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Abstract: To study the uniaxial compression performance of rock masses with regular dentate discontinuities,
uniaxial compression tests and Particle Flow Code (PFC) numerical simulation are conducted on cement
mortar specimens, and the combined effects of dip angle y, undulation angle 3, and the number of undulating
structures n of cracks on the compressive strength and crack propagation in the specimens are studied.
The experimental and numerical simulation results showed that when n and 8 remain unchanged, the
uniaxial compressive strength of the specimens peaks at a y of 90°. When y and 8 remain unchanged, the
compressive strength of the specimens with regular dentate discontinuities decreases with an increase in n.
When 7 and y remain unchanged, the compressive strength of the rock mass specimens containing dentate
discontinuity decreases with an increase in 3. Almost all of the new cracks in the specimens initiate at the
tip of the prefabricated cracks, and the failure characteristics of the specimens are mainly tensile fractures
accompanied by a few shear fractures. When £ and n remain unchanged, and 7y is 45°~135°, the cracks in
the dentate discontinuous rock mass propagate straight along the end of the prefabricated crack and finally
vertically. In addition, when y and n remain unchanged, the crack propagation of rock mass with 8 < 60° is
abundant. Moreover, when 7y and 8 remain unchanged and n < 4, the crack propagation is abundant, and
shear cracks are initiated at the edge of the specimens far from the prefabricated crack.
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1. Introduction

The numerous intricate joints and cracks present in natural rock reduce the mechanical
properties of the rock mass, which creates challenges in geotechnical engineering practices.

Scholars worldwide have conducted extensive research on crack initiation, propagation,
and coalescence in fractured rock mass under compression. In particular, related studies based
on indoor modeling began at the end of the last century. Brace et al. [1] conducted compression
experiments on a single prefabricated rock mass specimen containing inclined fractures. They
found that an increase in loading under no or low confining pressure caused micro-cracks to
appear at the tip of the prefabricated fracture that gradually bent toward the loading direction
along the prefabricated crack and finally approached the principal stress direction. Some scholars
also verified the law of wing crack initiation and propagation through theory and experiments
and proposed a wing crack model based on their results (Horii e al. [2,3]; Ashby et al. [4]). Bobet
et al. [5] conducted uniaxial and biaxial compression tests to study crack propagation using
prefabricated rock mass specimens containing dentate discontinuity. Wong et al. [6] conducted
a uniaxial compression test in sandstone materials containing two prefabricated cracks under
different crack dip and bridge angles to obtain the strength law of dentate discontinuity in
prefabricated rock mass specimens and the merge mode of three types of the main cracks.
Lee et al. [7] studied the crack initiation, propagation, and coalescence of three materials
containing prefabricated cracks under uniaxial compression and used the two-dimensional
Particle Flow Code (PFC2D) program to develop a numerical simulation model shown to be in
good agreement with the experimental results. Zhang et al. [8] conducted a series of uniaxial
compression tests on pre-cracked rock specimens to investigate the influence of flaw geometry
on the deformation and failure mechanisms of rock masses, with particular emphasis on
evolutionary behavior of crack propagation under compressive loading. Qi et al. [9] conducted
experimental compression tests on rock specimens containing three distinct types of pre-
existing flaws, complemented by numerical simulations using PEC2D. It provided a systematic
framework into the evolutionary mechanisms of crack propagation under compressive loading.

Dentate cracks are common types of fissures that are widely developed in natural slopes of
hard rock masses and excavation engineering slopes. Many scholars have conducted experiments
and numerical simulations based on the shear mechanical properties of rock masses containing
dentate cracks. As early as 1994, Kodikara & Johnston [10] studied the shear mechanical
properties of regular and irregular dentate discontinuities in rock—concrete joints under constant
normal stress and constant normal stiffness and found that the brittle damage of regular jagged
joints under normal stiffness is stronger than that of irregular jagged joints. Haberfield &
Johnson [11] detailed the failure mechanism of rock mass specimens with dentate discontinuity
during the shearing process and found that joint roughness plays a major role in the shear
behavior of rock joints. Homand et al. [12] conducted a cyclic direct shear test on granite with
prefabricated dentate discontinuity by analyzing the morphological evolution of the dentate
discontinuity area of before and after shearing to quantitatively determine that the damaged area
of the discontinuity increased with an increase in normal stress under low normal stress cyclic
shear. Kwon et al. [13] used plaster materials with rectangular discontinuity specimens of
different undulation heights to conduct shear tests to obtain the relationship between the shear
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strength of the rough structure of the unit and the shear displacement. Bahaaddini ez al. [14,15]
used PFC2D to study the shear behavior of rock with dentate discontinuity and analyzed the
influence of joint length on the peak shear behavior of the rock mass. The final numerical
simulation and physical experiment were in good agreement with consistent shear intensity.
Yin et al. [16] performed conventional triaxial compression and pre-peak unloading tests on
saw-toothed fracture specimens under varying initial confining pressures. Their experimental
results revealed the unloading-induced shear sliding response of rough fracture surfaces and
the corresponding variations in interfacial shear strength. Li ef al. [17] employed 3D printing
technology to fabricate a series of specimens with irregular saw-toothed structures, which
were subsequently subjected to direct shear tests and parallelized PFC simulations. Their study
systematically investigated the evolution of micro-cracks and the distribution characteristics
of force chains associated with rock discontinuities during the shearing process.

Although the literature includes abundant compression tests and numerical simulation
studies on crack propagation in fractured rock masses as well as direct shear tests and numerical
simulation on rock masses with dentate discontinuity, few researchers have conducted uniaxial
compression tests on rock masses with dentate discontinuity. In this study, indoor uniaxial
compression tests and PFC numerical simulations are conducted on mortar specimens with
regular dentate discontinuities. The influence of the dip angle y, undulation angle 3, and the
number of undulating structures n on the compressive strength and crack propagation in the
rock mass is evaluated.

2. Experimental design

2.1. Specimen preparation

This study experimentally investigates rock mass specimens with undulated structural
planes through a series of uniaxial compression tests. The specimens were composed of
cement mortar with a water-to-cement ratio of 0.65 containing 325-type cement and ISO
standard sand with particle sizes of 0.5-1.0 mm. Three intact specimens were subjected to
uniaxial compression tests at a | mm/min loading rate to obtain their physical and mechanical
parameters, which provides the basis for determining normal stress in the uniaxial compression
test. The average values of physical and mechanical parameters of the experimental results of
three intact specimens are shown in Table 1.

Table 1. Physical and mechanical parameters of intact rock-like specimens under uniaxial compression

Material Uniaxial compressive strength | Elastic Modulus Density
o (MPa) E (GPa) p (g-em™3)
Rock-like cement mortar 25.14 1.73 2.05

The dimensions of the specimens used in this study were 100 mm X 100 mm x 100 mm.
The mortar was poured into the mold, and after sufficient vibration, the required plastic plates of
various widths and 1 mm thickness were inserted into the bottom of the mold. Then, the plastic
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plates were removed before the initial mortar was set, and the specimens were cured at room
temperature for 24 h before demolding. After the production was completed, the specimens were
placed in water for 28 days to cure before being dried for testing. Figure 1 presents schematic
diagrams of uniaxial compression for the specimens with regular dentate discontinuities.

| (O] l O
B //// "B\/
Flaw — >\ 7 Flaw =~ y
________DQ_X___ [Flaw — _://\_.,_X,,_
o> A
o \ 0 | 0 | 0
(a) (b) (©) (@)

Fig. 1. Schematic diagram of uniaxial compression for specimens with regular dentate discontinuity:
@n=1Mbn=2c)n=3;(dn=4

In the figures, dip angle vy is the angle between the bottom line of the undulating shape and
the horizontal line, undulating angle g is the angle between the bottom line of the undulating
structure and the left line of the undulating shape, and the number of undulating structures # is
the number of undulating structures in the dentate discontinuity. Among them, the two sides of
each undulating structure in the rock mass with regular dentate discontinuity were equal, and
the vertex angle of the undulating structure with a regular dentate discontinuity was a right
angle. The length of the bottom edge of each undulating structure in the rock mass with both
regular dentate discontinuities was 20 mm. Figure 1 shows that n is 1, 2, 3, and 4, respectively,
when y and S are unchanged.

This test was conducted to determine the influence of the combination of y, 8, and n on
the compressive strength and crack propagation of the specimens.

2.2. Test grouping

In this test, according to the combined changes of n, 8, and y, the compression tests of the
specimens with regular dentate discontinuities were grouped, with 144 cases in total, as shown
in Table 2, respectively.

Table 2. Test grouping of specimens with regular dentate discontinuity

n B () v ()

1 30, 45, 60, 75 0, 30, 45, 60, 90, 120, 135, 150, and 180
2 30, 45, 60, 75 0, 30, 45, 60, 90, 120, 135, 150, and 180
3 30, 45, 60, 75 0, 30, 45, 60, 90, 120, 135, 150, and 180
4 30, 45, 60, 75 0, 30, 45, 60, 90, 120, 135, 150, and 180
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2.3. Experiment procedure

This experiment was conducted using a CSS-44300 microcomputer-controlled electronic
universal testing machine, the experimental test system is shown in Fig. 2. During the
experiment, the computer screen directly displayed the curves and the measured values of
the test force, deformation, and displacement. The maximum axial pressure was 300 kN. The
loading method of this test adopted displacement loading at a rate of 1 mm/min. For each case
in the test group, three identical specimens were created.

Fig. 2. Mechanical property testing system

3. Test results

3.1. Influence of y on the compressive strength of the specimens

Figure 3 shows the influence of various y on the uniaxial compressive strength of the
rock mass specimens with dentate discontinuity when n and 8 remained unchanged. The
compressive strength assumed the peak point of the stress—strain curves.
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Fig. 3. Influence of various y on the uniaxial compressive strength of the specimens for each selected n
and B: (a) B = 30°; (b) B =45 (c) B = 60°; (d) B =75°

Figure 3 presents the experimental results of rock mass compressive strength as a function
of orientation angle y, with parameters n and 5 held constant. The compressive strength reaches
its minimum at y = 0° and 180°, and exhibits a trend of initial increase followed by a decrease
as y increases, reaching a peak at y = 90°. In accordance with the Mohr-Coulomb criterion,
when the inclination angle of the specimen exceeds the internal friction angle, the shear force
along the structural plane surpasses the frictional resistance, resulting in reduced strength.
Conversely, when the frictional resistance exceeds the shear force, the strength is enhanced. At
v = 60° and 120°, significant sliding occurs due to the undulated structural plane, leading to a
notable decline in compressive strength. Whereas at y = 90°, the end friction effect effectively
restrains sliding along the joint plane, thereby maximizing the compressive strength.

3.2. Influence of S on the compressive strength of the specimens

Figure 4 shows the influence of various § on the uniaxial compressive strength of the rock
mass specimens with dentate discontinuity when »n and y remained unchanged.
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Fig. 4. Influence of various 8 on the uniaxial compressive strength of the specimens for selected n and 7y:
@n=1;,b)n=2;c)n=3;dn=4

Figure 4 illustrates the variation in compressive strength of the rock mass with respect to
the angle 3, while the orientation angle y and the parameter n remain constant. As S increases
from 30° to 75°, the wavelength of the regular asperities is maintained at 20 mm. Under
these conditions, the effective inclination and the undulation amplitude of the structural plane
increase correspondingly, resulting in a progressive reduction in compressive strength.

3.3. Influence of n on the compressive strength of the specimens

Figure 5 shows the influence of n on the uniaxial compressive strength of the rock mass
specimens with dentate discontinuity when y and 8 remained unchanged.
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Fig. 5. Influence of n on the uniaxial compressive strength of the specimens for selected y and S:
(a) =30 (b) B =45 (c) =60 (d) B =75°

As shown in Figure 5, the uniaxial compressive strength of the specimens with dentate
discontinuity gradually decreased with an increase in n from 1 to 4 when y and 8 of the
specimens remained unchanged.

4. Uniaxial compression experiment and numerical
simulation of the rock mass with joint fractures

4.1. Numerical simulation

In the PFC program, the particles are round, rigid bodies of particular masses. In the
simulation process, the particles are not limited by deformation variables and can effectively
reflect the mechanism, process, and results of material damage. Therefore, this method has
been widely used by researchers to compensate for mechanical problems associated with
discontinuous phenomena such as rock bursting.

A uniaxial compression test simulation was conducted on a rock sample with serrated
surfaces using PFC2D. A 100 mm x 100 mm was established, consisting of 6468 circular
particles of varying sizes. The particle radii were uniformly distributed between a specified
maximum and minimum value. Regarding boundary conditions, the bottom plate of the model
was fixed, while the top plate was moved downward at a constant rate, replicating the standard
uniaxial compression test procedure. Inter-particle contact was modeled using the Parallel
Bond Model. Prior to formal simulation, the micro-parameters of the model specimen were
systematically calibrated based on the macro-mechanical parameters of the intact rock mass to
ensure numerical responses aligned with physical test results, as shown in Table 3.



www.czasopisma.pan.pl g iN www.journals.pan.pl
POTSRAAKADENIA MUK

UNIAXIAL COMPRESSION EXPERIMENTS AND NUMERICAL SIMULATIONS OF ARTIFICIAL. . 309

Table 3. Partial parameters of PFC material

M,l mmum. M?leun,l Density Effective Stiffness | Coefficient
particle radius particle radius (@m-3) modulus ratio of friction
(mm) (mm) g (GPa)
1.0 1.66 1.96 1.4 1.0 0.5

Figure 6 shows the experimental and numerical results of failure characteristics of the rock
mass specimens with dentate discontinuity when n = 1, y = 60°, and 8 = 75°. The results were
essentially consistent in terms of crack initiation, crack propagation, and crack coalescence. Therefore,
numerical simulation is essential for uniaxial compression specimens with dentate discontinuity.

(a)

S

(®)

Fig. 6. Comparison of experiment results and numerical simulation of the failure characteristics of the
rock mass specimens with dentate discontinuity

4.2. Influence of y on the compressive strength of the specimen numerical
simulation

Figure 7 shows the influence of various vy on the numerical simulation results of the uniaxial
compressive strength of the rock mass specimens with dentate discontinuity when »n and 8
remained unchanged.
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Fig. 7. Influence of various y on the numerical simulation results of the uniaxial compressive strength of
the rock mass specimens for each selected n and B: (a) 8 = 30°; (b) B = 45°; (¢) B =60°; (d) B =75°

As shown in the Figure 7, when n and 8 remained unchanged, the compressive strength
of the irregular dentate discontinuity rock mass specimens was maximized at y = 90°. The
uniaxial compressive strength of the rock mass with dentate discontinuity increased as y
increased from 0° to 90° and decreased as y increased from 90° to 180°. These results are
consistent with the experimental results.

4.3. Effect of 8 on the numerical simulation results of the compressive
strength of the specimens

Figure 8 shows the influence of various 8 on the numerical simulation results of the uniaxial
compressive strength of the rock mass specimens with dentate discontinuity when n and y
remained unchanged.

244

21
——y=0° —=—y=90°
< 214 —o—y=0° —a—y=90° - —o—y=130° o—y = 120°
% 2 EIS— —A—y=45° —t—y=135°
Ly - —A—y=60° ——y=150°
= 184 = 154 —o—y=180°
2 2
5 5
Z 15 &=
o o 127
= 2
2 2
g 12 g 4]
& E 9
g g
SER © 6
6 T T T T 3 T T T T
30 45 60 75 30 45 60 75
ple pre

(a) (b)



www.czasopisma.pan.pl P N www.journals.pan.pl

s

UNIAXIAL COMPRESSION EXPERIMENTS AND NUMERICAL SIMULATIONS OF ARTIFICIAL.. 311

—eo—y=10° —a—y=90°
y=90° —0—y=30° —o—y=120°
184 —b—y=45° —m—y=135°
—A—y=60° —*—y=150°
15 4 —o—y=180°

214 ——y=0° —.—
—o—y=30° —o—

184 =450
—A—y=60° —h—

—0—

Compressive strength / MPa
‘ ]
)

Compressive strength / MPa

0 T T T T -3 T g T T
30 45 60 75 30 45 60 75

Ble Ble
() (d)
Fig. 8. Influence of various 8 on the numerical simulation results of the uniaxial compressive strength of
the rock mass specimens for selected nand y: () n =1; (b)n=2;(c)n=3;(d)n=4

As shown in the Figure 8, when y and n remained unchanged, the simulated strength of the
rock mass specimens with dentate discontinuity decreased gradually as 8 increased from 30°
to 75°, which is consistent with the experimental results of those with dentate discontinuity.

4.4. Effect of n on the numerical simulation results of the compressive
strength of the specimens

Figure 9 shows the influence of various n on the numerical simulation results of the uniaxial
compressive strength of the rock mass specimens with dentate discontinuity when y and 8
remained the same.
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Fig. 9. Influence of various n on the numerical simulation results of the uniaxial compressive strength of
the rock mass specimens for selected y and B: (a) 8 = 30°; (b) B =45°; (c) B =60°; (d) B = 75°

As shown in the Figure 9, when y and 8 remained unchanged, the simulated strength of
the rock mass specimens with dentate discontinuity decreased gradually as n increased from 1
to 4, which is consistent with the experimental results.

4.5. Comparative analysis of failure characteristics of test and numerical
simulation

In both the experiments and the numerical simulation, almost all new cracks were initiated
at the tip of the prefabricated crack, with a few initiated at the middle of or far from the
prefabricated crack. The types of crack propagation include tensile, shear, and tension—shear
composite cracking.

Figure 10 shows the influence of various vy on the failure characteristics of the specimens
in the experiments and numerical simulations when n = 2 and 8 = 75°.

(a)

(b)
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(d)

(e) ()
Fig. 10. Influence of various y on the failure characteristics of the rock mass specimens in the experiments
and numerical simulations when n = 2 and 8 = 75°. In the panels, T and S represent tensile and shear
cracking: (a) y = 0°, y = 30°,y =45°, y = 60° (b) y = 0° y =30°, v =45° y = 60°; (c) y = 90°,
v =120°y =135°,y =150° (d) y = 90°, y = 120°, y = 135°, y = 150°; (e) y = 180°; (f) y = 180°

Fig 10(a), (c) and (e) show failure characteristics of the experiment specimen, and (b), (d)
and (f) show those observed in numerical simulation. When y was 0°, 30°, 150°, and 180°,
most of the new cracks originated at the tip of the prefabricated crack and propagated at an
acute angle from the direction of the hypotenuse of the prefabricated crack. When y was 90°,
most of the new cracks originated at the middle of the prefabricated crack and propagated at a
right angle from the direction of the hypotenuse of the prefabricated crack. When y was 45°,
60°, 120°, and 135°, most of the new cracks began at the tip of the prefabricated crack and
propagated at a right angle from the direction of the hypotenuse of the prefabricated crack. The
failure of the rock mass specimens was mainly tensile crack type, and the coalescence direction
of cracks eventually tended to follow the axial direction. When y was 30°, 45°, 60°, 90°, 120°,
135°, and 150°, several new cracks were initiated at a distance from the prefabricated crack.

Figure 11 shows the influence of various 8 on the failure characteristics of the specimens
in the experiments and numerical simulations when n = 4 and y = 180°.
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(b)
Fig. 11. Influence of various £ on the failure characteristic of the rock mass specimens in the experiments
and numerical simulations when n = 4 and y = 180°: (a) 8 = 30°, B = 45°, B = 60°, B = 75°; (b)
B=30°B=45°B=060°B="75°

Figure 11(a) show the failure characteristics in the experiment specimens, and (b) show
those of the numerical simulation. When 8 was 30°, 45°, and 60°, the new cracks initiated
mainly at the tip of the prefabricated crack. The failure of rock mass specimens was dominated
by tensile cracks; the new cracks were distributed evenly and symmetrically. A few shear cracks
formed at the prefabricated crack tip owing to the stress concentration occurring at both ends
of the prefabricated crack. When 8 = 75°, the failure form of the specimens was relatively
simple, with only a small number of cracks initiating at the tip of the prefabricated crack.

Figure 12 shows the influence of various n on the failure characteristics of the specimens
in the experiments and numerical simulations when 8 = 75° and y = 60°.

(b)
Fig. 12. Influence of various n on the failure characteristic of the rock mass specimens in the experiments
and numerical simulations when 8 =75°andy =60°: (a)n=1,n=2,n=3,n=4;(b)n=1,n=2,
n=3,n=4
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Figure 12(a) show the failure characteristics of the experiment specimens, and (b) show
those of the numerical simulation. When n was 1, 2, and 3, the tensile cracks were initiated
mainly at the tip of the prefabricated crack, and the shear cracks began at the edges of the
specimens far from the prefabricated crack. The new cracks propagated at a right angle from
the direction of the hypotenuse of the prefabricated crack. When n = 4, the coalescence of the
new cracks was not obvious.

5. Conclusions

Through uniaxial compression tests and particle flow numerical simulations on cement
mortar specimens, this study investigates the influence of the rock mass dip angle y, undulation
angle 3, and the number of undulating structures n on the compressive strength, along with the
initiation and propagation patterns of cracks.

1. When the number of the undulating structures and the undulating angles remain
unchanged, the uniaxial compressive strength of the rock mass specimens with regular
dentate discontinuities peaks at a y of 90°. As y goes from 0° to 180°, their uniaxial
compressive strength first increases and then decreases, and the uniaxial compressive
strength is maximum at 90°.

2. When y and 8 remain unchanged, the compressive strength of the rock mass specimens
with dentate discontinuities all decrease with an increase in 7.

3. When n and y of undulating structures are known, the compressive strength of the rock
mass specimens containing dentate discontinuity decreases with an increase in 3.

4. Almost all of the new cracks in the rock mass specimens with regular dentate discontinu-
ities are initiated at the tip of the prefabricated crack, with a few beginning at the middle
of or far from the prefabricated crack. The failure characteristics of the rock mass are
associated mainly with tensile cracks accompanied by a few shear cracks.

5. When the undulation angle and the number of undulating structures remain unchanged
and the dip angle is 45°~135°, the crack in the rock mass with dentate discontinuity
propagates first at a right angle from the direction of the hypotenuse of the preformed
crack and finally propagates axially. When the dip angle and the number of undulating
structures remain unchanged, the crack propagation of rock mass with 8 < 60° is
abundant. When y and 8 remain unchanged and n < 4, the crack propagation is abundant
and shear cracks are initiated at the edge of the specimens far from the prefabricated crack.
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