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Keywords  Abstract 

In this article, the aim is to investigate the role of joint geometrical 

characteristics, including orientation, filler thickness, and roughness type, on the 

confined compressive strength of jointed rock masses. To achieve this, a series of 

comprehensive laboratory experiments was designed and conducted. In the first 

stage, limestone rock samples were used according to the experimental design. 

Using a cutting machine, two groups of samples were prepared with wavy and ribbed artificial roughness’s at 

different angles of 0, 30, 45, and 60 degrees. To examine the effect of filler material thickness, gypsum and 

cement filler materials with specific resistances in thicknesses of 3, 5, and 8 mm were utilized. After triaxial 

laboratory tests were performed with a hook cell device at two confining pressure levels (5 and 14 MPa), the 

following key results were obtained: (a) higher confining pressures (14 MPa) significantly enhance compressive 

strength, with ribbed joints showing a more pronounced response than wavy joints, (b) for both roughness types, 

compressive strength was lowest at a 30-degree angle, highest at a 0-degree angle, and intermediate at a 60-

degree angle, confirming the effect of anisotropy, and (c) thicker fillers generally improved strength at lower 

pressures but were less effective at higher pressures. These findings emphasize the importance of considering 

pressure conditions, joint orientation, and filler thickness in optimizing the mechanical behavior of jointed rock 

masses. 

 

Compressive Strength, 

Failure, Joint roughness, 

Joint orientation, Joint filler, 

Confining pressure. 

 

1. Introduction  

The overall strength of rock masses is profoundly 

influenced by discontinuities, which are crucial in 

determining the mechanical properties and 

strength reduction of rocks. Understanding the 

shear strength of these discontinuities is essential 

due to their significant impact on rock stability, 

particularly in engineering applications such as 

mining, tunneling, and slope stability. Previous 

studies have predominantly employed direct shear 

tests to investigate these properties, revealing the 

inherent complexity in characterizing shear 

resistance and other attributes of rock joints. 

Research into the shear strength of rock 

discontinuities has provided valuable insights 

through tests conducted under two primary 

boundary conditions: constant normal load/stress 

(CNL) and constant normal stiffness (CNS). In 

CNL conditions, where normal stress remains 

constant, joint surfaces can freely dilate during 

shearing [1]. Conversely, CNS conditions restrict 

joint dilation, resulting in higher peak shear 

strength, friction angle, and cohesive strength 

values [2]. Consequently, CNS tests offer a more 

comprehensive representation of rock joint 

roughness compared to CNL tests. However, 

replicating the complexity of these conditions in 

testing jointed specimens under triaxial 
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compressive stresses presents significant 

challenges. 

Recent research has further explored the 

influence of natural infill materials on 

discontinuity strength parameters. For instance, 

Jahanian and Sadaghiani [3] investigated the shear 

strength of sandy clay-infilled saw-tooth rough 

joints, highlighting the limited impact of infill 

thickness compared to surface roughness and 

asperity inclination, even under higher normal 

stress levels. Similarly, Karakus et al. [4] studied 

the effect of infill thickness on joint compressive 

strength (JCS) and overall shear strength, noting 

minimal variations in JCS up to a threshold infill 

thickness of 2 mm. Their work led to the 

development of a novel shear strength model for 

rock joints that integrates infill thicknesses 

ranging from 1 to 6 mm. Furthermore, studies 

have delved into the impact of discontinuity 

orientation on unfilled jointed rock strength under 

triaxial stresses, focusing on evaluating rock 

failure criteria parameters based on unfilled 

jointed specimens. Sinha and Singh's [5] research 

on cylindrical plastic specimens with undulating 

and planar discontinuity surfaces underscored the 

significant influence of infill material on 

specimen strength and mechanical behavior. 

Mokhtarian et al. [6] examined the influence of 

infilled discontinuities on rock failure 

mechanisms under triaxial stresses, creating 

various types of infilled discontinuities using 

different infill materials with varying 

compositions and uniaxial compressive strengths. 

Their findings highlighted the substantial impact 

of infill material composition and orientation 

angle on jointed rock failure criteria parameters. 

Moreover, Xu et al. [7] investigated the 

profound impact of stiff discontinuities on deep 

hard rock engineering disasters through true 

triaxial tests on marble samples. They analyzed 

the influence of discontinuity inclination angles, 

thicknesses, and stress states on deformation and 

failure mechanisms during excavation. The 

experimental results demonstrated that post-peak 

deformation and failure characteristics are 

significantly affected by these factors. Similarly, 

Wu et al. [8] focused on the shear strength 

deterioration of bedding planes between different 

rock types induced by cyclic loading, aiming to 

evaluate the stability of interbedded bedding rock 

slopes under earthquake conditions. 

Despite these advancements, gaps persist in 

our understanding of how infill material 

properties influence discontinuities with varying 

orientations on failure mechanisms and jointed 

rock failure criteria parameters under triaxial 

compressive stresses. This study seeks to bridge 

this gap by identifying the effect of infill material 

properties on jointed rock failure criteria 

parameters under triaxial compressive stresses. 

Numerous scholars have explored the 

mechanical behavior of jointed rock masses 

through numerical simulation. Vergara et al. 

[9] used UDEC to study the strength and failure 

modes of rock containing non-persistent joints, 

finding that joint spacing and angle significantly 

influence the uniaxial strength of the rock. 

Bahaaddin et al. [10] employed PFC 3D to 

analyze the effects of joint geometrical 

parameters, including joint orientation angle, 

spacing, persistency degree, step angle, and 

aperture on UCS and the deformation modulus, 

concluding that joint orientation angle had the 

greatest effects on the mechanical characteristics 

of rock masses. 

In addition to numerical simulations, the 

influence of joint geometrical specifics on the 

failure criteria of jointed rock masses has been 

extensively researched. Yang et al. [11] conducted 

biaxial compression tests on rock-like specimens 

with non-persistent joints, emphasizing the 

significant impact of joint geometry, principal 

stress orientation, and intact material compressive 

strength on the failure modes and strengths of 

jointed rock masses. Similarly, Liu et al. [12] 

explored the effects of joint set numbers and joint 

geometry configuration on the failure mode, 

unconfined compressive strength, and Young’s 

modulus of jointed rock masses. Han et al. [13] 

investigated the influence of joint dip angle on the 

mechanical behavior of infilled jointed rock 

masses under different compression conditions. 

Moreover, Li et al. [14] analyzed various joint 

geometrical parameters such as orientation angle, 

spacing, persistency degree, step angle, and 

aperture, and their effects on the unconfined 

compressive strength and deformation modulus of 

rock masses, concluding that these parameters 

significantly impact the mechanical 

characteristics of rock masses. Additionally, Li et 

al. [14] developed linear and nonlinear failure 

criteria for rock masses with non-penetrating 

joints, highlighting the importance of joint 

strength and shear strength in determining the 

overall strength of the rock mass. 

The primary objective of this study is to 
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experimentally investigate the impact of joint 

geometrical specifics, including orientation angle, 

spacing, persistency degree, step angle, and 

aperture, on the confined compressive strength 

and failure mechanisms of jointed rock masses. 

By using physical modeling and incorporating 

infill materials with varying uniaxial compressive 

strengths (UCS), this research aims to provide a 

comprehensive understanding of how these 

geometrical characteristics interact under triaxial 

stress conditions. The findings will contribute to 

the development of more accurate predictive 

models and enhance safety measures in rock 

engineering applications. This study innovatively 

combines the hook cell test under CNL conditions 

with an evaluation of the filler material thickness, 

thereby advancing the understanding of jointed 

rock mass behavior under complex stress states. 

By integrating these methods, we aim to provide 

deeper insights into the interplay between infill 

material properties and rock joint mechanical 

behavior, ultimately contributing to more accurate 

predictive models and safer engineering practices 

in rock mechanics. 

 

2. Methodology 
In this article, the aim is to investigate the role of 

joint geometrical characteristics on the confined 

compressive strength of the jointed rock mass. To 

achieve this, as outlined in the flowchart in Figure 

1, a series of comprehensive laboratory tests were 

conducted to study the effect of directional 

characteristics, filler thickness, and roughness 

type on the confined resistance of jointed rock 

under triaxial loading using a Hook cell. The 

research followed a systematic approach 

involving several key stages: 

First, the experiment design was 

meticulously planned. In the second stage, cores 

were extracted and prepared from a limestone 

sample. In the third step, a cutting machine was 

used to create two sets of cores with artificial 

roughness, specifically wavy (W-type) and ridged 

(S-type), at different angles of 0, 30, 45, and 60 

degrees. The fourth step involved investigating 

the effect of filler material thickness by using 

plaster and cement fillers with specific resistances 

at thicknesses of 3, 5, and 8 mm. In the fifth step, 

triaxial testing was performed with a Hook cell 

under two confining pressures of 5 and 14 MPa. 

Finally, the sixth step entailed analyzing the 

results from the laboratory tests on 48 jointed core 

samples. This systematic approach allowed for a 

detailed examination of how joint geometrical 

specifics, filler material properties, and roughness 

types influence the confined compressive strength 

of jointed rock masses under triaxial loading 

conditions. 
 

 
 

Figure 1. Flowchart implemented in this research 
 

3. Results and Conclusions 
3.1. Sample preparing 

To replicate natural materials, various 

combinations of plaster, sand, clay, and water 

were selected for their suitability in modeling 

infill materials within discontinuity apertures. 

Three types of infill materials (F1, F2, and F3) 

were formulated based on these combinations, as 

detailed in Table 1. The grain size distribution of 

the sand used in these mixtures is outlined in 

Table 2. Cylindrical specimens were then created 

using the mortar derived from these infill 

materials. Before testing, the fracture surfaces of 

these specimens were shaped into grooved or 

wavy patterns using a CNC tool, as shown in 

Figure 2. The specimens were subjected to 

uniaxial compressive strength (UCS) testing after 

drying, following the standard procedure [15]. 

The UCS results, along with the friction angle 

(𝜑𝑗) and adhesion strength (𝐶𝑗) for each type of 

infill material, are presented in Table 3. A direct 
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shear test was conducted according to standard 

[16] to determine the friction angle (φj) and 

adhesion strength (Cj) of these filled 

discontinuities. It was found that in the absence of 

sand in the infill material, the specimens exhibited 

characteristics more similar to the natural rock 

mass. Therefore, F2 material was chosen for the 

fill of the aperture. 

 
Table 1. The weight proportions of the constituent 

components in the infill materials within the 

discontinuity apertures 

Infill 

materials 

Weight percentage of the constituent 

components relative to the total weight 

of water, plaster, clay, and sand 
Clay 

(%) 
Sand 

(%) 
Plaster 

(%) 
Water 

(%) 
F1 16.66 33.33 16.66 33.33 
F2 25 0 37.5 37.5 
F3 0 40 30 30 

 

Table 2. The weight distribution of granulation in 

the sand used for the infill materials within the 

discontinuity apertures 

Passed weight 

percentage 
Granulation No. 

100 2.36 mm sieve 1 

90 1.18 mm sieve 2 

46.2 0.6 mm sieve 3 

17.5 0.3 mm sieve 4 

4.3 0.15 mm sieve 5 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Designed grooved and wavy fracture 

surfaces for samples in different orientation 

 

To assess the impact of infill materials on the 

failure behavior of discontinuities at different 

orientations under triaxial stress, cylindrical 

limestone specimens were prepared following the 

standard (Figure 3). These specimens featured 

discontinuities at angles of 0°, 30°, 45°, 60°, and 

90° relative to the horizontal. The prepared mortar 

was then placed in the apertures of these 

discontinuities. Five different sections of 

limestone were cut using a diamond saw, with 

each section containing discontinuities at angles 

of 0°, 30°, 45°, 60°, and 90°. The apertures in each 

section were filled with one of the three infill 

materials, with strengths of 0.616, 2.203, and 

3.920 MPa, and thicknesses of 3 mm, 5 mm, or 8 

mm, as shown in Figures 2 and 3. After drying, 

the specimens' strength was measured through 

triaxial compression tests under confining 

pressures of 5 MPa and 14 MPa, in accordance 

with standards [15–17]. Previous research 

indicates that the shape, size, and roughness of the 

wall surface do not significantly affect adhesion 

strength and friction angle since the discontinuity 

walls do not come into contact when filled 

[10,18,19]. 

 

 
 

 
 

 

 

 

Figure 3. Some of the prepared rock samples in order 

to conduct confined compressive test 

 
Table 3. The UCS in the model materials, along with 

the friction angle (𝜑𝑗) and adhesion strength (𝐶𝑗) in 

three types of model infill materials within the 

discontinuity aperture.  

Infill 

material 

Average 

UCS 

(MPa) 

Adhesion 

strength (C) 

of 

discontinuity 

filled with 

model 

material 

(MPa) 

Friction 

angle () of 

discontinuity 

filled with 

model 

material 

(degree) 

F1 0.616 0.106 43.52 

F2 2.203 0.278 38.9 

F3 3.930 0.170 52.43 
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Sample Thickness  Joint 

Type 

𝜽  𝝈𝟑 𝝈𝟏 Sample Thickness  Joint 

Type 

𝜽  𝝈𝟑 𝝈𝟏 

No. of (mm) (°) MPa MPa No. of (mm) (°) MPa MPa 

1 

8 

w 

0 5 38.28 25 

8 

w 

0 14 95.09 

2 30 5 20.61 26 30 14 73.6 

3 45 5 19.35 27 45 14 52.79 

4 60 5 34.8 28 60 14 58.22 

5 

S 

0 5 29.12 29 

S 

0 14 113.53 

6 30 5 34 30 30 14 76.41 

7 45 5 31.6 31 45 14 72.26 

8 60 5 28.72 32 60 14 58.6 

9 

5 

w 

0 5 28.45 33 

5 

w 

0 14 72 

10 30 5 33.59 34 30 14 71.88 

11 45 5 40.13 35 45 14 46.31 

12 60 5 41.98 36 60 14 60.99 

13 

S 

0 5 35.85 37 

S 

0 14 69.87 

14 30 5 35.49 38 30 14 68.03 

15 45 5 32.81 39 45 14 72.3 

16 60 5 32.23 40 60 14 54.75 

17 

3 

w 

0 5 37.83 41 

3 

w 

0 14 77.64 

18 30 5 46.83 42 30 14 68.15 

19 45 5 39.54 43 45 14 56.18 

20 60 5 24.51 44 60 14 61.34 

21 

S 

0 5 38.59 45 

S 

0 14 81.45 

22 30 5 25.35 46 30 14 47.65 

23 45 5 37.58 47 45 14 74.27 

24 60 5 29.09 48 60 14 68 
 

 

 

3.2. Test conduction 

In the triaxial test using a Hoek cell, each 

cylindrical specimen, containing a discontinuity at 

a specific orientation, is first placed inside a 

rubber membrane that is securely sealed to 

prevent any fluid intrusion during testing. This 

membrane-enclosed specimen is then positioned 

within the Hoek cell, which is subsequently filled 

with hydraulic fluid to apply the required 

confining pressure. Once the confining pressure is 

uniformly applied, creating isotropic stress around 

the specimen, an axial load is gradually 
introduced through a loading piston that extends 

through the top of the Hoek cell. This process 

simulates triaxial stress conditions while 

maintaining the constant confining pressure. 

During the test, as the axial load increases, the 

specimen undergoes deformation, with both axial 

and radial strains being continuously recorded by 

sensors. The test continues until the specimen 

fails, either by fracturing or sliding along the filled 

discontinuity. The peak stress observed at failure 

represents the triaxial compressive strength of the 

specimen under the specified confining pressure, 

and these results are presented in Table 4. 

 
3.3. Analyzing the Impact of Joint Geometric 

Properties  
3.3.1. Joint roughness 

Figure 4 presents the variations in confined 

compressive strength of rock samples with W-

type and S-type joint surfaces, across different 

confining pressures and filler thicknesses. As can 

be seen, the confined compressive strength of 

jointed rock masses is significantly influenced by 

confining pressure, joint angle, and filler 

thickness. Higher confining pressures (14 MPa) 

generally result in increased compressive 
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strengths across all angles and filler thicknesses, 

with W-type samples showing a more pronounced 

response compared to S-type samples. As the joint 

angle increases, W-type samples tend to exhibit a 

decrease in strength, particularly under higher 

confining pressure, whereas S-type samples 

demonstrate less variation in strength at 5 MPa but 

show significant fluctuations at 14 MPa. 

Regarding filler thickness, samples with 3 mm 

and 5 mm thicknesses typically exhibit higher 

strengths compared to those with 8 mm thickness, 

which generally show lower strengths, especially 

at higher angles (30°, 45°, 60°). When comparing 

W-type and S-type joints, W-type samples often 

exhibit higher strengths at smaller angles (0°, 30°) 

under high confining pressure but lower strengths 

at larger angles (45°, 60°), while S-type samples 

display more consistent strength values across 

different angles and confining pressures, with 

notably high strength at 14 MPa and lower angles. 

This highlights the complex interplay of joint 

geometrical specifics, roughness type, angle, and 

filler thickness on the mechanical behavior of 

jointed rock masses under confined compressive 

conditions. 

 

   

(a) (b) (c) 
Figure 4. Confined compressive strength of W-type and S-type jointed samples at different angles and confining 

pressures; a) thickness 3 mm, b) thickness 5 mm, c) thickness 8 mm. 

 

3.3.2. Joint orientation 
Figure 5 depicts the variations in confined 

compressive strength of rock samples with 

different filling thicknesses for both W-type and 

S-type joint surfaces under a confining pressure of 

5 MPa. The confined compressive strength of 

jointed rock samples is influenced by joint angles, 

filler thicknesses, and the type of joint (W-type 

and S-type), as observed under a confining 

pressure of 5 MPa. For W-type joints, the 

compressive strength values at different angles 

(0°, 30°, 45°, and 60°) show considerable 

variation with the change in filler thickness. At a 

thickness of 3 mm, the compressive strength starts 

high at 37.83 MPa at 0°, increases to 46.83 MPa 

at 30°, slightly decreases to 39.54 MPa at 45°, and 

drops to 24.51 MPa at 60°. With a 5 mm thickness, 

the strength begins at 28.45 MPa at 0°, increases 

consistently through the angles, peaking at 41.98 

MPa at 60°. At an 8 mm thickness, the 

compressive strength is 38.28 MPa at 0°, 

decreases to 20.61 MPa at 30° and 19.35 MPa at 

45°, and then increases to 34.80 MPa at 60°. For 

S-type joints, the compressive strength also varies 

with joint angles and filler thicknesses. At a 3 mm 

thickness, the strength is 38.59 MPa at 0°, drops 

significantly to 25.35 MPa at 30°, rises to 37.58 

MPa at 45°, and decreases again to 29.09 MPa at 

60°. At a 5 mm thickness, the strength begins at 

35.85 MPa at 0°, remains relatively stable around 

35 MPa at 30°, drops slightly to 32.81 MPa at 45°, 

and ends at 32.23 MPa at 60°. With an 8 mm 

thickness, the strength starts at 29.12 MPa at 0°, 

peaks at 34 MPa at 30°, decreases to 31.60 MPa 

at 45°, and further decreases to 28.72 MPa at 60°. 

Figure 6 illustrates how the confined compressive 

strength of rock samples changes with varying 

filler thicknesses for W-type and S-type joint 

surfaces under a confining pressure of 14 MPa. 

Under a confining pressure of 14 MPa, the 

confined compressive strength of jointed rock 

samples exhibits distinct trends based on joint 

angles, filler thicknesses, and joint types. For W-

type joints, at a filler thickness of 3 mm, the 

compressive strength starts at 81.45 MPa at a 0° 

joint angle, drops to 47.65 MPa at 30°, increases 

to 74.27 MPa at 45°, and then rises again to 68 

MPa at 60°. At a thickness of 5 mm, the 

compressive strength begins at 69.87 MPa at 0°, 

remains relatively stable at 68.03 MPa at 30°, 

peaks at 72.3 MPa at 45°, and drops to 54.75 MPa 

at 60°. With an 8 mm thickness, the strength is 

highest at 113.53 MPa at 0°, decreases 
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significantly to 76.41 MPa at 30°, further drops to 

72.26 MPa at 45°, and reaches the lowest value of 

58.6 MPa at 60°. For S-type joints, at a 3 mm 

thickness, the compressive strength starts at 77.64 

MPa at 0°, decreases to 68.15 MPa at 30°, drops 

further to 56.18 MPa at 45°, and slightly increases 

to 61.34 MPa at 60°. At a 5 mm thickness, the 

strength is 72 MPa at 0°, remains consistent at 

71.88 MPa at 30°, drops sharply to 46.31 MPa at 

45°, and increases to 60.99 MPa at 60°. At an 8 

mm thickness, the compressive strength is 95.09 

MPa at 0°, decreases steadily to 73.6 MPa at 30°, 

drops further to 52.79 MPa at 45°, and slightly 

rises to 58.22 MPa at 60°. 

 

 
Figure 5. Confined compressive strength of 

rocksamples with W-type joints in different 

thicknesses; a) confined pressure 5 MPa, b) confined 

pressure 14 MPa 

 

Comparing the results under confining pressures 

of 5 MPa and 14 MPa reveals notable differences 

in compressive strengths. At 5 MPa, W-type joints 

generally show higher compressive strengths at 

lower joint angles (0°, 30°), with significant 

variations at higher angles (45°, 60°). In contrast, 

at 14 MPa, W-type joints exhibit a pronounced 

increase in compressive strength, particularly at 

the 0° angle with an 8 mm filler, highlighting the 

substantial impact of increased confining 

pressure. S-type joints, under 5 MPa, show 

consistent strength across different angles, with 

significant strength at 3 mm filler and 45° angle. 

Under 14 MPa, S-type joints display a similar 

pattern of strength variation, but with generally 

higher values across all angles and filler 

thicknesses. The increased confining pressure of 

14 MPa significantly enhances the compressive 

strengths of both W-type and S-type joints, with 

W-type joints showing a more pronounced 

increase, especially at smaller angles and thicker 

fillers. This demonstrates that higher confining 

pressures can substantially improve the 

mechanical behavior of jointed rock masses, 

emphasizing the importance of considering 

pressure conditions in rock engineering 

applications. 

 

 
Figure 6. Confined compressive strength of rock 

samples with S-type joints in different thicknesses; a) 

confined pressure 5 MPa, b) confined pressure 14 M  

 

 

4. Conclusion 
In this study, the objective was to examine the 

impact of joint geometrical characteristics namely 

orientation, filler thickness, and roughness type on 

the confined compressive strength of jointed rock 

masses. A series of detailed laboratory 

experiments were carried out. Initially, limestone 

rock samples were prepared according to the 

experimental design. Two groups of samples were 

created using a cutting machine, introducing 

artificial roughnesses classified as wavy and 

ribbed at angles of 0°, 30°, 45°, and 60°. To 

analyze the effect of filler material thickness, 

gypsum and cement fillers with specific 

resistances were applied in thicknesses of 3 mm, 

5 mm, and 8 mm. Triaxial laboratory tests were 

then conducted using a hook cell device at two 

different confining pressure levels: 5 MPa and 14 
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MPa. The study reveals significant trends in the 

confined compressive strength of jointed rock 

masses influenced by confining pressure, joint 

roughness, joint orientation, and filler thickness: 

Higher confining pressures (14 MPa) generally 

result in increased compressive strengths across 

all joint angles and filler thicknesses. 

W-type joints show a more pronounced response 

to higher confining pressure compared to S-type 

joints. 

At 14 MPa, both W-type and S-type joints 

demonstrate higher compressive strengths than at 

5 MPa, emphasizing the substantial impact of 

increased confining pressure on rock strength. 

W-type joints typically exhibit higher 

compressive strengths at smaller joint angles (0°, 

30°) under high confining pressure but lower 

strengths at larger angles (45°, 60°). 

S-type joints display more consistent strength 

values across different angles and confining 

pressures, with particularly high strength at 14 

MPa and lower angles. 

W-type joints show significant variation in 

compressive strength with joint angles, 

particularly under higher confining pressure. 

Strength generally decreases with increasing joint 

angle under 14 MPa. 

S-type joints exhibit less variation in strength at 5 

MPa but show significant fluctuations at 14 MPa. 

Generally, samples with 3 mm and 5 mm filler 

thicknesses exhibit higher compressive strengths 

compared to those with 8 mm thickness. 

Thicker fillers tend to show higher initial 

compressive strengths but may vary more 

significantly with joint angles. 

At lower confining pressures (5 MPa), thicker 

fillers contribute positively to strength at certain 

orientations (0° and 45°), whereas other 

orientations (60°) exhibit less consistent changes. 

At higher confining pressures (14 MPa), the 

overall compressive strength generally decreases 

across most orientations and thicknesses, 

indicating that higher pressures may diminish the 

positive impact of filler thickness on strength. 
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