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Abstract:



Due to the complex formation process of a rock mass, a large number of fissures, joints, faults, other defects exist and the defects commonly contain infilled materials. The jointed rock masses are in a complex geological environment, in which the geometric distribution and the boundary condition can greatly affect the mechanical behavior of the infilled jointed rock mass. In this study, the infilled jointed rock mass specimens with different dip angles are prepared using similar materials, and the uniaxial and biaxial compression tests on the specimens are conducted. The effect of the joint dip angle on the mechanical behavior of the infilled jointed rock mass under uniaxial and biaxial compressions is investigated. The results show that the uniaxial compressive strength shows a W-shaped variation, and the biaxial compressive strength shows a V-shaped variation with an increase in the dip angle. Most of the cracks appear in pairs around the joint and occur symmetrically in a bilateral distribution, and the existence of the infilled joints induces a nonlinear mechanical behavior in the specimen. In addition, the specimens exhibit three failure modes under uniaxial compression: splitting failure, step-path failure and planar failure. The specimens present two failure modes under biaxial compression: splitting failure and planar failure.






Keywords:


jointed rock mass; filled cracks; mechanical behavior; crack coalescence; failure mode












1. Introduction


The stress on the surrounding rock can be redistributed due to the excavations in the deep underground. Disasters such as collapse and large deformation may occur during the stress redistribution [1,2,3], in which the original joints propagate and coalesce [4,5]. The joints are filled with organic materials and/or gauges of rocks, which can significantly influence the mechanical behavior of the rocks. Therefore, it is of great significance to study the mechanical behavior of the infilled jointed rock masses.



A large number of investigations have been devoted to the mechanical behavior of jointed rock masses. Brace et al. first conducted the uniaxial and biaxial compression tests on brittle rock specimens containing a single crack [6]. The results show that the newly generated crack deviates from the original crack orientation by approximately 70°. Later, Hoek et al. found that there exists a critical orientation of the inclined crack under compression, in which the pressure required for crack propagation is at its minimum [7]. Then, scholars developed a number of rock models containing single joints [8,9], two joints [10,11] and three joints [12,13], to study the initiation, the propagation and the coalescence of joints. The mechanical properties of jointed rock masses under different loading conditions were also studied, such as uniaxial compression [8], biaxial compression [14], triaxial compression [15] and direct shear test [16]. With respect to infilled jointed rock masses, Zhang B et al. studied the effect of filling on the mechanical properties of jointed rock masses under uniaxial compression [17]. They concluded that compared with the specimens that had no fillings in the crack, although the peak strength of jointed rock specimens that had filled cracks slightly increased, their post-peak plasticity was enhanced significantly.



For the nonpersistent joints, Prudencio et al. carried out a series of biaxial tests on rock samples, and they proposed three basic failure modes, including failure through a planar surface, stepped failure and failure by rotation of new blocks [18]. Goldstein et al. studied the effect of a scale on the strength of jointed rock masses by conducting uniaxial compression tests, and concluded that the strength of a fissured rock massif is unequal in different directions and is determined by the predominant orientation of the joint system or the contact surfaces between layers [19]. Chen et al. systematically studied the effects of joint orientation and joint persistence on the cracking process in jointed rock masses by uniaxial compression tests, and they concluded that the cracking process and failure mode were more strongly affected by joint orientation than joint persistence, especially when the joint dip angle was larger than 45° [20]. Bahaaddini et al. investigated the influence of geometric parameters of joints on the rock mass failure mechanism, the unconfined compressive strength, and the deformation modulus using the discrete element method [21]. They found that the failure mode was principally determined by the step angle and the joint orientation with respect to the applied principal stress direction. The mechanical behavior of a typical jointed rock mass having non-persistent joints located adjacent to an underground excavation was investigated through numerical simulation by applying appropriate three-dimensional boundary conditions using the PFC3D software package [22]. Asadizadeh et al. conducted a number of direct shear tests on non-persistent jointed rocks and studied the effects of bridge length, bridge angle, joint roughness, and normal stress on the shear strength and the cracking process. The results revealed that the normal stress and the bridge angle had the maximum and minimum effects on shear strength, respectively [23]. Wu et al. investigated the shear rheology in sandstone with non-persistent joints, and the results indicated that long-term shear strength is influenced by the long-term internal friction angle and the cohesion, and a decreased cohesion is a key factor for changes in the long-term shear strength under a constant load [24]. Sarfarazi et al. studied the effect of joint separation on the shear behavior of planar non-persistent joints under a high normal load using PFC2D, and the discrete element simulations demonstrated that the failure pattern was mostly influenced by joint separation, while the shear strength was linked to the failure pattern and the failure mechanism [25].



Most of the current studies are devoted to the mechanical behavior of jointed rock masses with unfilled cracks under uniaxial compression. However, the filled cracks and non-persistent joints commonly exist in underground rock masses, and the jointed rock masses are in a complex geological environment, in which the rock mass is subjected to biaxial and/or triaxial compressions [26]. In this study, uniaxial and biaxial compression tests for infilled jointed rock masses are carried out. The evolutions of stress–strain behavior, the uniaxial and biaxial compressive stresses, and the elasticity modulus of the specimen with different joint dip angles have been estimated. Finally, we examine the effect of joint dip angle on the failure mode with the aid of acoustic emission and a high-resolution camera.




2. Experiments


2.1. Specimen Morphology


The specimen was processed into a cuboid with a length of 160 mm, a width of 84 mm and a thickness of 34 mm, in which the prefabricated joints penetrated the thickness of the specimen. Figure 1 describes the schematic view of the specimen. Here, α represents the joint dip angle, Lj represents the length of joint, Lr represents the length of the rock bridge, d represents the spacing selected for the non-persistent joint, and the specific parameters of the specimen are shown in Table 1. The resin sheet was used as infilled material. The experiment aimed at discussing the effect of the joint dip angle on the mechanical behavior of the infilled jointed rock mass; therefore, seven dip angle levels of 0°, 15°, 30°, 45°, 60°, 75° and 90° were respectively designed, and three specimens were prepared for each level. The intact specimens were prepared as the reference samples.


Figure 1. Schematic view of a joined rock sample. (a) uniaxial compression; (b) biaxial compression.
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Table 1. Mechanical parameters of specimens.





	
Number

	
α (°)

	
Lj (mm)

	
Lr (mm)

	
d (mm)

	
σc (MPa)

	
E (GPa)

	
Remarks






	
I01

	
-

	
-

	
-

	
-

	
34.05

	
4.86

	
Intact specimens




	
I02

	
-

	
-

	
-

	
-

	
33.60

	
4.83




	
U01

	
0

	
16

	
12

	
30

	
25.04

	
3.76

	
Uniaxial compression test




	
U02

	
15

	
16

	
12

	
30

	
11.78

	
3.47




	
U03

	
30

	
16

	
12

	
30

	
7.14

	
3.26




	
U04

	
45

	
16

	
12

	
30

	
11.71

	
3.62




	
U05

	
60

	
16

	
12

	
30

	
9.01

	
3.47




	
U06

	
75

	
16

	
12

	
30

	
15.26

	
4.10




	
U07

	
90

	
16

	
12

	
30

	
33.99

	
4.83




	
B01

	
0

	
16

	
12

	
30

	
30.01

	
3.93

	
Biaxial compression test




	
B02

	
15

	
16

	
12

	
30

	
26.75

	
3.74




	
B03

	
30

	
16

	
12

	
30

	
24.28

	
3.67




	
B04

	
45

	
16

	
12

	
30

	
22.65

	
3.61




	
B05

	
60

	
16

	
12

	
30

	
18.69

	
3.51




	
B06

	
75

	
16

	
12

	
30

	
28.37

	
4.17




	
B07

	
90

	
16

	
12

	
30

	
37.46

	
5.02











2.2. Specimen Preparation


Firstly, the mode was processed according to the layout of the joints. Then, the specimens were cast in the mold after mixing similar materials, which were obtained by mixing water and cement in the proportion of 0.6. The cement was made from the Mianzhu Baichuan specimen cement Ltd. (Mianzhu, China), which was coded as 42.5. The resin sheet that was made by the Sichuan Shengjili Industrial Co. Ltd (Chengdu, China). with a thickness of 0.3 mm was inserted into the groove of the mold box in advance and solidified with the cement to simulate the infilled joints. Then, the specimens were maintained at a constant temperature and placed in a humid box for 28 days after the specimens were demoulding. The temperature was 25 °C and the relative humidity was 95%.




2.3. Experimental Unit


The compression tests of the specimens were carried out on the CMT5305 electronic universal testing machine with a loading rate of 3 × 10−3 mm per second [27], as shown in Figure 2. However, the uniaxial compression tests were carried out directly on the machine, while the biaxial compression tests were carried out on the machine under the action of lateral restraint. The acoustic emission (AE) signal was collected during the experiment by an AE instrument coded as Express-8, which was made from the PAC Company (New York, NY, USA). In addition, a high-resolution camera (2560 × 1440) was used to capture the images during the whole process of the experiment.


Figure 2. CMT5305 electronic universal testing system.
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3. Results and Analysis


3.1. Mechanical Properties of Intact Specimen under Uniaxial Compression


The failure mode and the axial stress–strain curve of an intact specimen (No. I01) under uniaxial compression are shown in Figure 3, and the sketch was displayed after the failure stage. The mechanical parameters of both the intact specimens and the fractured specimens under uniaxial and biaxial compressions are shown in Table 1. For both uniaxial and biaxial compression tests, formula (1) was used to calculate the strengths.


[image: ]



(1)






Figure 3. Axial stress–strain curve of the intact specimen under uniaxial compression.
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Here, [image: ] represents the strengths, [image: ] represents the maximum axial stress, and [image: ] represents the cross-sectional area of the specimen. The uniaxial compressive strength of intact specimens numbered I01 and I02 are 34.05 MPa and 33.60 MPa, respectively, and the standard deviation is 6.65 × 10−3. The elasticity modulus of intact specimens numbered I01 and I02 are 4.86 GPa and 4.83 GPa, respectively, and the standard deviation is 3.10 × 10−3. The homogeneity of the intact specimens is obvious due to the small values of standard deviations of both the uniaxial compressive strength and the elasticity modulus. Figure 3 describes how splitting failure occurs in the specimen under uniaxial compression. Several fractures are produced along the stress loading direction. In addition, during the loading, flake exfoliation appears on the surface of the specimen, which indicates that the specimen constructed of similar materials in our study presents obvious brittle characteristics.




3.2. Effect of α under Uniaxial Compression


	(1)

	
Figure 4 shows the axial stress–strain curves of specimens with different α under uniaxial compression. When α = 0°–90°, the axial stress–strain curve appears to undergo multiple drops in the pre-peak and post-peak stage, which indicates that the specimens maintain a clearly brittle characteristic. In addition, the residual strengths of the specimens under uniaxial compression are less than 9 MPa.


Figure 4. Axial stress–strain curves of specimens with different dip angles under uniaxial compression.
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	(2)

	
Figure 5a depicts the relationship between uniaxial/biaxial compressive strength and α. The uniaxial compressive strength shows a W-shaped change with an increase in α, which is consistent with that reported by Chen et al. (2013). As α increases from 0° to 30°, the uniaxial compressive strength decreases from 25.04 MPa to 7.14 MPa, which is a reduction of 71.5%. As α increases from 30° to 60°, the uniaxial compressive strength fluctuates within a small range. When α continuously increases from 60° to 90°, the uniaxial compressive strength increases from 9.01 MPa to 33.99 MPa, which is an increase of 277%. When α = 90°, the uniaxial compressive strength is 35.7% higher than that of α = 0°. Therefore, when the direction of the fractures is perpendicular to the loading direction (α = 90°), the bearing capacity of the specimen is at its largest, followed by that parallel to the loading direction (α = 0°). However, the uniaxial compressive strength of the specimens has a minimum value when α = 30°, which is slightly lower than that for α = 60°.


Figure 5. Mechanical parameters of specimens with different dip angles under uniaxial and biaxial compressions. (a) Strength comparison under uniaxial and biaxial compressions; (b) Elasticity modulus comparison under uniaxial and biaxial compressions.
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	(3)

	
Figure 5b presents the relationship between the elasticity modulus and α. For uniaxial compression tests, the elasticity modulus shows a W-shaped variation with an increase in α, which is similar to that in Figure 5a. As α increases from 0° to 30°, the elasticity modulus decreases from 3.76 GPa to 3.26 GPa, which is a reduction of 13.3%. As α increases from 30° to 60°, the elasticity modulus fluctuates within a small range. When α continuously increases from 60° to 90°, the elasticity modulus increases from 3.47 GPa to 4.83 GPa, which is an increase of 39.2%. When α = 30°, the elasticity modulus of the specimen reaches its minimum value, which is 67.3% of the average value of the maximum elastic modulus of the intact specimen. When α = 90°, the elasticity modulus of the specimen reaches its maximum value, which is 99.7% of the average value of the maximum elastic modulus of the intact specimen.








3.3. Effect of α under Biaxial Compression


	(1)

	
Figure 6 displays the axial stress–strain curves of specimens with different α under biaxial compression. In contrast to uniaxial compression, all the axial stress–strain curves show multiple peaks under biaxial compression. The residual strengths of the specimens under biaxial compression are between 10–26 MPa, which are obviously greater than that of uniaxial compression. The plastic deformation ability of the post-peak stage under biaxial compression is improved when the joint orientation and the loading direction have a certain angle (α = 0°–90°).


Figure 6. Axial stress–strain curves of specimens with different dip angles under biaxial compression.
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	(2)

	
Figure 5a depicts the relationship between the strength and the α of specimens. For biaxial compressions, the biaxial compressive strength shows a V-shaped change with an increase in α. When α = 60°, the biaxial compressive strength of the specimen reaches a minimum value of 18.69 MPa, while the biaxial compressive strength of the specimen reaches a maximum value of 37.46 MPa when α = 90°. When α is fixed, the biaxial compressive strength of the specimen is much greater than that of uniaxial compressive strength, as shown in Table 2. When α is 0° and 90°, the biaxial compressive strength of the specimen is increased by 19.82% and 10.21% compared with uniaxial compressive strength, respectively. For α = 15°–75°, the biaxial compressive strength of the specimen increases by more than 85.96% compared with uniaxial compressive strength; for example, when α = 15°, the biaxial compressive strength is increased by 127.19% compared with uniaxial compressive strength.


Table 2. Comparison of mechanical parameters of specimens under uniaxial and biaxial compression.





	Dip Angle
	σc (Uniaxial, MPa)
	σc (Biaxial, MPa)
	Improved (%)
	E (Uniaxial, GPa)
	E (Biaxial, GPa)
	Improved (%)





	0
	25.04
	30.01
	19.82
	3.76
	3.93
	4.52



	15
	11.78
	26.75
	127.19
	3.47
	3.74
	7.78



	30
	7.14
	24.28
	239.86
	3.26
	3.67
	12.58



	45
	11.71
	22.65
	93.42
	3.62
	3.61
	−0.28



	60
	9.01
	18.69
	107.19
	3.47
	3.51
	1.15



	75
	15.26
	28.37
	85.96
	4.10
	4.17
	1.71



	90
	33.99
	37.46
	10.21
	4.83
	5.02
	3.93










	(3)

	
Figure 5b exhibits the relationship between the elasticity modulus and α of the specimen. For biaxial compressions, the elasticity modulus under biaxial compression shows a V-shaped change with an increase in α. As α increases from 0° to 60°, the elasticity modulus under biaxial compression decreases from 3.93 GPa to 3.51 GPa, which is a reduction of 10.69%. When α increases from 60° to 90°, the elasticity modulus under biaxial compression increases from 3.51 GPa to 5.02 GPa, which is an increase of 43.02%. Since α is a constant, the elasticity modulus of the specimen under biaxial compression has an increase of approximately 12.58% with respect to that of uniaxial compression, as shown in Table 2.








3.4. Analysis of Crack Propagation and AE Response Characteristics


Figure 7a–f display the fracture evolution of specimen U03 (α = 30°), and Figure 7g–l describe a sketch map of Figure 7a–f. Figure 8 depicts the corresponding AE response characteristics. The ε1 and σ in the form of (ε1, σ) in Figure 7 and Figure 8 represent the axial strain and stress corresponding to a point on the axial stress–strain curve. The axial strain is 1000 times of the actual value, which does not have a dimension, and the unit of axial stress is MPa.


Figure 7. Fracture evolution of intermittent jointed rock masses under uniaxial compression (Specimen U03, α = 30°). (a) 0.250, 5.97; (b) 0.252, 6.04; (c) 0.265, 6.36; (d) 0.300, 6.31; (e) 0.369, 7.14; (f) 0.506, 5.03; (g) 0.250, 5.97; (h) 0.252, 6.04; (i) 0.265, 6.36; (j) 0.300, 6.31; (k) 0.369, 7.14; (l) 0.506, 5.03.
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Figure 8. Acoustic emission (AE) response characteristics of the specimen under uniaxial compression (α = 30°).



[image: Processes 06 00049 g008]






In Figure 8, the AE counts were almost zero when increasing ε1 from 0 to 0.25. This mainly included the compaction and the elastic deformation stage of the specimen. The original crack in the specimen was closed and a part of the elastic deformation was produced. There were no new cracks generated; therefore, there were few AE counts. The triggering threshold set for this AE test was 100 mV.



When ε1 = 0.250, which corresponded to an axial stress of 5.97 MPa, the specimen produced a crack (1# crack) at the tip of the prefabricated filled joint because the rock near the tip of the joint reached the tensile strength of the similar material. When ε1 = 0.252, which corresponded to an axial stress of 6.04 MPa, the 1# crack was extended and connected to the joint tip of the upper layer. Meanwhile, the specimen produced the 2# crack. During this period, the bearing capacity of the specimen was not affected, and the specimen maintained a good integrity. When ε1 = 0.265, which corresponds to an axial stress of 6.36 MPa, the apertures of both 1# and 2# cracks increase, and the specimen produces 3–6# cracks, which leads to a drop in stress on the stress–time curve. The AE counts increased and reached their peak at this moment. When ε1 = 0.300, which corresponds to an axial stress of 6.31 MPa, the apertures of the 1–6# cracks continued to increase, and the specimen produced 7–13# cracks, which led to another drop in stress on the stress–time curve. At this point, the central column of the specimen had not been damaged; therefore, the specimen still maintained a good bearing structure. The axial stress of the specimen rose again with the continuous increase in the deformation. When ε1 = 0.369, which corresponds to an axial stress of 7.14 MPa, the axial stress of the specimen reached its peak value. The apertures of the 1–13# cracks increased obviously and the specimen produced 14–15# cracks, which led to the third drop in stress that decreased from 7.14 MPa to 3.74 MPa at a rate of 47.62%. The 9–11# cracks were connected to each other on the left side of the specimen, forming the broken zone I. The structure of the specimen was destroyed to some extent; however, it still had bearing capacity. The axial stress of the specimen increased slowly as the axial strain increased from 0.369 to 0.506. When ε1 = 0.506, which corresponded to an axial stress of 5.03 MPa, 1–15# cracks continued to expand and the specimen produced 16–18# cracks, the 1–2# and 5–6# cracks were connected to each other on the right side of the specimen, forming the broken zone II. Finally, the axial stress quickly fell to 1.60 MPa with the failure of the specimen.



By analyzing the crack evolution of specimen U03 (α = 30°), we found that most of the cracks appeared in pairs around the joint and occurred symmetrically in a bilateral distribution. The existence of the infilled joint induced a nonlinear mechanical behavior in the specimen.




3.5. Error Analysis and Supplemented the Highlights and Limitations of This Study


In addition to the intact specimens, no error analysis was made for the other tests as only one specimen was used for each working condition. We will complete 3–5 sets of experiments for each dip angle and conduct an error analysis in future works. Moreover, the uniaxial and biaxial compression tests of the infilled joint rock masses were conducted in our paper, and we found that the dip angle of the infilled joint greatly affected the mechanical behavior and deformation characteristics of the specimen. However, more than seven angles should be used to accurately analyze the minimal strength of the infilled joint specimen in future works, and we also need more samples to classify the failure modes carefully. In addition, the distribution characteristics of infilled joints in rock masses are also affected by other factors, such as the joint spacing, the joint width and the joint connectivity. Therefore, more tests will be carried out in the future.





4. Evolution of Failure Mode


4.1. Effect of α


The final failure modes of the specimens with different α under uniaxial compression are shown in Figure 9. For the convenience of reading and understanding, we define the plane where the central joint is located as the main plane, and the planes on both sides of the major plane are defined as minor planes. When α = 0°, the final failure mode of the specimen was a splitting failure of type 1, in which the specimen split along the width direction. A main crack was produced along the direction of stress loading, and the expansion and penetration of the main crack led to the failure of the specimen (Figure 9a). When α = 15°–30°, the failure modes of the specimens were step-path failures. The step-path failure mainly includes the following three characteristics: (1) cracks at the tip of the infilled joint; (2) cracks appear in pairs, in which cracks are produced at both ends of the infilled joint; (3) connected cracks, in which the crack at the left end of the upper layer is connected with the crack at the right end of the next layer, and finally a crack in the vertical direction is formed (Figure 9b,c). The expansion and penetration of the step-path cracks led to the failure of the specimen. For α = 45°, the failure mode of the specimen was reflected by the combination of the step-path failure and the planar failure (Figure 9d), among which the planar failure was the dominant factor. Planar failure occurred in the main plane, and a pair of step-path cracks were produced on both sides of the main plane. When α = 60°–90°, the final failure mode of the specimens was a planar failure. When α = 60°, planar failure occurred in the main plane (Figure 9e); when α = 75°, planar failure occurred in the main plane and the two minor planes (Figure 9f); when α = 90°, planar failure occurred in the two minor planes (Figure 9g). The main plane did not break when α = 90°, which confirmed that the uniaxial compressive strength for α = 90° was higher than that with other values of α.


Figure 9. Failure modes of specimens with different dip angles under uniaxial compression. (a) α = 0°; (b) α = 15°; (c) α = 30°; (d) α = 45°; (e) α = 60°; (f) α = 75°; (g) α = 90°.
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4.2. Effect of Biaxial Compression


Figure 10 displays the final failure modes of the specimens with different α under biaxial compression. The left figure of each pair is the side view of the specimen, and the right figure of each pair is the front view of the specimen. Under biaxial compression, the specimens exhibited two failure modes: (a) splitting failure of type 2, in which the specimen splits along the thickness direction, and (b) planar failure. When α = 60°, the final failure mode of the specimen was planar failure, and the planar failure occurred in the main plane (Figure 10e). The biaxial compressive strength of the specimen reached a minimum value of 18.69 MPa, which confirmed that the structure of the specimen was the most unstable of all the specimens. However, the failure mode of the specimen was splitting failure of type 2 when α = 0°–45° and 75°–90° (Figure 10a–d,f–g). The tensile cracks are marked in the red dotted circles. The crack growth on the surface of the specimen was effectively suppressed under biaxial compression, and the final failure mode of the specimen was more uniform than that of uniaxial compression. Therefore, the strength of the specimens had been improved.


Figure 10. Failure modes of specimens with different dip angles under biaxial compression. (a) α = 0°; (b) α = 15°; (c) α = 30°; (d) α = 45°; (e) α = 60°; (f) α = 75°; (g) α = 90°.
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5. Conclusions


In this study, the uniaxial and biaxial compression tests of the infilled joint rock masses were conducted. The mechanical behavior of infilled jointed rock masses was investigated. The influence of the orientation of the infilled joint on the mechanical properties and the failure modes were also studied by means of a series of models with various dip angles. In addition, the results obtained in our study were compared with the results of similar laboratory tests in the literature.

	(1)

	
The uniaxial compressive strength shows a W-shaped change with an increase in the dip angle, and the uniaxial compressive strength of the specimens reached its minimal values at α = 30° and α = 60°.




	(2)

	
The biaxial compressive strength shows a V-shaped change with an increase in the dip angle. When α = 60°, the biaxial compressive strength of the specimen reached a minimum value of 18.69 MPa, while when α = 90°, the biaxial compressive strength of the specimen reached a maximum value of 37.46 MPa. When the direction of the fractures was perpendicular to the loading direction (α = 90°), the bearing capacity of the specimen was the largest, followed by that parallel to the loading direction (α = 0°).




	(3)

	
Under uniaxial compression, the specimens exhibited three failure modes: splitting failure of type 1 (the specimen split along the width direction), step-path failure, and planar failure. Under biaxial compression, the specimens exhibited two failure modes: splitting failure of type 2 (the specimen split along the thickness direction) and planar failure.
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