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Abstract

Understanding the mechanical behavior of pre-cracked rock masses is essential for assessing
geohazards in deep mining. This study combines laboratory experiments and numerical
modeling to investigate the effects of double-crack inclination angles on the strength, crack
evolution, and creep behavior of sandstone. Uniaxial compression and multi-stage creep
tests were conducted on red sandstone specimens with a fixed crack 1 (60°) and a crack
2 varying from 0° to 150°. A UDEC-Voronoi grain-based model was calibrated against
experimental results. The results show that uniaxial compressive strength varies non-
linearly with crack angle, reaching a minimum at 30° and a maximum at 90°. Tensile
microcracks dominate the failure process (>90%), while shear cracks play a minor role.
Under creep loading (70-95% of peak strength), creep lifetime decreases sharply with
increasing stress, and microcrack accumulation follows three distinct phases: decelerating,
steady-state, and accelerating creep. The numerical model successfully reproduces the
observed strength anisotropy, crack patterns, and time-dependent deformation. These
findings highlight the critical role of crack inclination in controlling rock mass instability and
provide a validated modeling approach for long-term geohazard assessment in fractured
rock environments.

Keywords: pre-cracked rock; crack inclination; uniaxial compression; creep; discrete
element method

1. Introduction

Diagenetic and tectonic processes lead to a complex distribution of mineral compo-
sitions and their spatial arrangement within rocks. Under external loads (e.g., stress,
seepage, temperature), microcracks initiate inside the rock. The orientation, size and spatial
distribution of these microcracks often exhibit a certain orderliness, which significantly
influences the subsequent fracture path and failure mode of the rock [1]. Owing to the
direction-dependent nature of crack growth, the mechanical response of the rock also
becomes anisotropic [2]. As shallow mineral resources are gradually depleted, mining
has shifted to greater depths. Deep mining is typically conducted in a complex geological
environment characterized by high in situ stress, high temperature, high pore pressure,
and mining-induced disturbance [3-6]. This special condition significantly accelerates the
initiation and propagation of fracture networks within the surrounding rock [7-9]. Recent
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accident statistics indicate that among dynamic disasters (e.g., rockburst) caused by deep
surrounding rock instability, the proportion of fracture-induced accidents has increased.
This suggests that internal fractures play a gradually dominant role in the instability process,
shifting from stress-dominated to fracture-induced failure. To optimize the prevention and
control of instability disasters in deep fractured rock masses, it is necessary to clarify the
deformation characteristics and failure mechanisms of fractured rock under load.

Extensive research has been conducted on fractured rock masses through physical
experiments and numerical simulations. Laboratory studies have focused on the effects of
crack inclination angle, number of cracks and loading rate on strength and crack evolution
using digital image correlation (DIC) [10,11] and acoustic emission (AE) [12-14]. For
instance, Xu investigated the three-point bending deformation and fracture mechanism
of granite with pre-existing cracks [15]. The shear behavior and failure modes of rock
masses [16,17] were studied containing Z-shaped and V-shaped intersecting cracks. How-
ever, most of these studies focused on single or limited crack geometries, and systematic
investigations of double-crack combinations with varying inclinations remain insufficient.
Moreover, the time-dependent deformation (creep) behavior of pre-cracked rocks, which is
critical for long-term stability assessment, has received less attention.

Numerical methods have become powerful complements to experimental studies. The
discrete element method (DEM), in particular, can capture grain-scale interactions such
as grain sliding, rolling and bond breakage, which collectively control the macroscopic
response of fractured rock [18-20]. Among DEM codes, UDEC with Voronoi tessellation
has been shown to realistically represent the meso-structure of sandstone and simulate
crack initiation and propagation [21,22]. However, few studies have combined UDEC-
Voronoi models with multi-stage creep tests to investigate the time-dependent behavior of
pre-cracked rock masses.

This study aims to investigate the effects of double-crack inclination angles on the
strength, deformation, crack evolution and creep behavior of sandstone. Laboratory uniaxial
compression and multi-stage creep tests were conducted on red sandstone specimens
containing a fixed crack 1 (60°) and crack 2 with seven different inclinations (0°, 30°,
60°, 90°, 120°, 150° and intact). DIC and AE were employed to monitor the full-field
strain and damage evolution. A 2D Voronoi grain-based discrete element model was then
established using UDEC, calibrated against the experimental results, and used to simulate
the cracking and creep processes. The validated model provides a tool for assessing long-
term geohazards in fractured rock environments.

2. Materials and Methods
2.1. Specimen Preparation

The sandstone used in this study was obtained from in LongChang of Sichuan
Province, China, where it is one of the principal surrounding-rock lithologies in deep
mining and tunneling. It is a fine-grained, homogeneous red sandstone with few natural
discontinuities, which allows the geometry of the artificial flaws to be controlled so that
crack inclination is the only dominant variable. Standard cubic specimens of dimensions
50 mm x 50 mm x 100 mm were cut using an infrared cutting machine, and the end sur-
faces were ground to ensure an unevenness of less than 0.05 mm. Double pre-cracks were
fabricated using a high-pressure water jet with a nozzle diameter of 1.5 mm, resulting in a
crack thickness of approximately 2.0 mm. The center of crack 1 is 35 mm from the top, and
its inclination angle relative to the horizontal remains constant at 60°. The center of crack
2 is 35 mm from the bottom, and its inclination angle varies among 0°, 30°, 60°, 90°, 120°,
and 150°. (Figure 1). Intact specimens were also prepared for comparison. The distance

https://doi.org/10.3390/app162110759


https://doi.org/10.3390/app162110759

Appl. Sci. 2026, 16, 10759

30f19
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between the two cracks was set to 35 mm from the specimen ends. All specimens were
stored in a dry environment before testing.
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Figure 1. Schematic diagram of double-crack geometry.

2.2. Uniaxial Compression Tests

Uniaxial compression tests were conducted using a WAW-300B servo-controlled electro-
hydraulic machine (Jinan Kuangyan Testing Instrument Co., Ltd., Jinan, China) with a
maximum load capacity of 300 kN in Figure 2. The loading rate was 0.2 kN/s. During
the tests, a DIC system (VIC-2D) was used to capture the full-field strain evolution on the
specimen surface. The VIC-2D system provides full-field displacement and strain data for
mechanical tests on planar specimens. The technique is based on digital speckle correlation:
it measures the true displacement of the object and yields the Lagrangian strain tensor at
every point of the object surface. It can measure any in-plane displacement and strain, over
a range extending from 50 microstrain to more than 2000%, for objects whose characteristic
dimension ranges from 1 mm to 10 m. Its configuration is simple: it requires neither laser
light nor special illumination, and only a straightforward calibration procedure together
with a random speckle pattern applied to the object under test. An AMSY-6 AE system was
employed to record AE ringing counts and energy. The AMSY-6 system acquires several
channels in parallel, each with an independently adjustable threshold, sampling rate and
pre-amplifier gain, and stores the standard AE parameters (hit count, ringing count, energy,
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amplitude, rise time and duration). The AE sensors were attached to the specimen surface
using vacuum grease as a couplant and fixed with elastic tape. The two techniques are
complementary: DIC provides a continuous, full-field surface displacement/strain map but
is insensitive to internal events, whereas AE captures the timing and intensity of internal
micro-fracturing but with limited spatial resolution. In this study both systems were started
simultaneously from the same external trigger, so that the two data sets share a common
time base. The integrated analysis proceeds as follows. (1) The onset of strain localisation
(the instant at which a localized high-strain band first appears in the DIC field) is compared
with the inflection point of the cumulative AE count/energy; agreement between the two
defines the onset of unstable crack growth. (2) The orientation of the DIC localisation
band is compared with the AE source-location cloud to verify that macroscopic cracking
follows the wing-crack path. (3) The RA-AF characteristics of the AE events are used to
classify tensile (low RA, high AF) and shear (high RA, low AF) events; the overwhelming
dominance of tensile events is consistent with the numerical prediction that more than 90%
of microcracks are tensile.

Figure 2. WAW-300B servo-controlled electro-hydraulic machine and sample.

Figure 3 shows the uniaxial compression mechanical behavior of rock specimens with
cracks at different inclination angles and the failure process of intact specimens. The intact
specimen (Figure 3A) reached a peak strength of 42.4 MPa and failed in a brittle manner.
For the double-crack specimens, with crack 1 fixed at 60° and crack 2 varying in angle,
the peak strengths were 15.5 MPa (0°), 15.9 MPa (30°), 28.4 MPa (60°), 30.4 MPa (90°),
17.8 MPa (120°) and 26.2 MPa (150°). Accordingly, as the crack 2 angle increases, the uniaxial
compressive strength (UCS) follows a non-linear trend: it first decreases to a minimum at
30°, then rises to a maximum at 90°, drops again at 120°, and finally increases slightly at
150° (Figure 3B). DIC analysis revealed that strain localization initially appeared around
the tips of the pre-existing cracks. As the axial load increased, wing cracks propagated from
the crack tips in the direction of the maximum principal stress. Figure 3C illustrates the
failure process of the intact specimen under axial stress. Cracks initiate abruptly at point
¢, accompanied by stress fluctuations; thereafter, at point d, cracks parallel to the loading
direction develop, leading to complete failure.
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Figure 3. Uniaxial compression mechanical behavior of rock specimens with cracks at different
inclination angles and failure process of intact specimens. (A) Stress—strain curves under uniaxial
compression for specimens with cracks at different inclination angles; (B) Uniaxial compressive
strength values for specimens with cracks at different inclination angles; (C) Failure process of intact
rock specimens.

The coalescence of these wing cracks led to the formation of a macroscopic failure
surface. For specimens with crack 2 angles of 0° and 30°, the failure was dominated by shear-
tensile mixed cracks, while for angles of 60° and 90°, tensile cracks were more prevalent.
The final failure patterns of all specimens are shown in Figure 4.
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Figure 4. DIC strain field evolution of double-crack specimens.

AE monitoring (Figure 5) showed that the count rate increased slowly during the
initial compaction and elastic stages, then surged sharply near the peak stress (black lines).
The cumulative AE count (red rectangles) exhibited a clear inflection point at the onset of
unstable crack growth. Tensile cracks were found to dominate the AE events, consistent
with the DIC observations. The purpose of the cumulative-energy (and cumulative-count)
curves is to provide an experimentally measurable proxy for damage accumulation: AE
energy is released by microcrack initiation and propagation, so its cumulative value grows
in proportion to the number of microcracks and the energy released per event. The curve
shape therefore marks the transitions between stable and unstable crack growth.

2.3. Multi-Stage Creep Tests

Multi-stage creep tests were performed on the same double-crack specimens using a
single-specimen stepwise loading method to avoid the influence of natural variability. The
stress levels were set to 50%, 60%, 70%, 80%, 85%, 90% and 95% of the UCS determined
from the compression tests. Each stress level was maintained for 8 h, which was sufficient
to reach a steady-state creep stage. The loading rate between stages was 0.2 kN/s.

Figure 6 shows the axial creep curves for specimens with crack 2 angles of 30°, 60° and
90° under stepwise loading. At lower stress levels (e.g., 50-70% UCS), only decelerating
and steady-state creep were observed. At higher stress levels (>80% UCS), all three creep
stages (decelerating, steady-state and accelerating) were clearly identifiable. The time to
failure decreased significantly as the stress level increased. For example, for the specimen
with 60° of crack 2, the failure time was 122.2 h at 80% UCS, but only 0.2 h at 95% UCS.
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Figure 5. AE ringing count and cumulative energy for selected specimens.
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Figure 6. Multi-stage creep curves for double-crack specimens.
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The failure patterns under creep loading were similar to those under monotonic com-
pression, with wing cracks initiating from the crack tips and eventually coalescing to form
a through-going failure surface. No significant difference in failure mode was observed
between creep and monotonic loading (shown in Table 1).

Table 1. Comparison of failure patterns under uniaxial loading and creep loading.

Loading Type 30° 60° 90°

Uniaxial loading

Creep loading

3. Numerical Modeling
3.1. UDEC-Voronoi Model Setup

A two-dimensional Voronoi grain-based model was constructed using UDEC 7.0. The
model dimensions were 50 mm (width) x 100 mm (height) in Figure 7, matching the
laboratory specimens. The bottom boundary is fixed in the y direction, the top boundary
moves downwards at a constant velocity v, corresponding to an axial loading rate of 0.2 kIN/s,
the two lateral boundaries are laterally confined, and displacements are constrained in the
out-of-plane direction to enforce plane strain. The Voronoi polygons were generated using
a built-in statistical algorithm to mimic the grain size distribution of the actual sandstone,
with equivalent grain diameters ranging from approximately 0.7 mm near the central to
1.6 mm near the boundaries. The total number of Voronoi blocks was approximately 3200.
A plane strain condition was assumed by constraining displacements in the out-of-plane
direction. Double pre-existing cracks of the same geometries as in the laboratory were
inserted by removing the contacts along the prescribed crack surfaces.
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Figure 7. Numerical model with Voronoi blocks.

3.2. Constitutive Model and Calibration

The Voronoi blocks were treated as deformable bodies with a linear elastic constitutive
model. The contacts between blocks were governed by the Coulomb slip model with a
tension cut-off. The tensile and shear failure of the sub-interfaces is determined by the
maximum tensile stress criterion and the Mohr-Coulomb criterion. Once the stress on the
contact interface reaches the strength threshold, the interface will fail, leading to fractional
slip, tensile damage (opening), or compressive plasticity (overlapping) between the blocks
as shown in Figure 8.

A
Stress/MPa

-0~

Tensile damage

Frictional slip

>

—
Strain

Compressive plasticity

Figure 8. Strength criterion for contacts.
The normal stress increment on the contact interface is:
Ao, = —K,-AU" (1)

where K,, is the normal stiffness of the contact interface (Pa/m), and AU" is the normal
displacement increment on the contact interface (m).
The tangential stress vector increment on the contact interface is:

AT = —K, - AUS (2)
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where K; is the shear stiffness of the contact interface (Pa/m), and AU is the tangential
displacement vector increment on the contact interface (m).
The tensile stress threshold of the contact interface is:

]Tmax = _]T (3)

where ] is the tensile strength of the contact interface (MPa). In UDEC, compressive force
is taken as positive. The maximum shear stress on the sub-interface is:

Tox = C+0"tan ¢ 4)

where c and ¢ are the cohesion and friction angle of the contact interface, respectively. If the
stress on the contact interface exceeds the stress threshold, the tensile strength or cohesion
is set to zero:

For tensile damage in tensile state, if 0" < Jr __, thenc, =0,7; = 0.
For fractional slip in shear state, if 7° > 75, then 75 = 70" tan ¢.

where 7 is the unit tangential stress vector.

Rock is a polycrystalline material formed by cementation of various mineral crystals
under specific environmental conditions (in situ stress, groundwater, temperature, etc.) and
contains micro-defects such as microcracks and pores. At the meso-scale, the deformation
and fracture process of rock is essentially the evolution of internal microcrack initiation,
propagation, and coalescence. Under loading, an equivalent local tensile stress field devel-
ops around microcracks or pores inside the rock. When the stress intensity factor K; at the
crack tip reaches the fracture toughness Kjc, the crack propagates instantaneously at sonic
speed. If K; is below K- but higher than the lower limit K, of the stress intensity factor,
stable slow crack growth occurs at the crack tip. The crack length gradually increases to a
critical length, causing K; to eventually reach Kj¢, and then the crack propagates instanta-
neously. This phenomenon is known as subcritical crack growth. Subcritical crack growth
is an important mechanism explaining time-dependent deformation and failure of rock at
the meso-scale. Among these, stress corrosion is considered the dominant factor driving
time-dependent deformation of rock. Charles [23] first studied the static fatigue fracture
process of soda-lime glass under tensile loading, analyzed its sensitivity to water vapor
corrosion, described the relationship between subcritical crack growth velocity and stress
intensity factor under the combined action of stress and water (commonly referred to as
stress corrosion), and proposed the widely used subcritical crack growth equation:

v = vyexp(—AH/RT)K} (5)

where v is the microcrack growth rate; v, is the pre-exponential factor; AH is the activation
enthalpy; R is the universal gas constant; T is the absolute temperature; 7 is the stress
corrosion index; and K is the mode I (opening mode) stress intensity factor.

Furthermore, based on chemical reaction rate theory, researchers proposed that the
corrosion reaction at the crack tip in soda-lime glass is a chemical activation process between
glass and water with stress-dependent activation energy, and the reaction rate is strongly
influenced by the OH™ ion concentration at the crack tip. They derived an equation for
crack propagation under the influence of water environment and crack-tip stress:

vto — (ET(0) + co? + ng”/Zr))

v = vy exp( RT (6)

where v7 is the activation volume; ¢ is the tensile stress at the crack tip; E*(0) is the activation
energy without stress influence; v, is the molar volume of glass; ( is the interfacial surface
energy between glass and reaction products; p is the radius of curvature at the crack tip;
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and co? accounts for the combined effect of strain energy loss due to corrosion and the
second-order expansion term of activation energy. The terms 7 and ¢? are very small
compared to other terms in the equation and can be neglected; thus, the above equation is
simplified to:
+ +
vzvoexp(—Em;—TUU) (7)
The stress corrosion theory described above is introduced into the Voronoi polygon-
based discrete element model to establish a meso-scale time-dependent deformation nu-
merical model of sandstone specimens. In the model, Voronoi polygons of various shapes
and sizes are bonded together to form the numerical sandstone specimen. We assume
that stress corrosion reactions occur only on the contacts between polygons and do not
alter the mechanical properties of the polygons themselves. Each contact is a potential
corrosion reaction zone, and any resulting microcracks propagate only along the contacts
between polygons. Under sustained loading, the meso-scale time-dependent deformation
process of the numerical sandstone specimen is essentially a process in which stress corro-
sion reactions progressively weaken the cohesion and tensile strength of the contacts, as
illustrated in Figure 9. The rate of weakening of cohesion and tensile strength on a contact is
proportional to the chemical reaction rate. This assumption is similar to the parallel-bonded
stress corrosion (PSC) model proposed by Potyondy. The friction angle on a contact is
mainly related to its roughness and has little effect on the strength degradation of the sub-
contact. Therefore, we assume that the friction angle is independent of the time-dependent
degradation of mechanical strength.

A .
Contact i
|
i
djf [
=3 3 |
T > > [
orVp = di £ |
D dt - 1
Block 2 :
| |
| |
' :

| | -

0.4 (0o/0y) 1.0 (0o/0c)

Figure 9. Relationship of the corrosion weakening rate on the contacts in the Voronoi polygon-based
discrete element model. ¢ is the threshold stress (also referred to as the activation stress), stress
corrosion reaction does not occur when the stress is below this value, which is approximately 0.4 times
of the peak stress of the rock specimen, . is the peak stress of the rock specimen. JI and J¢ are the
tensile strength and cohesion on the i-th sub-contact of the contact interface respectively.

The micro-parameters included the normal stiffness (K,,), shear stiffness (K;), cohesion
(J.), tensile strength (J7) and friction angle (¢). These parameters cannot be measured
directly and were calibrated through a trial-and-error process by matching the numerical
stress—strain curve and failure pattern to the laboratory results for intact and pre-existing
crack specimens. The calibrated micro-parameters are listed in Table 2. The stress corrosion
parameters for creep simulation were set as f; = 6.5 x 1073 and 8, = 2.8 x 1077, following
the approach of Potyondy [24,25].
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Table 2. Calibrated micro-parameters of the Voronoi grain-based model.

Parameters Value
Modulus E/GPa 9.5
Poisson’s ratio v 0.23

Normal stiffness K,,/GPa/mm 40
K, /K, 2
Tensile strength J+/MPa 26.4
Cohesion J,/MPa 6.9
Friction angle ¢/° 27
Residual friction angle ¢r/° 6

4. Results

The fracture modes of double-crack specimens with crack inclination angles of 0°,
30°, 60°, 90°, 120°, and 150° under uniaxial compression are shown in Figure 10. As the
pressure at both the upper and lower ends continues to increase, shear microcracks or tensile
microcracks within the rock mass propagate and coalesce. These shear or tensile microcracks
degrade the internal load-bearing framework of the rock, gradually leading to the formation
of macroscopic cracks. After the rock reaches its peak strength, its load-bearing capacity
drops significantly, manifested as a sharp decline in the stress curve. Overall, for different
crack inclination angles, the final failure mode of the specimens is predominantly tensile
failure (generating tensile microcracks), accompanied by localized shear failure (generating
shear microcracks).

Pre-existing
crack

30° 60°

90° 120° 150°

Figure 10. Fracture modes of double-crack specimens with different crack inclination angles under
uniaxial loading.
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The uniaxial compressive strength curves of double-crack specimens with various
crack-2 inclination angles (0°, 30°, 60°, 90°, 120°, and 150°) are shown in Figure 11. The
corresponding compressive strengths are 16.6, 17.2, 26.5, 29.1, 21.9, and 28.1 MPa. With
increasing crack inclination angle, the compressive strength first decreases, then increases,
and decreases again, reaching its minimum at 30°. For all specimens, tensile microcracks
significantly outnumber shear microcracks when macroscopic fracture occurs. The simu-
lated UCS values for different crack inclinations are compared with the experimental results
in Table 3, showing good agreement.

ST 77T 71T 7 T
| |—m— Experimental results
30 —mi— Numerical simulation -
u
£ 25+
s |
<!
%020—
=t I
) — 4
S
= 15 F
>
=
S 10f -
5k -
ob— vy )

0 20 40 60 80 100 120 140 160 180
Angle of crack 2/°

Figure 11. Strength of experimental results and numerical simulation with different crack inclination
angles under uniaxial loading.

Table 3. Comparison of experimental and numerical UCS for different crack 2 angles.

Crack 2 Angle (°) Experimental UCS (MPa) Numerical UCS (MPa)

Intact 42.4 42.4

0 15.5 16.6

30 15.9 17.2

60 28.4 26.5

90 30.4 29.1

120 17.8 219

150 26.2 28.1

Figure 12 shows the creep curves and macroscopic fracture morphologies of double-
crack specimens with different inclination angles (0°, 30°, 60°, 90°, 120°, and 150°) under a
stress level of 80%. It can be observed from the figure that all specimens exhibit three stages
of creep deformation under the same stress level, but the creep rupture times vary without
a clear trend. For example, the creep rupture times for specimens with inclination angles of
0°,30° and 60° are 69.4, 34.2, and 122.22 h, respectively.
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Figure 12. The relationship curves between axial strain and time for double-flaw specimens with
different inclination angles under a stress level of 80% oc.

During uniaxial compressive creep, microcracks first initiate and propagate at the tips
of the pre-existing cracks. Initially, these microcracks expand steadily along the direction of
maximum compressive stress (i.e., the axial direction) and gradually evolve into prominent
wing cracks. As the load continues to be applied, the wing cracks further extend toward
the ends of the specimen, potentially interacting and coalescing with adjacent cracks, and
eventually form a penetrating macroscopic main crack, leading to the destabilization and
failure of the specimen (Figure 13).

O O O

120° 150°

Figure 13. Simulated crack distribution and failure patterns of double-crack specimens with different
crack-2 inclination angles under creep loading.
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For different crack 2 inclinations under 80% UCS, the simulated creep lifetimes varied:
69.4h (0°),34.2 h (30°), 122.2 h (60°), 89.5 h (90°), 45.0 h (120°) and 78.0 h (150°). The 30°
inclination exhibited the shortest lifetime, indicating that this geometry is most prone to
time-dependent failure.

5. Discussion
5.1. Effect of Crack Inclination on Strength and Failure

The non-linear relationship between crack inclination and UCS observed in both
experiments and simulations can be explained by the orientation of the maximum tensile
stress concentration at the crack tips. For crack 2 angles of 0° and 30°, the crack is nearly
parallel to the loading direction, resulting in high shear stress concentration and early wing
crack initiation, leading to low strength. For 60° and 90°, the crack is steeply inclined or
vertical, requiring higher axial stress to generate sufficient tensile stress at the tips, thus
higher strength. The resurgence of strength at 150° (which is equivalent to 30° but mirrored)
suggests that the interaction between the crack 1 and crack 2 also plays a role. The relatively
high strength at 150° may be due to the shielding effect of the upper crack.

5.2. Dominance of Tensile Microcracks

Both DIC/AE experiments and numerical simulations confirm that tensile microcracks
far outnumber shear microcracks during the entire failure process. This is because sandstone
is much weaker in tension than in compression. Even under uniaxial compression, local
tensile stresses develop around crack tips and grain boundaries, causing tensile cracking.
This finding has important implications for hazard assessment: rock masses with pre-
existing fractures are prone to sudden tensile failure, which can be difficult to predict using
shear-based criteria.

5.3. Creep Behavior and Stress Corrosion

The three-stage creep behavior observed in the experiments and reproduced by the
numerical model with stress corrosion parameters indicates that time-dependent crack
growth is controlled by subcritical crack propagation. The acceleration stage occurs when
the cumulative microcrack density reaches a critical threshold, leading to rapid coalescence.
The strong dependence of creep lifetime on stress level (e.g., from 122 h at 80% UCS to 0.2 h
at 95% UCS) suggests that a small increase in stress can drastically reduce the service life of
a fractured rock mass. For engineering practice, a conservative design stress of <70% UCS
is recommended to avoid accelerating creep.

There are three reasons for the discrepancies between the experimental and simulated
creep curves from the multi-stage creep tests. First, the multi-stage creep tests apply stress
as a percentage of the measured UCS, whereas the simulation applies the same percentage
of the simulated UCS; since the two UCS values differ by up to 23% (Table 3), the absolute
stress levels are not identical, which directly shifts the creep lifetime. Second, the two
stress-corrosion parameters (B; = 6.5 x 1073, B, = 2.8 x 1077) were calibrated against the
UCS test, and the remaining cases are predictions. Third, the two-dimensional plane-strain
model omits out-of-plane flaw growth and therefore tends to overestimate the lifetime.

5.4. Role of the Rock Bridge in the Failure Process of Double-Crack Specimens and Its Relationship
with Crack Inclination Angle

In specimens containing two pre-existing cracks, the unbroken rock region between
the two cracks is termed the rock bridge. The coalescence mode of the rock bridge directly
determines the macroscopic failure morphology of the specimen and is significantly in-
fluenced by the crack inclination angle. Overall, for all inclination angles, the coalescence
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of the rock bridge is dominated by tensile coalescence. However, the specific coalescence
mechanism of the rock bridge and its contribution to specimen strength vary with crack
inclination angle.

When the crack inclination angle is small (0° and 30°), the two cracks are nearly parallel
to the loading direction. Under axial compression, wing tensile cracks first initiate at the
crack tips, propagate along the direction of maximum compressive stress (axial direction),
and quickly traverse the rock bridge region, resulting in brittle coalescence dominated by
tension. Because the rock bridge is penetrated at a low stress level, the specimen exhibits
a low peak strength (e.g., the minimum strength of 15.9 MPa at 30°). At the later stage
of rock bridge coalescence, a small number of shear microcracks also appear due to local
shear stress concentration, forming a tensile-shear mixed failure mode, but tensile cracks
still dominate overwhelmingly.

When the crack inclination angle increases to 60° and 90°, the cracks are steeply inclined
or nearly perpendicular to the rock bridge direction. In this case, wing tensile cracks must
overcome greater confining constraints to traverse the rock bridge; therefore, the axial stress
required for rock bridge coalescence increases significantly, and the specimen strength
becomes higher (reaching 30.4 MPa at 90°). For these inclination angles, the rock bridge
failure mode is dominated by pure tensile coalescence, with very few shear cracks and a
straighter crack propagation path.

For crack inclination angles of 120° and 150°, the geometric relationship between the
upper and lower cracks is mirrored. The rock bridge is located in the overlapping zone of
the two cracks, and the upper crack exerts a shielding effect on the lower crack, delaying the
propagation of tensile cracks. Consequently, although 150° is geometrically symmetric to
30°, its strength (26.2 MPa) is slightly higher than that at 30°, and rock bridge coalescence is
characterized by more deflection and detouring of tensile cracks. It is worth noting that for
all inclination angles, rock bridge coalescence is always accompanied by pronounced wing
crack development, and the coalescence path is mainly axial, indicating that the direction
of maximum compressive stress controls the tensile failure mode of the rock bridge.

In summary, the coalescence of the rock bridge in double-crack specimens is dominated
by tensile failure, with shear failure playing only a local auxiliary role. The crack inclination
angle regulates the initiation and propagation resistance of tensile cracks by altering the
local stress state in the rock bridge region, thereby leading to a non-linear variation of
strength. This understanding has important implications for the stability assessment of
fractured rock masses: instability in rock masses containing double-crack structures is often
triggered by sudden tensile coalescence of the rock bridge, and traditional criteria based on
shear sliding may underestimate the failure risk.

The findings highlight that fracture-induced instability is not simply a function of
stress magnitude but also of fracture geometry. In deep mining, roof strata containing sub-
horizontal (0-30°) or moderately inclined (30-60°) fractures are particularly vulnerable,
as they exhibit low strength and short creep lifetimes. Monitoring of fracture orientations
using borehole imaging should be prioritized in high-risk areas. Furthermore, the validated
UDEC-Voronoi model can serve as a predictive tool for assessing long-term stability under
different stress paths and fracture configurations.

5.5. Limitations and Future Work

FEM requires a pre-defined crack path and cannot spontaneously generate wing cracks
or bridge coalescence. LEFM provides the stress-intensity framework but assumes a homo-
geneous medium and a dominant single crack; it therefore cannot capture the interaction
between two flaws within a heterogeneous grain assemblage. PFC-PBM reproduces micro-
cracking statistics but uses circular particles, which cannot represent the grain geometry
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or the intergranular/transgranular paths of sandstone. Rigid-block discrete models can-
not represent deformable grains with time-dependent degradation. We also now state
explicitly which concept is used where LEFM-based subcritical crack growth underlies
Equations (5)—(7) and the contact degradation law; the Mohr-Coulomb criterion is applied
at the sub-contact level (Equation (4)) rather than as a macroscopic strength criterion; and
the maximum tensile stress criterion governs tensile failure of contacts (Equation (3)).

The classical strength and failure criteria are assessed as follows. (1) The Mohr-
Coulomb criterion contains no information on crack orientation and therefore predicts
identical strengths for the 30° and 90° configurations. Our measured strengths (15.9 MPa
vs. 30.4 MPa, Table 3) contradict its use as an isotropic criterion; it can be retained only
if the cohesion and friction angle are made orientation-dependent, which removes its
predictive value. (2) The Hoek-Brown criterion describes jointed rock masses through the
empirical constant m; and cannot resolve the relative orientation of two discrete cracks; our
data therefore fall outside its scope. (3) A maximum tensile stress/stress-concentration
criterion is confirmed: the nonlinear UCS—inclination relationship follows directly from the
tensile stress concentration at the crack tips (Figures 3 and 11), and the tensile-dominated
microcracking (>90%) supports it.

Finally, several limitations of this study should be acknowledged. (1) The numerical
model is two-dimensional and in plane strain, so out-of-plane crack growth and the three-
dimensional geometry of the rock bridge are not represented; this tends to overestimate
the creep lifetime. A three-dimensional grain-based model is a priority for future work.
(2) The pre-existing cracks are idealized as straight, through-thickness slots, whereas
natural fractures are rough, branched, and sometimes mineral-filled; reconstructing real flaw
geometries from CT data would improve realism. (3) Only one lithology (red sandstone),
one specimen size (50 x 50 x 100 mm), and one batch were tested, so the scale effect and
batch-to-batch variability remain to be quantified.

6. Conclusions

This study integrates laboratory experiments and UDEC-Voronoi numerical modeling
to investigate the mechanical behavior and failure characteristics of double-pre-cracked
sandstone under uniaxial compression and creep conditions. The uniaxial compressive
strength of double-crack sandstone depends non-linearly on the inclination angle of the
crack 2. Relative to the intact strength of 42.4 MPa, the minimum strength (15.9 MPa)
occurs at 30°, and the maximum (30.4 MPa) at 90°. Tensile microcracks dominate the entire
failure process, accounting for over 90% of all microcracks, as consistently confirmed by
DIC/AE monitoring and numerical simulations; shear microcracks play only a secondary
role. Under multi-stage creep loading, the creep lifetime decreases sharply with increas-
ing stress level. For the specimen with a crack inclination of 60°, the time to failure is
122.2 h at 80% of UCS, but only 0.2 h at 95% of UCS, and the creep curves display three
distinct stages: decelerating, steady-state, and accelerating creep. The UDEC-Voronoi grain-
based model, calibrated against experimental data, successfully reproduces the observed
strength anisotropy, crack evolution, and time-dependent deformation, with the simulated
accumulation of microcracks following the same three-phase pattern as the laboratory
creep strain. From a geohazard perspective, fracture configurations with low (0-30°) or
moderate (60°) inclinations are most susceptible to failure under both short-term and
long-term loading. Therefore, in deep fractured rock masses, engineering design should
account for both the orientation of pre-existing fractures and the stress level to mitigate
time-dependent instability.
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