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 Non-persistent joints are geologic occurrences in rocks that weaken pillars because 
they are present within them. Using practical tests and numerical models, it has been 
determined how edge notches affect the way pillars break. Gypsum samples that are 
notched and have dimensions of 70 mm by 70 mm by 50 mm are created. Gypsum's 
Young modulus, Poisson ratio, compressive strength, and tensile strength are 5.5 GPa, 
0.27, 8 MPa, and 1.1 MPa, respectively. 10-, 20-, and 30-degree notch angles are used. 
The model receives an axial stress at a rate of 0.05 mm/min. On a rock pillar, numerical 
simulation is carried out concurrently with an experimental test. The findings indicate 
that the joint angle is mostly responsible for the failure process. The fracture pattern 
and failure mechanism of the pillars are connected to the compressive strengths of the 
specimens. At the notch points, two significant splitting tensile fractures spread 
vertically until coalescing with the top and lower boundaries of the models. On the left 
and right sides of the pillar, two rock columns are also taken out. The overall number 
of cracks rises as sample loading increases. The model's deformation at the start of 
loading reflect a linear elastic behavior, and the number of fractures steadily grows. 
When the number of cracks increases, the curve becomes non-linear, and the force 
being applied peaks. When the sample can no longer tolerate the applied force, a 
dramatic stress decrease occurs. The macro-failure over the whole model is what leads 
to the greater stress decrease following the peak load. In actuality, the reduced stress 
reduction is accompanied by more overall fractures. Similar findings are shown in both 
the experimental testing and numerical modeling. 
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1. Introduction 

Rock layers contain discontinuities that could 
pose support and stability issues both during and 
after mine development. In a rock mass, these 
discontinuities appear as distinct surfaces, where 
sliding action may or may not take place. 
Depending on how the discontinuity is oriented in 
relation to the direction of the tension, the strength 
of a rock sample with a discontinuity is 
considerably lower than the strength of a rock 
sample that is intact [1]. The behavior of pillars has 
been demonstrated to be comparable to that of a 
rock sample, indicating that the power of the pillar 
is also influenced by the discontinuity in the pillar 
(Figure 1).  

Numerous rock engineering techniques have 
demonstrated that the start and spread of cracks in 
the rock bulk are the primary causes of rock 

engineering disasters. Investigating the fracture 
evolution behavior of flawed rock in different rock 
engineering is, therefore, extremely important. 
Numerous academics have done experimental 
study on rock and rock-like materials with various 
fracture shapes to fully explore the failure 
mechanism of flawed rock [3-7]. Many laboratory 
studies on gypsum specimens with pre-existing 
fractures were carried out by Shen et al. According 
to their findings, differing fracture geometries led 
to noticeably diverse stress fields in the rock bridge 
region, which, in turn, led to a variety of failure 
mechanisms [9]. The effect of bridge inclination on 
the failure modes of rock-like materials with faults 
was studied by Mughieda and Alzo'ubi. They 
noticed that the concentration of tensile stress 
caused wing cracks to begin to spread prior to 
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collapse [10]. In laboratory testing, Cheng et al. 
investigated the coalesce behaviors of rock with 
numerous faults, and found that the failure process 
was comparable to that of a defective pair [10]. To 
evaluate the deformability and strength of a rock 
joint, Chiu et al. [12] suggested a rough-joint 
model, and investigated the properties of shear 
displacements, normal closure, and shear dilations 
of the joints. The compressive failure process of 
rock-like materials with X-type defects aligned in 
the loading direction was researched by Zhang et 
al. [13]. They demonstrated the fracture 
mechanisms and crack evolution laws of the rock 
mass with X-type flaws. The failure behavior of 
jointed rock masses with varying joint densities, 
and joint distributions was studied by Wang et al. 
[14]. In a series of static and dynamic compression 
experiments on jointed rock samples that had been 
filled with various filling materials, Chai et al. [15] 
were able to determine the strengths and failure 
mechanisms of the filled rock joints. Many 
numerical analytical techniques have been 
employed alongside experimental research to 
examine the failure behaviors of the rock mass [16–
27]. The particle flow code (PFC), one of these 
numerical techniques, has been extensively 
developed to provide light on the failure process for 
rock by directly reproducing cracks by bonding 
fractures between particles [28]. Fakhimi et al. [29] 
numerically investigated the failure of sandstone 
with a circular defect under biaxial compression 
using PFC2D. They showed that the damaged 
regions seen in laboratory testing could be 
replicated by the PFC2D numerical model. By 
using PFC2D, Lee and Jeon [30] examined the 
fracture development of granite that had both 
horizontal and slope faults. Their findings 
demonstrated that the PFC2D modeling and the 
laboratory test results had a respectable level of 
agreement. By the PFC3D modeling and practical 
test, Khazaei et al. [31] studied the deterioration 
process of intact rocks based on the acoustic 
emission energies. During uniaxial compression, 
Jin et al. [32] used PFC2D to examine the impacts 
of faults on the crack initiation, failure pattern, and 
energy mechanism of the rock-like materials. 
Consequently, in this work, particle flow code is 
used to perform both experimental and numerical 
studies for rock-like material with edge notches, 
extending the prior experimental study (PFC2D). 
At the beginning, edge-notched gypsum sample 
experimental compressive tests are introduced. The 
gypsum micromechanical parameters are then 
calibrated using the results of earlier laboratory 
experiments. The PFC2D simulations are then run 

for models with confined edges under uniaxial 
compression. The impact of the notch angle on the 
strength characteristics, deformation behaviors, 
and ultimate failure modes are then carefully 
assessed after having been simulated using PFC2D. 
Also the contrast between experimental testing and 
numerical modeling is made. The PFC2D findings 
can give valuable insight into the fracture 
propagation of rock pillars with edge faults in rock 
engineering. 

 
Figure 1. Pillar with an edge connection [2]. 

2. Gypsum Pillar Tested under Uniaxial 
Compression with Two Edge Notches 

Water and gypsum were at a 1.3 to 1 ratio. After 
14 days of curing, Table 1 shows the tensile 
strength, compressive strength, Young modulus, 
and Poisson ratio. All of the experiments conducted 
in the current study were repeated three times to 
verify measurement accuracy, and the mean results 
are shown below. The trials employed gypsum 
materials to imitate a notched pillar. The 
components were combined to create the 
concoction. The specimen's measurements were set 
at 70 mm by 70 mm by 50 mm. Two plates were 
placed within the cubic mold to create the notched 
pillar, and after the sample had first hardened, they 
were taken out. Three test blocks with comparable 
prefabricated cracks were given for each set in 
order to improve test reliability and eliminate 
inadvertent mistakes. Two edge notches were 
included on every model. The angle of the 10 mm-
long notch was 10, 20, and 30 degrees (Figure 2). 
The samples were kept for 14 days in dry, cold 
conditions. These samples were evaluated using a 
uniaxial machine with uniaxial compression 
(Figure 3). The loading speed was 0.05 mm/min. 
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Table 1. Gypsum's Young modulus, Poisson ratio, compressive strength, tensile strength, and other properties. 
Strength in tension (MPa)  1.1 
Strength in compression (MPa) 8 
Modulus of Young (GPa) 5.5 
Poisson ratio 0.27 

 

   
(a) (b) (c) 

Figure 2. Edge notched pillar with notch length of 10 mm and notch angle of a) 10ᵒ, b) 20ᵒ, and c) 30ᵒ. 

 
Figure 3. Uniaxial loading frame. 

3. Test-failure Patterns in Laboratories 
The failure process of samples with edge notches 

is shown in Figure 4. One significant splitting 
tensile fracture propagates across the model in all 
of the samples. Two wing fractures were initiated 
from the notch tips and progressed parallel to the 
loading axis until coalescence with the sample 
boundary when the notch angle was 10 (Figure 4a). 
One shear fracture started at the notch tip and 
spread diagonally across the rock bridge until 
coalescing with another notch tip when the notch 
angle was 20 (Figure 4b). When the notch angle 
was 30 degrees (Figure 4c), one wing fracture 
began at the left notch tip and spread parallel to the 
loading axis until coalescing with the sample 
boundary. Moreover, one shear fracture started at 
the apex of the notch and spread diagonally through 
the rock bridge before coalescing with the sample 
boundary. 
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(a) (b) (c) 

Figure 4. Failure pattern of physical samples containing edge notch with angle of a) 10ᵒ, b) 20ᵒ, and c) 30ᵒ. 

4. Numerical Simulations 
4.1. Particle flow code 

The flat joint (FJ) model was put forth by 
Potyondy [33] by taking into account the 
hexagonal grain structure of the particles. The FJ 
contact is shown as a rigidly connected, locally 
smooth notional surface that is centered at the 
contact spot. Each component has a face, which 
serves as its hypothetical surface and 
communicates with other pieces' faces. As a result, 
each faced grain resembles a cylindrical or circular 
center with skirted faces. Lines or circles make up 
these features. Flat-jointed material is the name 
given to the collection of particles joined by FJ 
connections. The border between faced grains is 
divided into discrete components that may or may 
not be joined. The torque and force at each element 
are then reset to zero and updated in accordance 
with the force-displacement law of bond and the 
relative motion of faces after FJ has been inserted 
at a grain-to-grain contact. While the normal force 
is revised in a direct manner, the shear force is 
updated incrementally. The behavior of the bound 
element continues to be linear elastic as long as the 
strength does not go beyond its limit. By using flat 
joint model it is possible to calibrate the 
mechanical properties of numerical model 
according to experimental sample. Parallel bond or 
contact bond have limitation in this approach. 

 

 

 

4.2. Preparation and testing of PFC2D model 
for rock-like substance 

The typical procedure for creating a PFC2D 
assembly, which was completely detailed by 
Potyondy [33], was used to create a prototype 
model. Particle production, packaging, isotropic 
stress installation (stress initialization), drifting 
particle (floater), removing, and bond installation 
make-up the procedure. The samples' weak 
gravitational effects make it possible for the 
gravitationally-induced tension gradient to have 
little impact on visible behavior. Utilizing 
Brazilian test and uniaxial compressive strength, 
the flat joint model and particle characteristics 
were calibrated [34]. A calibrated PFC particle 
assemblage was created using the micro-features 
and the accepted calibration techniques [34]. The 
porosity was chosen equal to 0.08 according to 
PFC manual to gain the standard particle number. 

4.3. Numerical compression experiments on a 
granite pillar with cuts at edges 

By building a box model in the PFC2D, uniaxial 
tests for rock pillar models were numerically 
simulated (Figure 5). The PFC samples have a 7 cm 
by 7 cm size. 1 cm wide was the pillar. 8231 disks 
with a minimum radius of 0.27 mm were included 
in the box sample. At the top and bottom of the 
model, there were two walls. The joint 
configurations are the same as the experimental 
ones, which is crucial to notice. Uniaxial forces 
were applied to the model via upper and lower 
walls. The model experienced an axial load rate of 
0.05 mm/min. By measuring the response forces on 
the top wall, the compression force was calculated. 
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(a) (b) 

 

(c) 

Figure 5. Edge notched pillar with notch length of 10 mm and notch angle of a) 10ᵒ, b) 20ᵒ, and c) 30ᵒ. 

5. Failure Modes of Numerical Models 
5.1. Pattern of failure 

The failure mechanism of pillars with two edge 
notches is shown in Figure 6. Three different 
failure patterns were occurred in each model. In the 
first one, two tensile cracks started at the notch 
points and spread parallel to the loading axis until 
coalescing with the model boundary when the 
notch angle was 10°. In the second one, two tensile 

cracks that started on the notch wall and coalesced 
with the pillar's left and right sides. There were two 
damaged areas on the model's two sides. In the 
third one, one splitting tensile crack developed 
through the model and leads major fracture. The 
same failure mechanism manifested itself at notch 
angles of 20° and 30°. It should be noted that by 
raising the notch angle, the damaged area's size 
grew. 
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(a) (b) 

 

(c) 

Figure 6. Failure pattern of models with notch angle of a) 10°, b) 20°, and c) 30°. 

5.2. Ross diagram illustrating crack 
development 

Ross diagrams of crack development in 
numerical models with various notch angles are 
shown in Figures 7a–c. The dip angle and the 
quantity of brand-new cracks are shown in the rose 

diagram at the compression test's conclusion. The 
micro-crack angles in every model range from 75° 
to 105°. This indicates that the main fractures angle 
is unaffected by variations in the notch angle. 
When the notch angle reached 30°, the number of 
brand-new cracks peaked. 
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(a) (b) 

 

(c) 

Figure 7. Ross diagram of crack growth in models with notch angle of a) 10°, b) 20°, and c) 30°. 

5.3. Stress-strain graph with complete crack 
The stress-strain curve along the overall fracture 

count is shown in Figure 8a–c for joints with 10, 
20, and 30 degree angles, respectively. Five 
locations along the stress-strain curve, designated 
A to E, indicating 20, 40, 60, 80, and 100% of the 
total stress, respectively, were noted to verify at 
what stress level, the elastic range, the plastic 
range, and the ultimate failure happened. The 
calculated model's deformation reflected linear 
elastic performance, and the fracture frequency 
steadily increased. There were no fissures before 
point B, and raising the sample loading increases 
the number of cracks at stage BD. After the applied 
force achieved its maximum position and the 
fractures coalesced, the trajectory turned non-linear 

and the rate of crack increment increased. Prior to 
the highest load, there is a small amount of 
variation brought on by the coalescence of 
significant fracture pairs. A rapid stress decrease 
occurs when the sample can no longer support the 
applied pressure, according to King et al. [35]. 
Because of the widespread macro-failure 
throughout the modeled sample, the stress decrease 
was greater after the highest load (point E). In 
actuality, more fractures occur when there is less 
stress decrease. Therefore, it can be assumed that 
each stress decrease during constant loading will 
cause the emergence of numerous fracture hits. It 
should be noted that raising the notch angle 
reduced the Young modulus of the models (dip 
angle of the linear portion of the stress-strain 
graph). 
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(a) (b) 

 

(c) 

Figure 8. Stress–strain curve and cumulative crack number for notch angle of a)10ᵒ, b)20ᵒ, and c) 30ᵒ. 

5.4. Effect of notch angle on model strength 
The impact of notch angle on model strength is 

depicted in Figure 9. This image shows the 
outcomes of an experimental test and a numerical 

calculation. The increase in slot angle resulted in a 
reduction in compressive strength. Both the 
experimental test and the numerical modeling 
showed a comparable tendency. 

 
Figure 9. Effect of notch angle on model strength. 
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6. Conclusions 
Investigating the failure behavior of rock pillars 

with various notch angles under uniaxial stress 
involved both experimental and discrete element 
techniques. Gypsum examples were created with 
dimensions of 70 mm * 70 mm * 50 mm. 10-, 20-, 
and 30-degree cut angles were used. The model 
received a horizontal force at a rate of 0.05 
mm/min. The findings indicate that: 

 In all models, two significant splitting tensile 
cracks started at the ends of the notches and 
progressed vertically until coalescing with the 
upper and lower model boundaries. On the left 
and right edges of the structure, two rock 
columns were also taken out. 

 The angles of the micro-fractures ranged from 
75° to 105° in all of the notch angles. This 
indicates that the main fractures angle is 
unaffected by variations in notch shape. 

 Increasing the notch orientations resulted in a 
greater amount of newborn fractures. 

 The overall number of fractures increased as 
sample loading grew. The model's deformation at 
the start of loading reflected linear elastic 
behavior, and the number of fractures steadily 
increased. When the number of cracks increased, 
the slope turned non-linear, and the force being 
applied peaked. When the sample can no longer 
resist the applied pressure, a rapid stress decrease 
occurs. The macro-failure throughout the entire 
model was what led to the greater stress decrease 
after the highest load. In actuality, the less stress 
decrease was accompanied by more overall 
fractures. 

 By raising the notch angles, the compressive 
strength and Young modulus were both reduced. 

 The experimental test and numerical simulation 
both show the same failure patterns. 

 The numerical simulation and the experimental 
test, both display the same failure strengths. 
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  چکیده:

ه گردند. در این مقاله، با استفادهاي سنگی میشوند که باعت کاهش مقاومت پایهشناسی در توده سنگ ایجاد میهاي مختلف زمینهاي ناممتد بدلیل فعالیتدرزه
 هايه شده است. به این منظور پایهاي مطالعهاي ناممتد لبههاي سنگی حاوي درزههاي آزمایشگاهی و مدلسازي عددي، نحوه رشد و گسترش ترك در پایهاز آزمون

 8، 27/0گیگاپاسکال،  5/5میلیمتر آماده سازي شد. مدول یانگ، نسبت پواسون، مقاومت فشاري و مقاومت کششی نمونه بکر برابر است با  50×70× 70گچ با ابعاد 
 05/0ها با نرخ بارگذاري درجه در پایه جایگذاري شده است. نمونه 30 درجه و 20درجه،  10هاي اي ناممتد با زاویهمگاپاسکال. دو درزه لبه 1/1مگاپاسکال و 

هاي پایه گچ انجام شد. نتایج نشان دادند گیرند. همزمان با انجام آزمون آزمایشگاهی، مدلسازي عددي روي مدلمیلیمتر بر دقیقه تحت آزمایش تک محوره قرار می
تنش در نوك  شود. بدلیل تمرکزپایه دارد. الگوي شکست و مکانیزم شکست پایه توسط مقاومت پایه کنترل می داري درزه تاثیر بسزایی بر الگوي شکستکه زاویه

شود. همچنین دو ترك کششی از دیواره ها، دو ترك کششی از این نقاط شروع شده، بموازات محور بارگذاري رشد کرده و به لبه بالا و پایین نمونه متصل میدرزه
شوند. در ابتداي بارگذاري شود. به این ترتیب دو ستون سنگی از پایه جدا میه، بطور مورب رشد کرده و به سمت چپ و راست پایه متصل میها شروع شددرزه

عداد بارگذاري ت شوند. نرخ ایجاد ترکها ابتدا کم است ولی با افزایشهاي کمی در پایه و اطراف درزه شروع میرفتار مدل الاستیک است. با افزایش بارگذاري ترك
کنند. در این مرحله منحنی تنش بر حسب کرنش رفتار غیر خطی دارد و سرانجام به نقطه تنش یابند و بطور ناپایدار رشد میها با نرخ زیادي افزایش میترك

 .ایج آزمایشگاهی و عددي در تطابق مناسب هستندبابد. نتکند و رشد ناپایدار ترك افزایش میکرنش افت می-رسد. بعد از تنش ماکزیمم، منحنی تنشماکزیمم می

  اي، آزمون آزمایشگاهی، کد جریان ذره.پایه سنگی، درزه لبه کلمات کلیدي:
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