be clearly identified in UCS tests but can be
examined at the post-peak deformation stage. As evidenced
by Fig. 20(c), subsequent to attaining peak strength, a sig-
nificant propagation of tensile and shear fractures within
sulfate rock is observed. At the post-peak deformation
stage, as shown in Fig. 20(d) and (e) and Fig. 21, in the case
where the initial water content of the specimen is zero, the
predominant macro failure mode of the specimen is charac-
terized by shear fractures (oriented at an angle to the direc-
tion of loading), accompanied by a few non-through-going
vertical tensile fractures and some minor sub-vertical ten-
sile fractures (parallel or sub-parallel to the loading direc-
tion). In comparison to the specimen with an initial water
content of 0, the one with a 3% initial water content exhi-
bits an increase in macro tensile fractures, which are prin-
cipally developed in the middle height of the simulation
model. At an initial water content of 6% for the specimen,
there is a decrease in the proportion of macro shear frac-
tures, with macro tensile fractures primarily distributed at
both ends and the middle of the specimen. When the initial
water content of the specimen is 9%, there is a higher pro-
portion of macro tensile fractures in the specimen, with a
small number of shear fractures distributed at both ends.
Although axial tensile fractures are the primary macro
fractures, the ultimate failure pattern reveals a combina-
tion of tensile and shear fractures due to the merging of
various types of fractures during the post-peak deforma-
tion phase. The macro failure modes observed in the afore-
mentioned models also align with the macro failure
patterns of the specimens derived from the experimental
results presented in Fig. 12. The above study suggests that
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Fig. 18. Grain meso-mechanical parameters: (a) Young’s modulus, and (b) Poisson’s ratio.
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the initial water content of sulfate rock has a large influence
on its fracture modes and thus the final pattern. It is proved
that as the initial water content increases, the dominant
failure mode of sulfate rock gradually transitions from
shear to tensile failure. At an initial water content of 6%,

the number of tensile cracks in the sulfate rock was 1.71
times that of shear cracks, indicating that tensile failure
was dominant. This suggests that 6% water content may
serve as a critical threshold, marking the transition from
shear-dominated to tensile-dominated failure behavior.
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Fig. 20. 3D microcrack evolution process (red line-shear crack, blue line-tensile crack) and 2D macro failure modes of sulfate rock with different initial
water content at (a) phase of crack initiation, (b) crack damage, (c) peak strength, (d) post-peak with 115% axial strain at peak strength, and (e) post-peak
with 125% axial strain at peak strength under uniaxial compression test for modeling case.
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Wi=9%

Fig 20. (continued)

Wanninger (2019) observed that sulfate rock forms dis-
tinct clusters of crystals following water absorption. Scan-
ning electron microscopy (SEM) analysis revealed that
these clusters consist of gypsum needle clusters. The forma-
tion of gypsum needle clusters leads to the development of
microcracks within the specimen, which subsequently
results in rock softening and strength degradation. The
reduction in strength facilitates the initiation of tensile fail-
ure in both pre-existing microcracks and those induced by
gypsum crystal growth, even under lower tensile stress, ulti-
mately giving rise to macroscopic tensile cracks. The trans-
formation of anhydrite into gypsum involves a dissolution
process that creates voids, which are visible and thereby
accelerate microcrack propagation. A higher initial water
content leads to a greater extent of anhydrite-to-gypsum
transformation, resulting in an increased number of micro-
cracks. Macroscopically, this manifests as a gradual shift in

the rock failure mode from shear-dominated to tensile-
dominated behavior with increasing water content, accom-
panied by a marked reduction in uniaxial compressive
strength (Wanninger, 2019).

5 Conclusions

In this study, a series of laboratory UCS tests and
numerical three-dimensional DEM simulations were con-
ducted on sulfate rock specimens to investigate the effects
of initial water content on their macro- and meso-
mechanical properties, as well as their failure behavior.
The main conclusions of the study are as follows:

(1) This study successfully developed and validated the
3DEC-GBM modeling approach. Numerical simula-
tions exhibited errors of less than 2.6% for Young’s
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Fig. 21. Proportion of shear cracks and tension cracks in the total number of cracks at different stages in specimens with different initial water content of
sulfate rock (blue represents tension cracks, orange represents shear cracks): (a) w; = 0, (b) w; = 3%, (c) w; = 6%, and (d) w; = 9%.

modulus, Poisson’s ratio, and peak stress, confirming
the model’s reliability in predicting the mechanical
behavior of sulfate rock, particularly with respect to
initial water content.

(2) Initial water content significantly affects the strength
and deformation of sulfate rock. As water content
increases from 0 to 9%, UCS decreases from 22.178
to 10.388 MPa, Young’s modulus drops from 7.769
to 3.969 GPa, and Poisson’s ratio rises from 0.10 to
0.39. Crack initiation stress (o) and crack damage
stress (0.4) also decrease linearly with increasing
water content.

(3) Higher water content accelerates rock damage and
softening. The damage coefficient increases from
0.20 to 0.48, while the brittleness coefficient decreases
from 4.08 to 1.08. Meso-mechanical parameters
decline significantly: normal and shear stiffness drop
by about 46.5%, peak cohesion reduces by 69.7%,
and peak friction angle decreases by 17.39%. Mean-
while, peak tensile strength increases by 124%.

(4) Increased water content raises the proportion of
micro-tensile fractures, shifting the dominant failure

mode from shear to tensile failure. This highlights
the critical role of water content in the stability and
failure mechanisms of sulfate rock.
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