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Abstract: To investigate the physical properties and tensile strength evolution of gypsum materials under 13 

different water content conditions, three groups of gypsum standard samples were prepared, including natural, 14 

saturated and dehydrated gypsum samples. Electron microscopy, composition analysis, Brazilian splitting tests 15 

and numerical simulation analysis were carried out. The results are as follows. The larger the water content of 16 

the samples is, the higher the content of CaSO4·2H2O, the more flocculation structures on the surface, and the 17 

higher the longitudinal wave propagation speed. Saturation and dehydration change the composition of the 18 

sample and cause a change in its tensile strength and failure mode. The fitting effect of the modified Hoek‒Brown 19 

criterion is obviously better than that of the modified Mohr‒Coulomb criterion because it considers the influence 20 

of uniaxial compressive strength. The Balmer criterion introduces the index b and greatly improves its regression 21 

accuracy. The vertical compressive stress exhibits a concentrated distribution. At x=0, the peak value of the 22 

vertical load appears at the two ends of contact between the specimen and the indenter and gradually decreases 23 

from both ends to the centre. The horizontal stress is mainly tensile stress, and the value at x=0 is the theoretical 24 

tensile strength. It is uniformly distributed on the line directly affected by the vertical load and decreases to both 25 

ends of the specimen along the line. It is reduced to 0 at the left and right ends. The horizontal deformation arises 26 

from both sides of the disk tip and then spreads downwards in an arc during loading. The horizontal strain in the 27 

upper part of the disk is always larger than that in the lower part. The upper part reaches its tensile strength and 28 

then fails due to the continuous loading. 29 

Keywords: gypsum, tensile strength, strength criterion, stress distribution, numerical simulation. 30 

1. Introduction 31 

In the field of architecture and geotechnical engineering, the tensile strength of brittle materials is the main 32 

parameter affecting the failure of engineering structures. As the main method of measuring the tensile strength 33 

of materials, the Brazilian splitting test has been widely used in construction, civil engineering, geotechnical 34 

engineering and other fields [1-6]. Saksala et al. conducted dynamic Brazilian disc tests on Kuru granite based 35 

on viscoplastic and damage mechanics constitutive models and finite element numerical techniques. The results 36 

show that the loading rate is linearly correlated with the indirect tensile strength of the Kulu granite disc [7]. Shen 37 

et al. investigated the tensile properties of hardened fly ash high-strength concrete. The experimental results 38 

showed that its tensile Young's modulus at an early age increased with increasing uniaxial tensile strength [8]. Li 39 

et al. analysed the relationship between the tensile strength and fracture area of cement paste specimens through 40 

laboratory tests. The results show that the tensile strength is negatively correlated with the addition of SCM and 41 

the W/B ratio [9]. Verma et al. used AUSBIT's Brazilian disc test, successfully conducted on concrete and various 42 

rocks, to evaluate the effectiveness of AUSBIT in controlling local dynamics using acoustic emission and digital 43 
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image correlation techniques [10]. Lochan et al. studied the tensile strength of glass fibre-reinforced polymer 44 

(GFRP) reinforcing bars through laboratory tests and proposed the three-point flexure test as an alternative for 45 

direct tensile testing of GFRP bars. It has been proven that flexural testing can provide an easy and reliable 46 

method for obtaining the tensile strength of GFRP reinforcing bars [11]. Gaedicke et al. studied the effect of 47 

porosity variation on the relationship between tensile strength and compressive strength through laboratory tests 48 

on 16 kinds of mixed materials [12]. Mardoukhi et al. studied the dynamic tensile behaviour of two granitic rocks 49 

using the Brazilian disc test and split Hopkinson compression bar. High strain rate Brazilian plate tests were 50 

carried out at -30 °C, -50 °C and -70 °C on samples without cyclic thermal loading. The results show that rocks 51 

with different microstructures respond differently to cyclic thermal loads. Lowering the test temperature will lead 52 

to an increase in the tensile strength of the two rocks being studied [13, 14]. Zhao et al. carried out a Brazilian 53 

disk split test on MSC cubes and analysed the effects of the water-cement ratio and stone powder content on the 54 

tensile strength of MSC. Forecast models of the long-term tensile strength of MSC were proposed [15]. 55 

The above studies on the tensile properties of rock and other materials have achieved many meaningful results 56 

[16-21]. Liang et al. discussed several kinds of common random distribution functions used to realize the 57 

heterogeneity of elastic damage models and studied a probability model of random distribution function failure 58 

processes under loading [22]. Yang et al. conducted Brazilian splitting and acoustic emission tests on seven 59 

groups of samples with different inclination angles. The results show that the direction of bedding has an 60 

important influence on the splitting strength and the final failure mode of shale samples. With the increase in 61 

bedding angle, the splitting strength of shale samples decreases gradually [23]. Aggelis studied the different 62 

characteristics of the signals emitted by different fracturing stages through acoustic emission monitoring of 63 

several kinds of concrete during the experiment and proposed several AE indices, which could be used to classify 64 

cracks according to their modes [24]. Jiang et al. used statistical analysis and hypothesis testing to study the 65 

random distribution characteristics of the characteristic strength and deformation parameters of two kinds of 66 

basalt and pointed out that dispersion is an inherent property of basalt, and only a certain number of repeated 67 

tests can reliably evaluate its basic mechanical properties [25]. Du et al. carried out a failure process test under 68 

the splitting load of a Brazilian disc of shale with different bedding inclination angles. By using digital image 69 

correlation technology, they studied the initiation time, spatial location, propagation law and fracture mechanism 70 

of microfractures in carbonized shale with different bedding directions [26]. To study the influence of the 71 

interface direction of hard rock and soft rock on its failure form, Li et al. carried out a Brazilian splitting test with 72 

multiple groups of loading angles on composite samples containing rock-cement mortar and studied the failure 73 

mechanism of the interface using PFC2D software [27]. Yang used PFC2D software with a built-in single disk 74 

discrete element model of the Brazilian splitting test, studied the radius ratio and the influence of eccentricity on 75 

the disc deformation and strength characteristics, and concluded that the stiffness of a single disk and the 76 

maximum tensile strength decrease with increasing radius ratio and increase with increasing eccentricity [28]. 77 

Finally, there are many studies on the influence of water content on rock properties [29-32]. Vasarhelyi 78 

statistically analysed the simple compressive strength and shear Young's modulus of 35 British sandstones. The 79 

test results of these sandstones under wet and dry conditions were analysed, and the petrophysical parameters 80 

were obtained [33]. Zhou et al. carried out compression and tensile tests on sandstone samples with different 81 

water contents. From the laboratory tests, reductions in the compressive and tensile strengths of sandstone under 82 

static and dynamic states in different saturation processes were observed [34]. Erguler et al. determined the 83 

uniaxial compressive strength, tensile strength and elastic modulus of several rock samples with different water 84 

contents. The results show that the uniaxial compressive strength, elastic modulus and tensile strength decrease 85 

by 90%, 93% and 90%, respectively, with increasing moisture content [35]. Daraei used the uniaxial compressive 86 

strength test results of 67 samples from eight rock types under dry, natural and saturated conditions to illustrate 87 

in detail the effect of water content on critical and failure strains [36]. Tang et al. tested the tensile strength of 88 

compacted clayey soil with different water contents and dry densities, and the results showed that the tensile 89 
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strength of compacted clayey soil significantly depends on the water content [37]. 90 

Although the above scholars have performed much research on deformation, strength and failure 91 

characteristics through tensile tests and the influence of water content on the mechanical properties of rock, there 92 

are few studies on the mechanism of tensile strength evolution with the microstructure and composition of the 93 

material under different water content conditions. In addition, studies on the stress and strain distribution of the 94 

loading axial plane in the Brazilian splitting test are also insufficient. Different water-rich times cause different 95 

water contents in roofs supporting water-rich tunnels and then change their physical and mechanical properties 96 

[33]. Therefore, it is of great significance to study the evolution characteristics of the physical properties and 97 

tensile strength of roof rock mass under different water content conditions. However, natural rock joints and 98 

fissures exhibit with strong anisotropy. The homogeneity of gypsum-like rock is good after many procedures, 99 

such as stirring and vibration. To exclude irrelevant variables, based on previous studies [38-42], this paper selects 100 

high-strength gypsum powder to prepare gypsum rocks under different water content conditions and carries out 101 

wave velocity tests, electron microscopy scanning, composition analysis, Brazilian splitting and other tests. The 102 

physical properties and tensile strength evolution of gypsum samples under different moisture contents were 103 

analysed. Three improved strength criteria were used to evaluate the tensile strength of the specimens. On this 104 

basis, the plane stress and deformation distributions of the specimens were analysed to provide theoretical 105 

reference for the failure and instability mechanism of water-rich rock masses in underground engineering. 106 

2. Materials and Methods 107 

2.1 Sample Preparation 108 

Grade α high-strength gypsum powder, produced by Sichuan Hongtai Biochemical Co., Ltd., Nanchong, China, 109 

was selected. Its main component is CaSO4·0.5H2O. A block was prepared according to a ratio of water to paste 110 

of 3:10, and a standard sample was processed. The processed samples were divided into three groups: natural, 111 

water-saturated and dehydrated samples. The specific preparation and grouping process can be found in the 112 

literature [38, 40]. We will not repeat it here. 113 

2.2 Testing device 114 

2.2.1 Ultrasound testing device 115 

The samples were subjected to ultrasonic testing by using an UTA2001A ultrasonic inspection monitor, as 116 

shown in Figure 1. The UTA2001A system is an intelligent measuring instrument with a microprocessor. Its 117 

sampling frequency can be set to 10, 5, 2, and 1 MHz. 118 

 119 

Figure 1. UTA2001A ultrasonic inspection monitor. 120 

2.2.2 Mechanical testing device 121 

The test was carried out on an RMT-150B electrohydraulic servo rock test system, as shown in Figure 2. The 122 

maximum axial load of the test system was 1000 kN. It can carry out tests such as rock uniaxial compression, 123 

indirect (direct) stretching and compression-shear tests. 124 
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 125 

(a)                                     (b) 126 
Figure 2. Electro-hydraulic servo rock test system of RMT-150B. (a) Test system. (b) Schematic diagram of uniaxial compression. 127 
2.3 Test Methods 128 

1) Longitudinal wave velocity measurement: The sampling frequency was 10 MHz. The samples were sealed 129 

in fresh bags in time before and after the test to avoid water absorption or dehydration of the samples in air (the 130 

same below). 131 

2) Composition analysis of the samples: A D8-ADVANCE X-ray diffractometer was used to analyse the 132 

composition of the samples in each group to test the composition change characteristics of the samples under 133 

different water content conditions. 134 

3) Microscopic composition analysis: The sample fragments with different water contents were analysed by a 135 

JSM-6390LV scanning electron microscopy (SEM) system. 136 

4) Brazil splitting test: The test was carried out on an RMT-150B electrohydraulic servo test system. The test 137 

adopted the displacement control mode, and the loading rate was 0.005 mm/s. 138 

3. Test results and analysis 139 

3.1 Sample Characteristics 140 

3.1.1 Physical Properties 141 

The density, moisture content, wave velocity and other physical properties of the samples in different states 142 

were tested, as shown in Table 1 [38, 43]. 143 

In Table 1, the water content (fw) is the relative value. In this paper, the water content of the samples in the 144 

high-temperature dehydration group is 0, and the water content of the natural group and the saturated group is 145 

calculated based on high-temperature dehydration group. 146 

Table 1. Physical properties of the samples 147 

Group m (g) fw ρ (g/cm3) v (m/s) 

Natural 338.7 0.254 1.726 2967 

Water-saturation 371.2 0.374 1.891 3017 

Dehydration 270.2 0 1.377 1531 

As seen in Table 1, the moisture content and longitudinal wave velocity of the samples in the saturated group 148 

are the largest, while those in the high-temperature dehydration group are the smallest. Due to the loss of crystal 149 
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water in the high-temperature environment, the internal structure of the samples was damaged, resulting in the 150 

samples in the high-temperature dehydration group having the lowest wave velocity. Compared with that of the 151 

natural group, the wave velocity of the high-temperature group was reduced by 48.4%. This may be due to the 152 

uneven heating of minerals inside the sample, resulting in uncoordinated deformation and expansion and then 153 

micromicroscopic cracks. At the same time, the cracking of crystallized water after heating causes corresponding 154 

physical and mechanical changes in the structure and material properties of the sample, resulting in a complex 155 

distribution of cracks and defects. When ultrasonic waves encounter cracks and defects in the propagation process, 156 

they must undergo refraction, diffraction and other phenomena. The weakening of the waveguide property and 157 

the increase in energy attenuation led to a decrease in the longitudinal wave velocity. The longitudinal wave 158 

velocity is closely related to the mechanical properties of samples after high-temperature dehydration. 159 

3.1.2 Microscopic composition analysis 160 

An FEI Quanta 250 FEG-SEM system was used to scan the microstructure of each sample used in this study. 161 

Figure 3 shows the scanning results with 3000 magnification [38, 39]. 162 

As seen from Figure 3, the interior of the remoulded sample under natural conditions is homogeneous and 163 

compact, with dense particles, smooth crystal fractures, sharp edges and corners, and partial lumps, as shown in 164 

Figure 3(a). The water-saturated sample contains more dihydrate gypsum, and the homogeneous compact edges 165 

and angles are not obvious in the sample, as shown in Figure 3(b). After dehydration at high temperature for 24 166 

h, a large number of arranged and disordered prismatic crystals formed inside the sample, and microcracks were 167 

distributed among the crystals. Some crystals exhibited fracture phenomena, the fractures were clearly visible, 168 

and the number of micropores increased significantly, as shown in Figure 3(c). Combined with the physical 169 

properties presented in Section 3.1.1, the larger the moisture content of the sample is, the more flocculent 170 

structures on its surface and the higher the longitudinal wave propagation speed. The smaller the sample moisture 171 

content is, the more disordered the prisms on the surface and the lower the longitudinal wave propagation velocity. 172 

   173 
(a)                              (b)                             (c)  174 

Figure 3. Scanning results at 3000 times magnification. (a) Natural. (b) Water saturation. (c) Dehydration 175 
3.1.3 Mineral composition analysis 176 

Gypsum is a monoclinic crystalline mineral mainly composed of CaSO4·nH2O, which exists in various forms, 177 

such as CaSO4·H2O, CaSO4·0.5H2O and CaSO4·2H2O, due to different water contents, as shown in Figure 4 [42]. 178 

There are great differences in the physical properties of gypsum materials with different water contents. Therefore, 179 

it is of great significance to explore the composition of samples under different water content conditions. 180 

 181 
Figure 4. Schematic diagram of gypsum material composition changes under water absorption and dehydration. 182 

X-ray diffraction tests were carried out on high-strength gypsum powder remoulded samples in different water 183 

cut states, and the main mineral crystal components were obtained, as shown in Figure 5. 184 
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 185 

(a)                       (b)                        (c)                       (d) 186 

Figure 5. Main mineral components of gypsum powder remoulded samples. (a) Gypsum powder. (b) Natural. (c) Water saturation. 187 

(d) Dehydration.  188 

As seen from Figure 5, after casting high-strength gypsum powder into the remoulded sample, calcium sulfate 189 

disappeared, mainly manifested as CaSO4, the water content increased, and CaSO4·0.5H2O became 190 

CaSO4·0.5H2O and CaSO4·2H2O by absorbing water. The main mineral composition of the saturated sample was 191 

the same as that of the natural sample, but the main difference is that the saturated sample contained a higher 192 

proportion of CaSO4·2H2O. After high-temperature dehydration at 220 °C, CaSO4·2H2O became CaSO4 and 193 

CaSO4·0.5H2O by dehydration. 194 

Combined with the analysis in Section 3.1.2, the flocculent structure on the surface of the water-saturated 195 

sample and natural sample is CaSO4·2H2O, while the rip-shaped crystal on the surface of the high-temperature 196 

dehydrated sample is CaSO4·0.5H2O. Through saturation and dehydration, different structural components are 197 

generated in the sample, and these structural components have a great influence on the physical properties 198 

(longitudinal wave velocity, microstructure, etc.) of the sample. 199 

3.2 Stress‒strain characteristics 200 

The formula for calculating the tensile strength of each sample in different water content states is 201 

𝜎௧ ൌ
2𝑃

𝜋𝐷𝑡
 202 

（1） 203 

where σt is the tensile strength of rock, P is the failure load of the sample, D is the diameter of the sample, and 204 

t is the thickness of the sample. 205 

According to Equation (1), the splitting tensile strength of each sample in different water cut states was 206 

calculated, and its stress‒strain curve was drawn, as shown in Table 2 and Figure 6. 207 

  208 
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 210 
(c) 211 

Figure 6. Stress-strain curves of each sample in Brazil splitting test. (a) Natural. (b) Water saturation. (c) Dehydration. 212 

Meanwhile, by analysing the stress‒strain curve of Figure 6, the tensile splitting failure process of natural, 213 

saturated and high-temperature dehydrated specimens can be divided into four stages: the compaction stage, 214 

elastic deformation stage, plastic deformation stage and failure stage. When the natural and saturated samples 215 

reached the peak tensile strength, the stress‒strain curve dropped instantaneously, and the samples showed 216 

obvious brittle failure. However, the high-temperature dehydrated samples showed the characteristics of multiple 217 

splits during the splitting process, and the plastic deformation stage time became significantly longer. Moreover, 218 

when the load reached the peak value, the samples did not fail rapidly, showing certain plastic failure 219 

characteristics. 220 

Table 2. Statistical table of tensile strength of gypsum rocks 221 

Group σt (MPa) Group σt (MPa) Group σt (MPa) 

Natural 

3.858 

Water saturation 

1.452 

Dehydration 

0.142 

3.939 1.53 0.264 

3.76 1.467 0.215 

Mean value 3.85 Mean value 1.48 Mean value 0.207 

This corresponds to the physical characteristics of the sample in Section 3.1. To further analyse the relationship 222 

between the strength and composition of the sample, the molecular structure diagram of the sample under 223 

different moisture content conditions is shown in Figure 7. The samples in the natural group contained more 224 

CaSO4·0.5H2O. As Figure 7 (b) shows, CaSO4·0.5H2O belongs to the monoclinic system, and a [SO4]2- 225 

tetrahedron and Ca2+ are connected into a layered structure parallel to the [1 0 0] and [0 1 0] surfaces. Half of the 226 

H2O molecules are located in this channel and are connected with O2- in [SO4]2- by hydrogen bonds, making this 227 

a relatively stable state. This is the reason for the maximum tensile strength of the natural specimens. 228 

   229 

(a)                             (b)                                         (c) 230 
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Figure 7. Molecular structure of samples under different moisture content (a) CaSO4. (b) CaSO4·0.5H2O. (c) CaSO4·2H2O 231 

According to Figure 5(c), the composition of the water saturated sample is the same as that of the natural 232 

sample and includes CaSO4·0.5H2O and CaSO4·2H2O. However, the content of CaSO4·2H2O in the water-233 

saturated sample greatly increased. Figure 7 (c) shows that CaSO4·2H2O belongs to the monoclinic crystal system. 234 

A [SO4]2- tetrahedron and Ca2+ are connected into a bilayer structure parallel to the [0 1 0] surface, and two H2O 235 

molecules are distributed between the bilayer. Among them, the O2- molecules in the [SO4]2- tetrahedron and H2O 236 

are connected by hydrogen bonds, demonstrating a relatively stable state. As a result, the tensile strength of the 237 

specimens in the water-saturated group was second only to that in the natural group, and the stress‒strain curve 238 

characteristics of the specimens under Brazilian disc loading were similar to those in the natural group. 239 

The dehydration group contained a large amount of CaSO4. Figure 7 (a) shows that CaSO4 belongs to the 240 

orthorhombic system, and the crystal structure is composed of [SO4]2- tetrahedra and Ca2+. Due to the loss of a 241 

large amount of free water and structural water in the oven, its physical and mechanical properties began to 242 

become extremely unstable, the tensile strength was greatly reduced, and it showed obvious plasticity during the 243 

loading process. This shows that high-temperature dehydration has an obvious deterioration effect on the sample. 244 

3.3 Strength Characteristics 245 

3.3.1 Mohr‒Coulomb criterion 246 

According to Mohr‒Coulomb strength criterion [45], 247 

ቐ
𝜏 ൌ 𝑐 ൅ 𝜎𝑡𝑎𝑛𝜑

𝜎௧ ൌ
2𝑐 𝑐𝑜𝑠𝜑
1 ൅ 𝑠𝑖𝑛𝜑

 248 

(2) 249 

where τ is the shear stress, σ is the normal stress, c is cohesion, and φ is the angle of internal friction. 250 

Using Equation (2) to solve the tensile strength of the sample requires mechanical parameters such as cohesion 251 

and the internal friction angle. Based on previous laboratory tests, the basic mechanical parameters of the gypsum 252 

rocks used in this paper are summarized, as shown in Table 3 [39]. 253 

Table 3. Physical and mechanical properties of gypsum rocks 254 

Group c (MPa) φ (°) σc (MPa) 

Natural 13.18 27 44.53 

Water saturation 11.39 15 22.2 

Dehydration 8.50 28.7 9.14 

Substituting the mechanical parameter results in Table 3 into Equation (2), it can be rewritten as 255 

൝
𝜏ଵ ൌ 13.18 ൅ 27𝜎ଵ
𝜏ଶ ൌ 11.39 ൅ 15𝜎ଶ
𝜏ଷ ൌ 8.50 ൅ 28.7𝜎ଷ

 256 

(3) 257 

Equation (3) can be used to preliminarily calculate the tensile strength 𝜎௧ of each sample under different water 258 

content conditions as follows: 259 

⎩
⎪
⎨

⎪
⎧𝜎௧ଵ ൌ

2 ∗ 13.18 ∗ 𝑐𝑜𝑠27°
1 ൅ 𝑠𝑖𝑛27°

ൌ 16.1𝑀𝑃𝑎

𝜎௧ଶ ൌ
2 ∗ 11.39 ∗ 𝑐𝑜𝑠15°

1 ൅ 𝑠𝑖𝑛15°
ൌ 17.5𝑀𝑃𝑎

𝜎௧ଷ ൌ
2 ∗ 8.5 ∗ 𝑐𝑜𝑠28.7°

1 ൅ 𝑠𝑖𝑛28.7°
ൌ 10.1𝑀𝑃𝑎

 260 

(4) 261 

According to Equation (4), the tensile strength calculated by the Mohr‒Coulomb criterion differs greatly from 262 
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the actual value, and the average value of the former is 8.6 times that of the latter. Therefore, it is necessary to 263 

propose a modified Mohr‒Coulomb strength criterion: 264 

𝜎௧′ ൌ 𝛼 ൉
2𝑐 𝑐𝑜𝑠𝜑

1 ൅ 𝜃𝑠𝑖𝑛𝜑
൅ 𝛽 265 

(5) 266 

In Equation (5), α, β and θ are the cohesion force correction coefficient, internal friction angle correction 267 

coefficient and intercept correction coefficient, respectively. Through the approximation of the formula and data, 268 

the value of each parameter can be calculated as follows: 269 

൝
𝛼 ൌ 0.38
𝛽 ൌ െ5.2
𝜃 ൌ 0.1

 270 

(6) 271 

By substituting Equation (6) into Equation (5), the modified value 𝜎௧′ of the tensile strength of each sample 272 

under different water content conditions is 273 

ቐ
𝜎௧ଵ′ ൌ 3.36𝑀𝑃𝑎
𝜎௧ଶ′ ൌ 2.97𝑀𝑃𝑎
𝜎௧ଷ′ ൌ 0.22𝑀𝑃𝑎

 274 

(7) 275 

To further compare the fitting degree of the modified Mohr‒Coulomb strength with the experimental data, the 276 

tensile strength-water content curve was drawn, as shown in Figure 8. 277 

 278 
Figure 8. Tensile strength-water content curve under Mohr-Coulomb strength criterion. 279 

As seen from Figure 8, the accuracy of the modified Mohr‒Coulomb strength criterion is significantly 280 

improved compared with that before the modification. Compared with the original value, the average value of 281 

the modified Mohr‒Coulomb strength criterion is 18% different, which can reflect the change law of the cohesion, 282 

internal friction angle and tensile strength of gypsum rock samples under different conditions to a certain extent. 283 

3.3.2 Hoek‒Brown criterion 284 

According to the Hoek‒Brown criterion [46, 47], 285 

𝜎ଵ ൌ 𝜎ଷ ൅ 𝜎௖ඨ
𝑙𝜎ଷ

𝜎௖
൅ 1 286 

where 𝜎ଵ  and 𝜎ଷ  are the maximum and minimum principal stresses at rock failure, respectively; l is the 287 

empirical parameter; and 𝜎௖ is the uniaxial compressive strength of rock. 288 



10 

According to Equation (8), the 𝜎ଵ െ 𝜎ଷ curves of the triaxial test in the laboratory under the Hoek‒Brown 289 

criterion are drawn, as shown in Figure 9. 290 

 291 

(a)                                              (b) 292 

 293 

(c) 294 

Figure 9. Curves of 𝜎ଵ െ 𝜎ଷ under Hoek-Brown criterion. (a) Natural. (b) Water saturation. (c) Dehydration. 295 

Figure 9 shows that the 𝜎ଵ െ 𝜎ଷ  curve under the Hoek‒Brown criterion has a high correlation with the 296 

laboratory curve fitting, the maximum residual value does not exceed 7 MPa, and the floating proportion does 297 

not exceed 15%. This indicates that the Hoek‒Brown criterion can well reflect the variation characteristics of the 298 

strength parameters of gypsum rocks under triaxial compression. 299 

In the Hoek‒Brown criterion, the formula for calculating tensile strength is 300 

𝜎௧ ൌ
2𝜎௖

𝑙 ൅ √𝑙ଶ ൅ 4
 301 

(9) 302 

Substituting the l values calculated in Equation (8) and Figure 11 into Equation (9), the tensile strength and 303 

fitting parameters of the samples under the three conditions can be calculated as follows: 304 

൝
𝜎௧ଵ ൌ 18.98𝑀𝑃𝑎
𝜎௧ଶ ൌ 4.68𝑀𝑃𝑎
𝜎௧ଷ ൌ 0.36𝑀𝑃𝑎

 ,   ൝
𝑙ଵ ൌ 1.92
𝑙ଶ ൌ 4.53
𝑙ଷ ൌ 25.4

 305 

(10) 306 

According to Equation (10), the tensile strength calculated by the Hoek‒Brown criterion is also very different 307 

from the actual value, and the average value of the former is 4.3 times that of the latter. Based on the modified 308 

Mohr‒Coulomb criterion, a modified Hoek‒Brown criterion is also proposed, namely, 309 
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𝜎௧
ᇱ ൌ 𝛼

2𝜎௖

𝑙 ൅ √𝑙ଶ ൅ 4
൅ 𝛽 ൌ 𝛼𝜎௧ ൅ 𝛽 310 

(11) 311 

In Equation (11), α and β are the uniaxial strength correction coefficient and intercept correction coefficient, 312 

respectively. Through the approximation of the formula and data, the value of each parameter can be calculated 313 

as follows: 314 

൜
𝛼 ൌ 0.19
𝛽 ൌ 0.18 315 

(12) 316 

By substituting Equation (12) into Equation (11), the modified value 𝜎௧′ of the tensile strength of each sample 317 

under different water content conditions is 318 

ቐ
𝜎௧ଵ′ ൌ 3.79𝑀𝑃𝑎
𝜎௧ଶ′ ൌ 1.07𝑀𝑃𝑎
𝜎௧ଷ′ ൌ 0.25𝑀𝑃𝑎

 319 

(13) 320 

According to Equation (13), compared with the original value, the average value calculated by the modified 321 

Hoek‒Brown criterion is 8% different, is better than the modified Mohr‒Coulomb criterion and can accurately 322 

reflect the variation in the strength parameters of samples in different states. 323 

3.3.3 Balmer criterion 324 

According to the Balmer criterion [48], 325 

𝜎ଵ ൌ 𝜎௖ ൬1 ൅
𝜎ଷ

𝜎௧
൰

௕

 326 

(14) 327 

where 𝜎௖ and 𝜎௧ are the uniaxial compressive strength and tensile strength of rock, respectively, and b is the 328 

test constant. According to Table 3, the test data are substituted into Equation (14), namely, 329 

𝐵𝑎𝑙𝑚𝑒𝑟 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛:  

⎩
⎪⎪
⎨

⎪⎪
⎧46.75 ൌ 𝜎௖ ൬1 ൅

3
𝜎௧

൰
௕

62.29 ൌ 𝜎௖ ൬1 ൅
9
𝜎௧

൰
௕

72.09 ൌ 𝜎௖ ൬1 ൅
15
𝜎௧

൰
௕

,

⎩
⎪⎪
⎨

⎪⎪
⎧34.71 ൌ 𝜎௖ ൬1 ൅

3
𝜎௧

൰
௕

45.33 ൌ 𝜎௖ ൬1 ൅
9
𝜎௧

൰
௕

56.98 ൌ 𝜎௖ ൬1 ൅
15
𝜎௧

൰
௕

,

⎩
⎪⎪
⎨

⎪⎪
⎧35.86 ൌ 𝜎௖ ൬1 ൅

3
𝜎௧

൰
௕

55.23 ൌ 𝜎௖ ൬1 ൅
9
𝜎௧

൰
௕

70.29 ൌ 𝜎௖ ൬1 ൅
15
𝜎௧

൰
௕

 330 

(15) 331 

According to Equation (15), 𝜎௖ and 𝜎௧ can be calculated by fitting: 332 

൝
𝜎௧ଵ ൌ 3.88
𝜎௧ଶ ൌ 1.45
𝜎௧ଷ ൌ 0.22

 ,   ൝
𝑏ଵ ൌ 0.28
𝑏ଶ ൌ 0.37
𝑏ଷ ൌ 0.48

 333 

(16) 334 

According to Equation (16), the error of the average value calculated by the Balmer criterion compared with 335 

the original value is only 0.14%, which is the highest accuracy among the three criteria. This indicates that the 336 

Balmer criterion is most suitable to reflect the variation law of the strength parameters of samples in different 337 

states. 338 

3.3.4 Comparison of the three criteria 339 

Figure 10 shows compares the tensile strength values predicted by the three criteria. The upper right corner of 340 

Figure 10 shows the residual diagram of the calculated results of each criterion and the original value. 341 
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 342 

(a)                                         (b) 343 

Figure 10. Comparison of predicted values of the three tensile strength criteria. (a) Predicted results. (b) △σ. 344 

Figure 10 shows that the modified Mohr‒Coulomb criterion is quite different from the actual value in 345 

evaluating the mechanical properties of the samples in the natural and saturated groups and is more accurate in 346 

evaluating the samples in the high-temperature dehydration group. This is because the Mohr‒Coulomb criterion 347 

mainly considers the mechanical parameters in the conventional triaxial compression test, such as the internal 348 

friction angle and cohesion of the sample, and relies more on the triaxial test results of the sample. The more 349 

accurate the triaxial test results are, the closer the calculated tensile strength value is to the actual value. 350 

Compared with the Mohr‒Coulomb criterion, the modified Hoek‒Brown criterion has significantly improved 351 

the fitting effect when evaluating the mechanical properties of the natural and saturated samples. This is because, 352 

in addition to the triaxial test results, the Hoek‒Brown criterion also considers the uniaxial compressive strength 353 

of the samples, which makes the calculation results more accurate and the fitting accuracy higher than that with 354 

the Mohr‒Coulomb criterion. 355 

In addition to considering the results of a single triaxial test, the Balmer criterion also introduces exponential 356 

b, which changes the criterion equation from a polynomial to an exponential function, improves the adaptability 357 

of the equation and greatly improves its regression accuracy. 358 

3.4 Failure characteristics 359 

Rock failure is caused by fracture development, including microcrack initiation, propagation and macroscopic 360 

crack formation [49, 50]. To study the difference in the failure characteristics of samples with different moisture 361 

contents after the splitting test in Brazil, the plane crack distribution after failure was plotted, as shown in Figure 362 

11. 363 
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 366 
(c) 367 

Figure 11. Failure characteristics of specimens after splitting test. (a) Natural. (b) Water saturation. (c) Dehydration. 368 

Figure 11 shows that the specimens in the natural group exhibit obvious brittle failure characteristics, with 369 

cracks first appearing from the top of the disk and then gradually extending downwards. The samples in the 370 

natural group were not dehydrated or saturated, so their molecular structure was relatively stable, and the mutual 371 

attraction between adjacent parts was also strong. In the case of tensile failure of the disc, the middle adjacent 372 

part experiences secondary failure due to a large friction force, resulting in multiple cracks. 373 

Compared with that of the natural group, the plasticity of the water-saturated group is enhanced, and the failure 374 

characteristics of the samples are not obvious. The specimen pieces after failure are relatively complete and can 375 

be pieced together into a disk again. This is because the higher water content reduces the brittleness of the sample, 376 

and more H2O molecules surround CaSO4 ions, playing a "buffer" role. When the specimen is damaged, the 377 

impact effect is greatly weakened, and secondary damage to the specimen is avoided. 378 

Compared with the tensile strengths of the natural group and the water-saturated group, the tensile strength of 379 

the samples in the dehydration group decreased significantly, only approximately 0.2 MPa. In a splitting test, the 380 

specimen quickly reached its tensile strength and became fragmented. After roughly piecing the sample together, 381 

the crack direction of the sample is still vertical, and the sample is split into prisms, hemispheres, hexahedra with 382 

a parallelogram cross section and other shapes. This is because long-term dehydration causes the sample to lose 383 

most of its bound water and free water, the bonding force between CaSO4 ions is greatly reduced, and the load 384 

that the sample can bear is also reduced. Therefore, it is easy to break under an external force. 385 

4. Discussion 386 

4.1 Plane stress distribution of the Brazilian disc 387 

A schematic diagram of the traditional Brazilian splitting test is shown in Figure 12. In Figure 12, BC is the 388 

theoretical fracture surface of the sample, DE is the vertical segment of the theoretical fracture surface, 𝑟ଵ is the 389 

distance from point A to point B, and 𝑟ଶ is the distance from point A to C. 390 
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 391 

Figure 12. Schematic diagram of splitting test in Brazil. 392 

Using the line of segment DE as the X-axis and the line of segment BC as the Y-axis, the XOY coordinate 393 

system is established, and the analytic formulas for stresses at A(x, y) are as follows [51]: 394 

⎩
⎪⎪
⎨

⎪⎪
⎧𝜎௫ ൌ

2𝑃
𝜋𝑡

ቊ
𝑥ଶሺ𝑅 ൅ 𝑦ሻ

ሾ𝑥ଶ ൅ ሺ𝑅 ൅ 𝑦ሻଶሿଶ ൅
𝑥ଶሺ𝑅 െ 𝑦ሻ
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𝑃

𝜋𝑅𝑡
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ቊ
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ቊ
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ሾ𝑥ଶ ൅ ሺ𝑅 െ 𝑦ሻଶሿଶቋ

 395 

(17) 396 

where R is the radius, t is the thickness, P is the concentrated loading force, 𝜎௫ and 𝜎௬ are the normal stresses, 397 

and 𝜏௫௬ is the shear stress. 398 

Equation (17) reflects the plane stress distribution of the Brazilian splitting disk sample. When x=0, Equation 399 

(17) can be simplified as follows: 400 

⎩
⎪
⎨

⎪
⎧ 𝜎௫ ൌ െ

𝑃
𝜋𝑅𝑡

𝜎௬ ൌ
2𝑃
𝜋𝑡

൜
1

𝑅 ൅ 𝑦
൅

1
𝑅 െ 𝑦

ൠ െ
𝑃

𝜋𝑅𝑡
𝜏௫௬ ൌ 0

 401 

(18) 402 

When y=0, Equation (17) can be written as 403 

⎩
⎪⎪
⎨

⎪⎪
⎧𝜎௫ ൌ

2𝑃
𝜋𝑡

ቊ
𝑥ଶ𝑅
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𝑃

𝜋𝑅𝑡
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2𝑃
𝜋𝑡

ቊ
𝑅ଷ

ሺ𝑥ଶ ൅ 𝑅ଶሻଶ ൅
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𝑃

𝜋𝑅𝑡
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2𝑃
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ቊ
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ሾ𝑥ଶ ൅ 𝑅ଶሿଶ ൅
𝑥𝑅ଶ

ሾ𝑥ଶ ൅ 𝑅ଶሿଶቋ

 404 

(19) 405 

𝜎௫  in Equation (18) is numerically equal to the tensile strength 𝜎௧  in Equation (1), which reflects the 406 

horizontal tensile stress at line segment BC (x=0). 𝜎௬ represents the vertical compressive stress at segment BC. 407 

𝜏௫௬ ൌ 0 means that at x=0, the shear stress is equal to zero. 𝜎௫ in Equation (19) reflects the horizontal tensile 408 
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stress value at line segment DE, which is y=0. 𝜎௬ reflects the vertical compressive stress at segment DE. 𝜏௫௬ ൌ409 

0 means that at y=0, the shear stress is equal to zero. 410 

To explore the plane stress distribution law of the Brazilian splitting disk sample, the plane distribution curves 411 

of horizontal and vertical stress in Equations (17) to (19) are drawn by taking the natural sample as an example, 412 

as shown in Figure 13. At the same time, to further analyse the variation trend of the horizontal and vertical stress 413 

of the sample at x=0 and y=0, the two stress‒displacement curves in Figure 13 were fused to obtain Figure 14. 414 

 415 

(a) 416 

  417 

(b)                                                  (c) 418 

Figure 13. Plane stress distribution of Brazilian split disk specimen. (a) Plane stress. (b) y=0. (c) x=0. 419 

Figures 13 and 14 show that the vertical stress of the Brazilian disc sample presents the characteristics of a 420 

concentrated distribution. Along the X-axis direction, the vertical stress inside the sample increases first and then 421 

decreases with increasing x, and the vertical stress reaches its maximum at x=0. When x=0, along the Y-axis 422 

direction, the vertical stress in the sample first decreased and then increased with increasing y, and the vertical 423 

stress peaked at the line (0, ±0.025). From the above analysis, the vertical stress in the Brazilian disc sample is 424 
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compressive stress and concentrated at x=0, where the vertical load P directly acts. At x=0, the peak value of the 425 

vertical load appeared at both ends of the line, that is, the two ends of contact between the specimen and the 426 

indenter. From both ends of the specimen to the centre, the vertical stress gradually decreases because the gradient 427 

stress is generated under the action of external forces. 428 

 429 
Figure 14. Stress-displacement curves of disk plane when x, y=0. 430 

By observing the horizontal stress in Figures 13 and 14, the variation in the horizontal stress in the sample is 431 

relatively complex. At x=0, the horizontal stress of the sample is stable to 4.24 MPa, which is the theoretical 432 

tensile strength 𝜎௧. For the convenience of plotting, the diameter and thickness of the sample are Φ = 0.05 m and 433 

d = 0.03 m, resulting in a difference between the conclusion and the laboratory results, which does not affect the 434 

analysis of the spatial distribution of stress in the sample. At y=0, along the X-axis direction, the horizontal stress 435 

inside the sample increases first and then decreases with the increase in x. From the above analysis, the horizontal 436 

stress in the Brazilian disc sample is tensile stress, which is concentrated at x=0 and uniformly distributed on the 437 

line directly affected by the vertical load P, and decreases from this line to both ends of the specimen, decreasing 438 

to 0 at the left and right ends of the specimen (±0.025, 0). 439 

Figures 13 and 14 show an interesting phenomenon. The horizontal stress distribution in Figure 13 (the figure 440 

in the green dashed box) shows that there are only points (0, ±0.025) at both ends of the x=0 line that maintain 441 

the steady state of horizontal stress. When the two points are extended in any direction of X, the horizontal stress 442 

will be greatly increased. For example, 443 

൞

lim
௫ୀ଴,௬→ି଴.଴ଶହశ

𝜎௫ ൌ െ4.24 𝑀𝑃𝑎

lim
௫ୀ଴,௬→ି଴.଴ଶହష

𝜎௫ ൌ 30 𝑀𝑃𝑎

𝜎௫ሺ𝑥 ൌ േ0.002, y ൌ േ0.025ሻ ൌ 40 𝑀𝑃𝑎

 444 

(20) 445 

Equation (20) shows many strange phenomena; for example, the horizontal stress curve is not differentiable at 446 

(0,0.025) and oscillates abnormally at the end of the disk. Points (±0.002, ±0.025) are not in the range of the 447 

standard disk sample but in the boundary of the equivalent disk sample. To intuitively understand the causes of 448 

the horizontal stress peak, schematic drawings of the standard disc sample and equivalent disc sample are shown 449 

in Figure 15. 450 
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 451 

Figure 15. Standard disc sample and equivalent disc sample. 452 

In Figure 15, the green circle is the section of the Brazilian disk sample, and the blue rectangle is the domain 453 

of stress represented by Equation (17). For the Brazilian splitting test, the part outside the green cylinder is not 454 

of practical significance, but the cause of its stress change is worth exploring. 455 

As shown in Figure 15, the Z-axis is introduced to make the plane figure three-dimensional. Equation (17) 456 

expresses the cube with local forces on the top. When the cube does not exist, there is no constraint around the 457 

disk sample; in arc 𝐷𝐹෢  and 𝐸𝐺෢  sections prone to deformation, it is not easy to produce a stress concentration. 458 

However, when the cube exists, it is equivalent to adding constraints around the disk, leading to the horizontal 459 

stress peak at (±0.002, ±0.025) due to stress concentration. This is the reason why the left and right limits of the 460 

horizontal stress curve in Equation (20) are not equal at point (0, ±0.025) and the stress is concentrated at point 461 

(±0.002, ±0.025). 462 

4.2 Plane strain distribution of the Brazilian disc 463 

In Section 3.3 and Section 4.1, we analysed the strength characteristics and stress distribution characteristics 464 

of the sample in the splitting test, but the analysis is from the perspective of stress. To further explore the 465 

deformation mechanism of the sample in the Brazilian splitting test, 3DEC software was used to simulate the 466 

Brazilian splitting test by taking the natural sample as an example. 467 

The established model was divided into three parts, namely, 1 sample and 2 indenters, as shown in Figure 16. 468 

 469 
Figure 16. 3DEC model. 470 

In Figure 16, the indenter is rectangular in shape, and the size is 50 mm × 25 mm × 10 mm. The sample size 471 

is Φ 50 mm × d 25 mm, which is consistent with the theoretical sample size in Section 4.1. The contact end 472 

between the indenter and the specimen is arc-shaped to ensure that the specimen can be tightly attached. 473 
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The constitutive parameters of the model are as follows: the indenter is set as linear elastic constitutive, the 474 

default is isotropic, and sliding and tensile failure are not allowed. The sample is set as the Mohr‒Coulomb 475 

constitutive. According to the data in Table 3 and the previous test results, the strength parameter values are set, 476 

as shown in Table 4 (34). 477 

Table 4. Mechanical parameters of coal seam roof and floor 478 

Group c (MPa) φ (°) E (GPa) E50 (GPa) 

Natural 13.18 27 3.87 2.95 

Water saturation 11.39 15 2.09 1.36 

Dehydration 8.50 28.7 1.15 0.58 

The boundary conditions of the model are as follows: the three-way velocity of the fixed lower indenter is 0 479 

to fix the model; the tangential velocity of the upper indenter is fixed to 0 to prevent the upper indenter from 480 

generating displacement outside the normal direction during loading and then generating shear stress on the 481 

surface of the sample (SZX, SZY, etc.). After the boundary conditions are applied, the prestressing force is set to 482 

0.1 MPa, namely, 483 

In situ stress <sxx, syy, szz, sxy, sxz, syz> = <0, 0, 0.1e6, 0, 0, 0> 484 

Since the force on the block under the action of the testing machine is not completely uniform, a stress gradient 485 

is added from the centre of the block to each surface (in the model, the centre of the sample is the origin), namely, 486 

zgrad <sxxz, syyz, szzz, sxyz, sxzz, syzz> = <5, 5, 5, 0, 0, 0> 487 

According to the above steps, the stress distribution applied to the media is shown in Equation (21), where 488 

𝜎௫௫
଴  is the stress at the origin of coordinates. 489 

𝜎௭௭ ൌ 𝜎௭௭
଴ ൅ ሺ𝑠𝑧𝑧𝑥ሻ ∗ 𝑥 ൅ ሺ𝑠𝑧𝑧𝑦ሻ ∗ 𝑦 ൅ ሺ𝑠𝑧𝑧𝑧ሻ ∗ 𝑧 490 

(21) 491 

After the initial stress is applied, the displacement test is carried out on the sample, and the upper indenter is 492 

loaded with the displacement control method at a speed of -0.003 mm/s. In the loading process, the displacement 493 

cloud diagram of the sample is shown in Figure 17. 494 

 495 
(a) 496 

Step 1000 Step 3000 Step 8000 Step 12000
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 497 
(b) 498 

Figure 17. Cloud diagram of displacement distribution.(a) Vertical displacement.(b) Horizontal displacement. 499 

Figure 17(a) shows that during the loading process, the deformation of the sample in the vertical direction first 500 

arises from the top tip and spreads downwards in a "ripple" shape with the prolongation of the loading time. This 501 

is consistent with the conventional compression test, and the deformation propagates from near the indenter to 502 

far away from the indenter. As seen from Figure 14, at x=0 and y=0, the vertical stress of the sample is 3 times 503 

the horizontal stress, while the compressive strength of the general rock material is more than 8 times the tensile 504 

strength, which eventually leads to tensile failure of the sample. 505 

Figure 17(b) shows that during the loading process, the deformation of the sample in the horizontal direction 506 

first arises from both sides of the upper tip and spreads downwards with the extension of the loading time. Taking 507 

the red dotted circle in Figure 17 as an example, the colour depth represents the size of the deformation. The 508 

darker the colour is, the greater the deformation. At the beginning of loading, the expansion deformation appeared 509 

on both sides of the upper part of the sample along the centreline, concentrated in the oval area on both sides, and 510 

then extended to both ends and the lower side until it propagated to the bottom. While the original deformation 511 

propagates downwards, the new deformation also gradually arises and continues to spread, resulting in gradient 512 

displacement. According to the above analysis, in the process of the splitting test in Brazil, the strain in the upper 513 

part is always greater than that in the lower part. Under the continuous loading of the indenter, the upper part of 514 

the sample reaches its tensile strength first, resulting in failure. 515 

This does not conflict with the horizontal stress distribution laws described in Figure 13 and Equation (17). 516 

Equation (17) illustrates the distribution law of disc stress in the steady state, while Figure 17 (b) shows the 517 

variation in displacement inside the specimen during loading. During the loading process, the horizontal 518 

deformation of the upper part of the sample was always greater than that of the lower part because the sample 519 

did not reach a stable state. After the loading is stopped and equilibrium is calculated, the horizontal displacement 520 

in the sample along both sides of the centreline shows a stable distribution. 521 

5. Conclusion 522 

By laboratory tests, theoretical analysis and numerical simulation, the physical and mechanical properties of 523 

specimens under different moisture content conditions were investigated in this paper. On this basis, the plane 524 

stress and strain distributions of Brazilian split specimens were analysed in depth. The conclusions are as follows. 525 

1) The longitudinal wave velocity, microscopic characteristics and composition of the samples are closely 526 

related to the water content. The larger the water content of the sample is, the higher the content of CaSO4·2H2O, 527 

the more flocculent structures on its surface, and the higher the longitudinal wave propagation speed. The natural 528 

sample contains more CaSO4·0.5H2O, and its tensile strength is the highest. The content of CaSO4·2H2O in the 529 

saturated samples increases, which leads to a decrease in tensile strength. The dehydrated samples lose most of 530 

their free water and structural water, resulting in the most obvious deterioration in their properties. 531 
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2) The modified Hoek‒Brown criterion considers the influence of the uniaxial compressive strength of the 532 

sample, and the fitting effect is obviously improved compared to that of the modified Mohr‒Coulomb criterion. 533 

Thus, the Balmer criterion introduces exponential parameter b, which changes the criterion equation from a 534 

polynomial to an exponential function, greatly improves its regression accuracy. 535 

3) The samples of the natural group are prone to secondary failure in tensile testing, resulting in multiple cracks. 536 

In the saturated group samples, H2O molecules dissociate around CaSO4 ions, which plays a role in "buffering", 537 

and secondary damage is avoided. The samples in the dehydration group lose most of their bound water and free 538 

water, and the binding force between CaSO4 ions is greatly reduced. Thus, fracture occurs easily under the action 539 

of an external force. 540 

4) The vertical stress of the Brazilian disk sample is compressive stress, which mainly shows concentrated 541 

distribution characteristics. The horizontal stress is mainly tensile stress, and the value at x=0 is the theoretical 542 

tensile strength. The horizontal stress is uniformly distributed on the line directly affected by vertical load P, 543 

decreases from this line segment to both ends of the specimen, and reduces to 0 at the left and right ends of the 544 

specimen. 545 

5) The horizontal deformation of the sample first originates from both sides of the disk tip and spreads 546 

downwards in an arc with the extension of the loading time. The horizontal strain in the upper part of the disk is 547 

always greater than that in the lower part. Under the continuous loading of the indenter, the upper part of the 548 

sample reaches its tensile strength first, resulting in failure. 549 

6. Variable annotations 550 

Variate Annotation Variate Annotation 

m Quality (g) 𝜎௫  Horizontal stress (MPa) 

𝑓௪  Water content 𝜎௬  Vertical stress (MPa) 

ρ  Density (g/cm3) 𝜏௫௬  Shear stress (MPa) 

v  Longitudinal wave velocity (m/s) 𝜎ଵ  The maximum principal stresses (MPa)  

𝜎௧  Tensile Strength (MPa) 𝜎ଷ  The minimum principal stresses (MPa) 

c Cohesion (MPa) 𝜎௖  Uniaxial compressive strength (MPa) 

φ Internal friction angle (°) σ Normal stress (MPa) 

E Elasticity modulus (GPa) l Empirical parameter 

𝐸ହ଴  Modulus of deformation (GPa) b Test constant. 
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