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Abstract 12 

Two new three-dimensional rock mass strength criteria are developed in this paper by extending an existing 13 

rock mass strength criterion. These criteria incorporate the effects of the intermediate principal stress, minimum 14 

principal stress and the anisotropy resulting from these stresses acting on the fracture system. In addition, these criteria 15 

have the capability of capturing the anisotropic and scale dependent behavior of the jointed rock mass strength by 16 

incorporating the effect of fracture geometry through the fracture tensor components. The new criteria are proposed 17 

after analyzing 284 numerical modeling results of the polyaxial, triaxial and biaxial compression tests conducted on 18 

the jointed rock blocks having one or two joint sets by the PFC3D software. Some of these simulation results were 19 

compared with experimental results to validate the developed PFC3D model that was used for numerical modeling of 20 

jointed blocks. In this research to have several samples with the same properties a synthetic rock material that is made 21 

out of a mixture of gypsum, sand and water was used. Altogether, 12 joint systems were chosen; some of them had 22 

one joint set and the rest had two joint sets. Joint sets have different dip angles varying from 15° to 45° at an interval 23 

of 15° with dip directions of 30° and 75° for the two joint sets. Each joint set also has 3 persistent joints with the joint 24 

spacing of 42 mm in a cubic sample of size 160 mm. The minimum and intermediate principal stress combination 25 
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values were chosen based on the uniaxial compressive strength (UCS) value of the modeled intact synthetic rock. The 26 

minimum principal stress values were chosen as 0, 0.2, 0.4 and 0.6 of the UCS. For each minimum principal stress 27 

value, the intermediate principal stress value varies starting at the minimum principal stress value and increasing at an 28 

interval of 0.2 of the UCS until it is slightly lower than the strength of the sample under the biaxial loading condition 29 

with the same minimum principal stress value. To express the new rock mass strength criteria, it was also necessary 30 

to determine the intact rock strengths under the same confining stress combinations mentioned earlier. Therefore, the 31 

intact rock was also modeled for all three compression tests and the intact rock strengths were found for 33 different 32 

minimum and intermediate principal stress combinations.  33 
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1. Introduction 100 

Jointed rock masses are known as the combination of intact rock blocks and discontinuities. Therefore, the 101 

mechanical behavior of a rock mass is affected by the mechanical behavior of intact rock and discontinuities in 102 

addition to the discontinuity geometry. The number of discontinuity sets, their intensity, spatial distribution of 103 

orientation, size and spacing, roughness, strength and deformation of asperities, filling, aperture, are the important 104 

properties of rock discontinuities which can affect the mechanical behavior of rock masses. Thus, assessment of the 105 

mechanical behavior of a jointed rock mass is relatively more complicated compared to that of an intact rock due to 106 

the high number of parameters that affect the mechanical behavior of rock masses (Kulatilake 1985; Yu 2001). On the 107 

other hand, unfortunately, understanding of the mechanical behavior of rock masses is crucial to design safe and 108 

economical structures in or on jointed rock masses. 109 

Moreover, due to the presence of complicated discontinuity geometry patterns, the inherent statistical nature 110 

of discontinuity geometrical parameters, and the variabilities and uncertainties involved in the estimation of 111 

discontinuity mechanical and geometrical properties, estimation of the mechanical behavior of discontinuous rock 112 

masses is difficult and challenging (Kulatilake 1985; Kulatilake et al. 1993). 113 

Analytical, Empirical, and numerical are three available approaches to estimate mechanical behavior of rock 114 

masses (Kulatilake et al. 1993; Goel and Singh 2011; Kulatilake 2016). Analytical approaches provide analytical 115 

solutions for rock mass strength criteria based on selecting suitable intact rock and rock joint strength criteria and 116 

applying simplified methods to combine them. This method is rarely applicable in dealing with field rock masses, 117 

which are usually more complicated than the assumed simplified models (Bekaert and Maghous 1996; Pouya and 118 

Ghoreychi 2001).  119 
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On the other hand, the empirical approach based on one of the rock mass classification systems is simple and 120 

it may be used in complicated conditions to obtain some preliminary estimates of rock mass mechanical properties. 121 

However, in all rock mass classification systems, personal judgment, and experience play crucial roles (Bieniawski 122 

1973; Barton et al. 1974; Hoek 1994). Moreover, in the rock mass classification systems, the isotropic behavior is 123 

assumed for the rock masses. However, most rock masses show anisotropic behavior due to the existence of distinct 124 

orientations of discontinuity sets (Kulatilake et al. 1993; Amadei 1996; Marinos et al. 2005; Wu and Kulatilake 2012; 125 

Chiu et al. 2013). Therefore, the available rock mass strength criteria based on the rock mass classification systems 126 

are unable to capture the anisotropic behavior of rock masses as well as the effect of the intermediate principal stress 127 

on the rock mass strength. It should be mentioned that even though some researchers (Pan and Hudson 1988; Priest 128 

2005; Melkoumian et al. 2009; Zhang and Zhu 2007; Zhang 2008; Zhang et al. 2013; Saroglou and Tsiambaos 2008; 129 

Colak and Unlu 2004; Ismael et al. 2014; Yudhbir et al. 1983; Sheorey et al. 1989) tried to incorporate the effect of 130 

the intermediate principal stress in their formulations to overcome one of the above-mentioned shortcomings, their 131 

proposed criteria have not captured the effect of joint orientation and scale (resulting from joint size) on rock mass 132 

strength explicitly. 133 

Ramamurthy (2001) instead of using the rock mass classification systems to quantify the effect of rock joint 134 

systems, proposed a joint factor parameter which is related to the joint frequency and the joint orientation. However, 135 

it does not consider the complete effect of joint orientation on rock mass strength resulting from multiple joint sets. In 136 

addition, this criterion does not consider the scale effect and the effect of the intermediate principal stress on the rock 137 

mass strength. 138 

Nowadays through accessibility to extremely fast computers, numerical modeling can be used as an approach 139 

to overcome the shortcomings of the analytical and empirical approaches by incorporating the mechanical behavior 140 

of intact rocks and rock joints to find the mechanical behavior of rock masses (Kulatilake et al. 1993; Wu and 141 

Kulatilake 2012; Shreedharan and Kulatilake 2016). Moreover, the new methods like digital photogrammetry and 142 

LiDAR can help to extract the geometrical properties of rock discontinuities with high resolution leading to better 143 

accuracy of numerical modeling results (Gigli and Casagli 2011; Zheng et al. 2014; Kulatilake and Shu 2015). 144 

Numerical modeling can be used to estimate rock mass strength by incorporating fracture geometry and using 145 

constitutive models for the intact rock and rock joint behavior.  146 
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For jointed rock mass strength evaluation, in addition to the above-mentioned parameters, the boundary and 147 

environmental conditions such as the in-situ stress, loading/unloading stress path, loading rate, pore pressure, 148 

temperature, humidity etc. are important factors to consider (Goel and Singh 2011). Thus, numerical modeling is very 149 

useful because of its power to apply different boundary conditions on the models. Polyaxial (or true-triaxial) boundary 150 

stress condition is one the most important conditions which can be considered in numerical modeling. In the polyaxial 151 

stress condition, three principal stresses (maximum principal stress, 𝜎3, intermediate principal stress, 𝜎", minimum 152 

principal stress, 𝜎#,) are not equal (𝜎3 < 𝜎" < 𝜎#) (Mehranpour and Kulatilake 2016). Although the polyaxial stress 153 

is a common condition in the real field situation which has a significant effect on the jointed rock mass strength, it has 154 

been considered rarely in the rock mechanics literature and the effect of the intermediate principal stress is generally 155 

ignored. Mehranpour and Kulatilake (2017) clearly showed the effect of the intermediate principal stress on the 156 

strength of jointed rock by extending Jaeger’s theory and numerical modeling with the Particle Flow Code (PFC) 157 

approach, which belongs to the Discrete Element Method (DEM) category. 158 

Because several parameters affect the strength of rock masses, numerous experimental tests are required to 159 

find the effect of these parameters on the strength of rock masses. That task is time consuming, very costly and 160 

impractical to perform in the field and laboratory. To solve this problem some researchers modeled rock masses with 161 

numerical modeling to propose new rock mass failure criteria. In this method, at first, a numerical model is calibrated 162 

with a limited number of experimental tests and physical modeling of the rock masses and then the calibrated model 163 

is expanded to more complicated situations with more diverse conditions (Kulatilake et al. 1993; Pouya and Ghoreychi 164 

2001; Kulatilake et al. 2001 and 2006; Wu and Kulatilake 2012a; He et al. 2016). Kulatilake et al. (1993) and Wu and 165 

Kulatilake (2012) used this procedure incorporating the 3DEC software, which is one of the well-known DEM 166 

software packages used in the rock mechanics field, to find the effect of the joint geometry parameters on the 167 

deformability properties of rock masses. To quantify the joint geometry parameters, they used an extended form of 168 

the fracture tensor concept. Kulatilake et al. (2001and 2006) and He et al. (2016) also extended the fracture tensor 169 

concept to fracture tensor components and developed new rock mass strength criteria. 170 

In this paper, the same procedure is used based on experimental tests and PFC3D modeling on intact rock, 171 

jointed rock with one joint set and jointed rock with two non-orthogonal joint sets to develop new rock mass strength 172 

criteria in three dimensions. The new criteria consider the effect of all principal stresses in three dimensions and they 173 

are applicable for any type of rock mass, especially for non-sedimentary rock masses which generally have non-174 
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orthogonal fracture systems. This criterion also shows the anisotropic strength behavior of rock masses due to the dip 175 

angle and dip direction of joint sets. It should be mentioned that compared to other numerical methods, in the PFC, 176 

macro parameter values are not directly used in the numerical model, and micro parameter values applicable between 177 

the particles should be calibrated using the macro property values, and then these calibrated micro parameter values 178 

are used in PFC modeling. 179 

To develop new rock mass strength criteria, first conventional experimental tests on the intact rock and the 180 

joint as well as the polyaxial compression tests on the intact rock and jointed samples are performed on the synthetic 181 

rock samples. Then the micro properties of PFC3D model are calibrated based on the experimental test results. 182 

Afterwards, polyaxial, triaxial and biaxial compression tests for the intact rock and jointed rock blocks are simulated 183 

in the PFC3D with different combinations of minimum and intermediate principal stresses. After gathering results, the 184 

development of new rock mass failure criteria was initiated using the fracture tensor concept which was introduced 185 

by Oda (1982) and developed into the fracture tensor components by Kulatilake et al. (1993, 2006). Fracture tensor 186 

combines the joint orientation, joint size, joint density for each joint set and the number of joint sets by a second order 187 

tensor. Thus, the fracture tensor can show the anisotropy and scale effects of rock masses which are exhibited by the 188 

presence of joints. 189 

It should be mentioned that polyaxial and triaxial compression tests were performed in the laboratory with a 190 

limited number of boundary stress conditions and joint set systems, because the experimental tests are expensive, and 191 

the apparatus had limited load capacity. Then, these experimental tests were simulated using PFC3D and the numerical 192 

results were compared with the experimental results of synthetic intact rock and synthetic jointed rock blocks. If these 193 

two groups of results did not match, micro parameter values were modified until very close results were obtained with 194 

an acceptable error. According to these steps, estimation of appropriate values for micro mechanical properties was 195 

done; it turned out to be one of the challenging parts of this project. All the above-mentioned procedures used to 196 

develop new rock mass strength criteria are shown in the flowchart given in Fig. 1. 197 

2. Laboratory tests 198 

As mentioned in the introduction, new rock mass strength criteria were developed based on the computational 199 

results obtained from the calibrated and validated PFC3D model. Note that the macro mechanical experimental results 200 

obtained for the synthetic intact rock and synthetic rock joints were used for the calibration of the PFC3D model. 201 
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Besides, a limited number of polyaxial and triaxial compression tests were also performed on the synthetic intact rock 202 

and synthetic jointed rock samples to compare with the numerical modeling results to validate the calibrated PFC3D 203 

model. In this validation procedure, it was necessary to modify the micro mechanical property values if the numerical 204 

and experimental results were not similar. 205 

2.1. Sample preparation 206 

For the experimental part, to have several samples with the same properties, a synthetic material that was 207 

made of a mixture of gypsum, sand and water was used. This model material exhibits different mechanical properties 208 

depending on the mixture ratio. This ratio was designed to have the samples based on the loading limitation of the 209 

loading machine which was used in the laboratory. The experimental tests were performed at the China University of 210 

Mining and Technology, Beijing (CUMTB) based on the test preparation and loading conditions designed by the Rock 211 

Mass Modeling and Computational Rock Mechanics Laboratories at the University of Arizona. The water to gypsum 212 

ratio of each sample was 0.6:1 by weight. After casting the gypsum samples in the mold, samples were kept in the 213 

room temperature (20±2°C) for one day. Then, samples were placed in a humidity chamber which can control 214 

temperature and humidity at different levels. Samples were kept in a humidity chamber for a week with the temperature 215 

set to 20±2°C and the relative humidity set to 100%. Finally, samples were taken out from the humidity chamber and 216 

were kept in the room temperature (20±2°C) until they were used for experimental tests. 217 

2.2 Intact rock experimental tests 218 

In the first step of the experimental program, 3 uniaxial tests, 3 triaxial tests and 5 Brazilian tests were 219 

performed on the synthetic intact rock material. Thus, from these tests, macro mechanical parameter values of the 220 

Young’s modulus, uniaxial compressive strength (UCS), internal friction angle, cohesion and Poisson's ratio for the 221 

synthetic intact rock were obtained and the summary results are given in Table 1. These macro mechanical property 222 

values were used to calibrate the micro properties of the synthetic intact rock. Uniaxial and triaxial compression tests 223 

were performed on cubic samples of side dimension 160 mm. The polyaxial compression test facility available at the 224 

CUMTB (Fig. 2) was used to apply forces on all sides of the cubical samples. This machine has the capability to apply 225 

a maximum force of 500 KN on each of the three perpendicular directions (two horizontal directions and the vertical 226 

direction) with 0.5% accuracy. Applied load was measured in each of the perpendicular directions. Two LVDT 227 

deformation sensors were used to measure the deformation in each of the perpendicular directions. The deformation 228 
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range for each direction is 150 mm with 0.4% accuracy. Loading, data collection and saving were done automatically 229 

through a data acquisition and a computer system. Fig. 3 shows the uniaxial and triaxial test results obtained from the 230 

polyaxial compression test facility. These test results were used to calibrate and validate the built PFC3D model for the 231 

synthetic intact rock. 232 

2.3 Rock joint experimental tests 233 

In addition to estimating the macro mechanical properties of the synthetic intact rock, it was necessary to 234 

estimate the macro mechanical properties of the synthetic rock joint to calibrate the micro mechanical properties for 235 

joints. The joint friction angle, 𝜑&, joint cohesion, 𝐶&, joint normal stiffness, 𝐾6
&, and the joint shear stiffness, 𝐾7

&, are 236 

important mechanical properties of the synthetic rock joint. Several researchers realized that the joint normal stiffness 237 

varies with the normal stress acting on the joint surfaces and they have proposed different relations to describe this 238 

behavior (Shehata 1972; Goodman 1976; Bandis et al. 1983; Swan 1983; Malama and Kulatilake 2003; Kulatilake et 239 

al. 2016).  Kulatilake et al. (2016) developed the linear relation given by equation 1 between the joint normal stiffness 240 

and the normal stress acting on the joint plane, 𝜎6, and showed that it has a good correlation with experimental test 241 

results obtained by the same research group. 242 

    𝐾6
& = 𝐵𝜎6      (1) 243 

In equation 1, B is an empirical constant. Thus, instead of finding the joint normal stiffness the B value should be 244 

found. In this research, 3 direct shear tests and 4 joint normal stiffness tests were performed on the synthetic rock joint 245 

to estimate the macro mechanical properties of the joint and the estimated values are given in Table 2. Fig. 4 shows 246 

the detailed experimental test results obtained from the direct shear tests and joint normal stiffness tests. For the direct 247 

shear tests and joint normal stiffness tests cylindrical samples with 50 mm diameter and the heights of 50 mm and 100 248 

mm were used, respectively. 249 

2.4 Polyaxial and triaxial compression tests 250 

Polyaxial and triaxial compression tests were performed on a limited number of intact rock and jointed rock 251 

samples with one joint set to verify the numerical modeling performed on the polyaxial and triaxial compression tests 252 

with the calibrated PFC3D model. The same polyaxial testing machine explained in Section 2.2 was used to perform 253 

the polyaxial and triaxial compression tests on the cubic synthetic intact rock and synthetic jointed rock samples with 254 
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the dimension of 160 mm. In the polyaxial test, first the minimum principal stress was applied on the sample in all 255 

three perpendicular directions. Then the stress on one lateral direction was kept constant (= 𝜎#) and the stress equal 256 

to the intermediate principal stress was applied in the other two directions. Finally, the stress in the second lateral 257 

direction was kept constant (= 𝜎") and the axial stress in the vertical direction was increased until the sample failed. 258 

The jointed rock samples had 3 joints with the joint spacing of 42 mm, the dip direction of 30° and the dip angles of 259 

15° or 30° for the different samples. Figs. 5 and 6 show the schematic diagrams of these jointed samples as well as 260 

the prepared samples for experimental tests. Due to the importance of the directions of the applied principal stresses 261 

on the jointed samples for their polyaxial compression test, the same direction was used for each principal stress. For 262 

the jointed rock block samples, the maximum principal stress was applied vertically, and the other two principal 263 

stresses were applied horizontally where the angles between the intermediate and minimum principal stress directions 264 

and the joint dip direction were 30° and 60°, respectively (Figs. 5 and 6). Table 3 and Figs. 7-9 show the applied 𝜎" 265 

and 𝜎# stresses and the results of the above-mentioned experimental polyaxial and triaxial compression tests. Table 3 266 

shows that for the same minimum principal stress, the strength of the intact rock and jointed rock increases with 267 

increasing intermediate principal stress. Besides, this table shows a strength reduction as the dip angle of the joint set 268 

increases from 15° to 30°under the same confining stresses. 269 

3. Numerical modeling  270 

For numerical modeling, the PFC approach was chosen. The PFC is a DEM based software, which uses disks 271 

(in 2-D) or spherical elements (in 3-D) to represent particles. In this method, particles are assumed as rigid and 272 

Newton’s second law controls the interactions between the particles. Particles can have contact with adjacent particles 273 

and force-displacement law acts at contacts (Cundall and Strack 1979; Cundall and Hart 1992). The PFC can 274 

conveniently model the fracture initiation and propagation between the particles, as well as the rupture, using the 275 

Bonded-Particle Models that cement particles together in representing the intact rock (Potyondy and Cundall 2004; 276 

Potyondy 2015). Moreover, in the PFC software to model the mechanical behavior of jointed rock masses the intact 277 

rock can be modeled by the Bonded-Particle Models, and the discontinuities can be modeled by the Smooth-Joint 278 

Contact Model (SJCM) (Pierce et al. 2007). Therefore, the block breakage as well as joint sliding can be 279 

accommodated (Mas Ivars et al. 2011). 280 
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As stated before, in the PFC, micro parameter values applicable between the particles should be calibrated 281 

using the macro properties. Due to the presence of a higher number of micro mechanical parameters compared to the 282 

available macro properties and complex behavior of the micro mechanical parameters, the calibration of micro 283 

parameters is based on a trial and error procedure in which the micro mechanical parameter values are varied iteratively 284 

to match the macro mechanical behaviors. Therefore, the calibration is one of the most critical and challenging parts 285 

in modeling with the PFC. Several researchers such as Kulatilake et al. (2001), Potyondy and Cundall (2004), Cho et 286 

al. (2007), Yang et al. (2015) and Mehranpour and Kulatilake (2016) have dealt with this calibration and have indicated 287 

their findings on relations between the micro and macro parameters. Several others have used the PFC in modeling 288 

intact rocks or jointed rock masses (Fakhimi 2004; Koyama and Jing 2007; Park and Song 2009; Lee and Jeon 2011; 289 

Schöpfer et al. 2013; Zhang et al. 2015; Fan et al. 2015; Duan and Kwok 2016). However, limited efforts (Yang et al. 290 

2015; Bahaaddini et al. 2015; Mehranpour and Kulatilake 2017) have been made on the calibration and modeling of 291 

the joints with the SJCM. 292 

In this research to model the intact rock in PFC3D, among the different Bonded Particle Models, the Linear 293 

Parallel Bond Model (LPBM) was chosen for contacts. The LPBM works like a cement material and assumes the two 294 

adjacent particles are cemented to each other with a notional rectangular (2D) or cylindrical (3D) shape of contact. 295 

The major problem of LPBM is its inability to model the failure envelop for the whole spectrum of rock types. It can 296 

only model rocks with the low internal friction angles, and the low ratios of compressive to tensile strength. To solve 297 

this problem some researchers have proposed different methods and different models (Potyondy and Cundall 2004; 298 

Fakhimi 2004; Cho et al. 2007). The synthetic material which is used in this study has a low internal friction angle 299 

and a low ratio of compressive to tensile strength. Thus, the LPBM can model the used synthetic intact rock properly. 300 

For the synthetic intact rock calibration process a cubic sample of side dimension of 160 mm with a uniform 301 

particle size distribution (the minimum particle diameter of 2.7 mm and the maximum particle diameter of 4.48 mm) 302 

was created in PFC3D to model the uniaxial and triaxial tests mentioned in Section 2.2. Based on the selected particle 303 

size distribution, 103,663 particles and 275,824 contacts were produced in the cubic samples of side dimension of 160 304 

mm. For the Linear Parallel Bond Model used for the synthetic intact rock, it is necessary to calibrate the micro 305 

mechanical parameters of contact Young’s modulus, 𝐸), bond Young’s modulus, 𝐸*), contact friction coefficient, 𝜇, 306 

bond tensile strength, 𝜎*), bond shear strength, 𝜏̅7, the ratio of normal to shear stiffness for contact, kr, ratio of normal 307 

to shear stiffness for bond, 𝑘*. and bond radius fraction, 𝜆̅, using macro properties of the uniaxial compressive strength, 308 
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internal friction angle, Young’s modulus, tensile strength and Poisson’s ratio. Because the number of micro 309 

mechanical parameters is higher than the number of macro mechanical parameters, the assumptions of  𝐸) = 𝐸*), 𝑘. =310 

𝑘*.,	𝜎*) = 𝜏̅7 and 𝜆̅ = 1 were used as recommended by Potyondy and Cundall (2004) and Itasca (2016) to reduce the 311 

calibration process difficulty. As stated before, the calibration is a trial and error procedure. Therefore, to minimize 312 

the number of iterations in the calibration process the following sequence was followed based on the relations between 313 

micro and macro mechanical properties and the guidelines given by Yang et al. (2015) and Mehranpour and Kulatilake 314 

(2016). First, in the uniaxial compression test modeling the Young’s modulus was calibrated by setting the material 315 

strengths to a large value and varying 𝐸) and 𝐸*) to match the Young’s modulus. Next, by changing 𝑘. and 𝑘*., the 316 

Poisson’s ratio was matched. After calibrating the above-mentioned micro mechanical parameters, the peak strength 317 

was matched by gradually reducing the normal and shear bond strengths of the parallel bonds. Finally, by gradual 318 

reduction of 𝜇 in modeling of the triaxial compression tests, the internal friction angle was matched. The calibrated 319 

micro parameter values are given in Table 4 for Linear Parallel Bond Model. Table 1 shows the obtained macro 320 

mechanical parameter values based on PFC3D simulations as well as from laboratory tests. Comparison of the two sets 321 

of values indicates the accuracy and capability of the particle flow approach in simulating the synthetic intact rock. 322 

To model the synthetic rock joint in PFC3D, the Modified Smooth-Joint Contact model (MSJCM) was used. 323 

The MSJCM was proposed by Mehranpour and Kulatilake (2017) to overcome the shortcoming of the Smooth Joint 324 

Contact Model (SJCM) to capture the non-linear behavior of the joint closure varying with the joint normal stress. 325 

The MSJCM uses the linear relation between the joint normal stiffness and the normal contact stress given in equation 326 

1 to model the non-linear relation between the joint normal deformation and the joint normal stress observed in the 327 

compression joint normal stiffness test. Thus, in the MSJCM instead of assigning a constant value to the joint normal 328 

stiffness, 𝑘6
& , a variable value is assigned which is proportional to the normal stress on the smooth-joint contact,	𝜎6

&, 329 

according to the following equation. 330 

    𝑘6
& = max(𝑘689:

& , 𝐵&𝜎6
&)     (2) 331 

In equation 2, 𝑘689:
&  is the minimum value for 𝑘6

& , and 𝐵& is a constant coefficient. It should be mentioned that 𝑘689:
&  332 

is included since it is impossible to have a zero value for stiffness in PFC. Note that the other micro mechanical 333 

parameters for the MSJCM like joint shear stiffness, 𝑘7
&, and joint friction coefficient, µ&, are the same as for the 334 

SJCM. 335 
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Mehranpour and Kulatilake (2017) also proposed a new joint contact implementation algorithm in PFC which 336 

is called the Joint Sides Checking (JSC) approach to solve the interlocking problem. The interlocking problem was 337 

observed by Bahaaddini et al. (2013) and it occurs due to the shortcoming of the updating procedure in the PFC 338 

software for the contact conditions of the particles that lie around the intended joint plane during high shear 339 

displacements. The interlocking problem leads to higher values for shear strength and dilation angle for the joint than 340 

the correct values. It also creates unwanted fractures around the intended joint plane. In this paper the JSC approach 341 

is used not only for the calibration procedure of the rock joint model but also for the modeling of the polyaxial, triaxial 342 

and biaxial compression tests on the synthetic jointed rock block samples. 343 

In calibrating the joint micro mechanical parameters, first the cylindrical synthetic rock samples with 50 mm 344 

diameter, and the heights of 50 mm and 100 mm were numerically modeled based on the Linear Parallel Bond Model 345 

properties given in Table 4, for the direct shear tests and the joint normal stiffness test, respectively. Then the MSJCM 346 

joint was added horizontally to each sample at the mid-height level with the JSC approach. Then, to calibrate the 347 

MSJCM the following sequence was used to minimize the number of iterations. First, all the micro mechanical 348 

parameters for MSJCM were set with low values. Then, 𝑘689:
&  and 𝐵& were calibrated using the joint normal stiffness 349 

test modeling because 𝑘7
& and µ& values do not affect this test results. In the calibration of joint normal stiffness test, 350 

first the 𝐵& value was gradually increased to match the curvature of the normal stress-joint normal displacement 351 

diagram and then by increasing the 𝑘689:
& , the total joint normal displacement was matched (see Fig.4a). After  𝑘689:

&  352 

and 𝐵& calibration, in the direct shear test modeling, first 𝑘7
& was gradually increased to match 𝐾7

& and finally, the µ& 353 

value was changed to match the 𝜑& value (see Fig. 4b). Table 5 shows the calibrated micro mechanical property values 354 

of the MSJCM using the JSC approach based on the experimental test results reported for the synthetic rock joint in 355 

Section 2.3. Table 2 shows the obtained macro mechanical parameter values based on the PFC3D simulations. Note 356 

that Table 2 also provides the macro mechanical parameter values obtained through experimental joint testing. Table 357 

2 along with Figure 4 indicate the accuracy and capability of the PFC in simulating the synthetic rock joint through 358 

comparison of PFC3D results against the laboratory test results on synthetic rock joints. For further details about the 359 

JSC approach, MSJCM and the interlocking problem the reader is referred to Mehranpour and Kulatilake (2017). 360 

3.1. Polyaxial compression tests 361 
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In the performed numerical modeling, three different test types were simulated on the synthetic intact rock 362 

and synthetic jointed rock blocks using PFC3D to obtain data to develop suitable rock mass strength criteria. In these 363 

simulations like the experimental tests, cubic samples of side dimension 160 mm were used with micro mechanical 364 

property values given in Tables 4 and 5. The first test type conducted was the triaxial test (𝜎3 > 𝜎" = 𝜎#). In simulating 365 

this test, the hydraulic stress equal to the minimum principal stress was applied on the sample until the sample reached 366 

the equilibrium (1st step in Fig. 10a). Then the stresses on the lateral faces were kept constant (= 𝜎" = 𝜎#) and the 367 

axial stress was increased until the sample failed (2nd step in Fig. 10a). The second type of test simulated was the 368 

polyaxial (true-triaxial) test (𝜎3 > 𝜎" > 𝜎#). In this test like in the conventional triaxial test, the hydraulic stress equal 369 

to the minimum principal stress was applied on the sample until the sample reached the equilibrium (1st step in Fig. 370 

10b). Then the stress on one lateral direction was kept constant (= 𝜎#) and the stress equal to the intermediate principal 371 

stress was applied in the other two directions until the sample reached the equilibrium (2nd step in Fig. 10b). Finally, 372 

the stress in the second lateral direction was kept constant (= 𝜎") and the axial stress in the vertical direction was 373 

increased until the sample failed (3rd step in Fig. 10b). The third test type simulated was the biaxial test (𝜎3 = 𝜎" >374 

𝜎#). In this test like in the two previous tests, the hydraulic stress equal to the minimum principal stress was applied 375 

on the sample until the sample reached the equilibrium (1st step in Fig. 10c). Then the stress on one lateral direction 376 

was kept constant (= 𝜎#) and the stresses in the other two directions were increased until the sample failed (2nd step 377 

in Fig. 10c). 378 

The minimum and intermediate principal stress combination values of different compression tests were 379 

chosen based on the UCS value of the modeled synthetic intact rock. The minimum principal stress values were chosen 380 

as 0, 20, 40 and 60 percent of the UCS. For each minimum principal stress value, the intermediate principal stress 381 

value varied starting at the minimum principal stress value and increasing at an interval of 20 percent of the UCS until 382 

it was slightly lower than the strength of the sample under the biaxial loading condition with the same minimum 383 

principal stress value. With this procedure, the applied minimum and intermediate principal stress combinations for 384 

samples were the same. Thus, the effect of joint geometry configurations on the rock mass strength can be evaluated 385 

properly. Moreover, because the strength of the synthetic intact rock is available for each minimum and intermediate 386 

principal stress combination, the normalized strength of jointed rock blocks can be obtained to propose a general rock 387 

mass strength criterion. 388 
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For jointed rock blocks, twelve different joint systems with one and two joint sets were chosen to cover 389 

different types of non-orthogonal fracture systems. Joint sets have different dip angles varying from 15° to 45° at an 390 

interval of 15° with dip directions of 30° and 75°. Each joint set has 3 joints with the joint spacing of 42 mm in a cubic 391 

sample of size 160 mm. Fig. 11 shows the PFC3D models and the schematic pictures of joint geometry diagrams for 392 

all 12 jointed rock blocks. It should be mentioned that for each cubic sample, the minimum principal stress was applied 393 

on the faces with the dip directions of 90° and 270° and the intermediate principal stress was applied on the faces with 394 

the dip directions of 0° and 180°. It should be mentioned that because the numerical models based on the micro 395 

parameter values given in Tables 4 and 5 could reasonably accurately model the experimental test results up to the 396 

sample failure (Figs. 7-9), it was not necessary to modify the micro parameter values given in Tables 4 and 5. For 397 

each rock joint system under each confining stress combination it took about 2 days on the average to complete an 398 

above-mentioned numerical simulation. However, this time duration was smaller for models with lower confining 399 

stresses and joint systems with lower dip angles compared to that having higher confining stresses and higher dip 400 

angles. 401 

Figs. 12-15 show the rock block strength values obtained for the synthetic jointed and intact rock models 402 

under different minimum and intermediate principal stress combinations. Fig 12 shows the rock strength values 403 

obtained for the synthetic jointed rock models with 1 joint set compared to the strength of the synthetic intact rock 404 

model and Figs. 13-15 show the rock strength values obtained for the synthetic jointed rock models with 2 joint sets 405 

under different minimum and intermediate principal stress combinations  compared to the strength of the synthetic 406 

jointed rock models having 1 joint set with the same properties as the first joint set of the rock sample with 2 joint 407 

sets. These figures indicate that for each combination of the minimum and intermediate principal stresses, the jointed 408 

rock blocks with 2 joint sets and 1 joint set have resulted in a lower strength compared to that of the synthetic intact 409 

rock and the jointed rock blocks with 2 joint sets have resulted in a lower strength value compared to that of the jointed 410 

rock blocks having 1 joint set with the same properties as the first joint set of the rock sample with 2 joint sets. This 411 

means that adding of joint sets to a sample under the same minimum and intermediate principal stress combination 412 

reduces the strength of the sample. 413 

Fig. 12 also shows that the intermediate principal stress has a significant effect on the synthetic intact rock 414 

strength and it can increase the intact rock strength up to about 25%. Increase of the intermediate principal stress while 415 
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keeping the minimum principal stress constant, increases the strength of intact rock to a peak value and then the 416 

strength decreases. However, in Figs. 12-15 for each 𝜎# level in the jointed rock models, the reduction of the strength 417 

after reaching the peak strength due to increase of 𝜎" seems to be lower compared to that of the intact rock model. In 418 

some plots, even the strength reduction does not seem to exist especially for low 𝜎# values and high joint set dip 419 

angles. 420 

4. Development of new rock mass strength criteria 421 

This paper develops new rock mass strength criteria based on the PFC3D modeling results incorporating the 422 

fracture tensor concept. The fracture tensor is explained comprehensively in references (Oda 1982; Oda 1984; 423 

Kulatilake et al. 1993; Wu and Kulatilake 2012a). In the fracture tensor, it is assumed that each fracture to be a very 424 

thin disk having an area A with an equivalent radius of r (𝐴 = 𝜋𝑟") and two normal vectors of n and -n (bold italic 425 

letter represent a vector) for each side of the disk. To find the fracture tensor components of the modeled jointed rock 426 

blocks the following equations are used. 427 

    𝐹,-. = ∑ 𝐹,-/\
/]3       (3) 428 

    𝐹,- =
3
=
∑ 2𝜋𝑟#𝑛,𝑛-_(`)

     (4) 429 

where 𝐹,-.  is the fracture tensor of the rock mass, 𝐹,-/ is the fracture tensor (𝐹,-) of the 𝑘12 joint set, 𝑁 is the total number 430 

of joint sets, 𝑚(=) is the number of fracture centers inside the assumed volume of 𝑉, and 𝑛, and 𝑛-  are the projection 431 

of 𝒏 on the directions of i and j, respectively. Table 6 shows the computed fracture tensor components for all 12 432 

different joint systems with one or two joint sets which are modeled using the PFC3D. In this table because the 433 

maximum, intermediate and minimum principal stresses are applied in Z, Y and X directions respectively, the alternate 434 

subscripts are also used to show the directions of the fracture tensor components with respect to the principal stresses. 435 

Kulatilake et al. (2006) showed that for the biaxial loading in the laboratory on about 150 synthetic rock 436 

blocks having two joint sets with 30 different joint systems in which the joint set dip directions were towards the 437 

intermediate principal stress direction, the rock mass strength, 𝜎&, under a constant intermediate principal stress, 438 

reduces non-linearly with increasing fracture tensor component in the intermediate principal stress direction (𝐹""). 439 

After trying various functions such as hyperbolic, negative power and negative exponential functions they proposed 440 

the following negative exponential equation which had the best regression fit to the experimental test results: 441 
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de
df
= 𝑒hiNjj      (5) 442 

In equation 5, 𝜎K is the intact rock strength under the same intermediate principal stress and 𝜆 is an empirical 443 

coefficient which is a function of 𝜎" according to equation 6. 444 

    𝜆 = ik

lmnjno
p
q
r3

      (6) 445 

where 𝜎) is the uniaxial compressive strength of the intact rock, 𝑝 and 𝑞 are empirical coefficients and 𝜆F is the 𝜆 446 

value when the intermediate principal stress equals to zero. 447 

Later He et al. (2016) extended the Kulatilake et al. (2006) criterion to the polyaxial compressive stress 448 

condition by equation 7 based on extensive laboratory and numerical polyaxial test results on jointed coal blocks. In 449 

equation 7, 𝐹## is the fracture tensor component in the minimum principal stress direction. 450 

    
de
df
= 𝑒hi(NjjrNss)      (7) 451 

They also proposed equation 8 for 𝜆 to incorporate the effect of the minimum principal stress, 𝜎#, as well as 452 

the intermediate principal stress. Like equation 6, 𝜆F is the 𝜆 value for the uniaxial compression condition. 453 

    𝜆 = ik
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     (8) 454 

where 𝑝", 𝑞", 𝑝# and 𝑞# are empirical coefficients. 455 

This three-dimensional criterion can predict the strength of jointed rock masses under different confining 456 

stresses by estimating the five independent coefficients through regression analyses of the data. Procedures are given 457 

in He et al. (2016) in detail to do that. This criterion was developed for non-persistent fracture systems and it captures 458 

the effect of scale and anisotropy due to the fracture system on rock mass strength. The proposed criterion by He et 459 

al. (2016) can predict the rock mass strength reasonably accurately for non-persistent fracture systems. However, it 460 

can be extended to make it suitable for both non-persistent as well as persistent fracture systems. In He et al. (2016) 461 

criterion, for a set of constant values of the minimum and intermediate principal stresses  𝜎" and 𝜎#, 𝜆 is a constant 462 

for a specified rock mass irrespective of the directions of 𝜎" and 𝜎#. When 𝜎" and 𝜎# directions rotate around the 463 

vector normal to the plane of 𝜎" and 𝜎# (i.e. in 𝜎3 direction) 𝐹33 stays as a constant because the first invariant of the 464 

fracture tensor (𝐹33 + 𝐹"" + 𝐹##) is always a constant and thus 𝐹"" + 𝐹## also stays as a constant. Therefore, under the 465 
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above-mentioned conditions, Equation 7 provides a constant value and cannot capture the effect of 𝜎" on F22 and 𝜎# 466 

on F33 separately in predicting rock mass strength. However, this is an important issue to incorporate in predicting 467 

rock mass strength especially for persistent fracture systems.  468 

In this research, equations 7 and 8 are extended to capture the effect of 𝜎" on F22 and 𝜎# on F33 separately 469 

and to develop new rock mass strength criteria based on the results obtained through the jointed rock block modeling 470 

and testing under different minimum and intermediate stress combinations and joint geometry systems. The obtained 471 

results lead to the following observations: 472 

a) Increase of joint set dip angles, in general, reduce the jointed rock block strength and increase 𝐹"" and 𝐹##. 473 

Thus, increase of 𝐹"" and 𝐹## reduce the jointed rock block strength. 474 

b) Increase of the minimum and intermediate principal stresses reduce the effect of joint shearing on the jointed 475 

rock block strength. Therefore, increase of the minimum and intermediate principal stresses reduce the effects 476 

of 𝐹"" and 𝐹##. However, this reduction for low minimum and intermediate principal stresses is relatively 477 

higher compared to high minimum and intermediate principal stresses. 478 

c) The effect of the minimum principal stress on the joints increases with decreasing angle between the dip 479 

direction angle of the joint set and the minimum principal stress direction. Thus, increase of 𝐹## increases the 480 

effect of 𝜎# on the joints. 481 

d) The effect of the intermediate principal stress on the joints increases with decreasing angle between the dip 482 

direction angle of the joint set and the intermediate principal stress direction. Thus, increase of 𝐹"" increases 483 

the effect of 𝜎" on the joints. 484 

Based on the above-mentioned observations the following equation is proposed as a new rock mass strength 485 

criterion in a general form. 486 

    𝑆. =
de
df
= 𝑒𝑥𝑝 − [𝑓#(𝜎# 𝜎)⁄ )𝐹## + 𝑓"(𝜎" 𝜎)⁄ )𝐹""]  (9) 487 

where 𝑓" and 𝑓# are monotonically decreasing functions, 𝑆. is the strength ratio between the jointed rock mass 488 

strength,	𝜎&,  under the minimum and intermediate principal stresses of 𝜎# and 𝜎" and the intact rock strength, 𝜎K, 489 

under the same minimum and intermediate principal stresses, 𝜎) is the uniaxial compressive strength of the intact rock, 490 

𝐹"" is the fracture tensor component in 𝜎" direction and, 𝐹## is the fracture tensor component in 𝜎# direction. It should 491 
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be mentioned that if 𝜎K for the intended 𝜎# and 𝜎" combination is not available, based on the Mehranpour and 492 

Kulatilake (2016) paper one of the three intact rock failure criteria out of Modified Lade, Modified Wiebols and Cook 493 

and Mogi is recommended to represent the intact rock strength value. However, because in this research the intact 494 

rock strength for all minimum and intermediate principal stress combinations is available, it is not necessary to use 495 

intact rock failure criteria to estimate the intact rock strength. 496 

Kulatilake et al. (2006) showed that for the biaxial loading a function such as given by equation 6 works very 497 

well for f2 and f3. Thus, equation 9 can be rewritten as follows to propose the first new rock mass strength criterion: 498 
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where 𝜆", 𝜆#, 𝑝", 𝑝#, 𝑞" and 𝑞# are empirical coefficients. As an alternative, to reduce the number of coefficients, 500 

negative exponential functions are suggested for both f2 and f3. Thus, equation 9 can be rewritten as equation 11 with 501 

less empirical coefficients to propose the second new rock mass strength criterion. 502 

    𝑆. =
de
df
= 𝑒𝑥𝑝 − |𝑎#}𝑒h~s(ds do⁄ )𝐹##� + 𝑎"}𝑒h~j(dj do⁄ )𝐹""�� (11) 503 

where 𝑎", 𝑎#, 𝑏" and 𝑏# are empirical coefficients. 504 

It should be mentioned that if the joints have the same mechanical properties with isotropic behavior on the 505 

joint plane, the effect of 𝜎" variation on 𝐹"" should be the same as the effect of 𝜎# variation on 𝐹##. Therefore, under 506 

this condition 𝑓 = 𝑓" = 𝑓# and equations 9-11 can be simplified to equations 12-14, respectively as follows: 507 

    𝑆. =
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    𝑆. =
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In equation 12, f is a monotonically decreasing function and in equations 13 and 14, 𝜆, 𝑝, 𝑞, 𝑎 and 𝑏 are empirical 511 

coefficients. Moreover, under this condition if 𝜎" = 𝜎#, by rotating the 𝜎" and 𝜎# directions around the vector normal 512 

to the plane of 𝜎" and 𝜎#, the jointed rock mass strength should remain the same. This behavior is also captured by 513 

equation 12. If 𝜎" = 𝜎#, equation 12 can be rewritten as follows: 514 
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    𝑆. =
de
df
= 𝑒𝑥𝑝 − [𝑓(𝜎# 𝜎)⁄ )(𝐹## + 𝐹"")]   (15) 515 

where 𝐹## + 𝐹"" is always a constant if 𝜎" and 𝜎# directions rotate around the vector normal to the plane of 𝜎" and 𝜎#. 516 

Therefore, the jointed rock mass strength stays the same under the above-mentioned conditions. 517 

In this research because all the joints are saw cut, they have the same isotropic mechanical behavior on the 518 

joint plane. Thus, to fit the new rock mass strength criteria for the numerical modeling results and to find the accuracy 519 

of the new rock mass strength criteria equations 13 and 14 can be used. To estimate the values of the coefficients in 520 

these equations an indirect method is used. In this method, different values are chosen for empirical coefficients from 521 

a grid in a reasonable range. Then the jointed rock mass strength corresponding to different 𝜎", 𝜎#,	𝐹"" and 𝐹## values 522 

are calculated through equations 13 and 14. Afterwards, for each equation the best combination of the empirical 523 

coefficients is found by maximizing the coefficient of determination, 𝑅", using the following equations: 524 

    𝑅" = 1 − ��
��

      (16) 525 

where 526 

    𝑆� =
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where n is the total number of data sets, m is the number of parameters to be estimated, 𝜎&,,M  is the predicted jointed 529 

rock block strength from the new rock mass strength criterion for data set i, 𝜎&,,MNO  is the strength of jointed rock block 530 

from the PFC3D modeling for data set i, and 𝜎*&MNO  is the average strength value of all the PFC3D data. 531 

4.1. Fitting of the first new rock mass strength criterion using equation 13 532 

In Fig. 16, the obtained 𝑅" values are shown for different values of p and q for selected 3 different 𝜆 values. 533 

The maximum 𝑅" is found to be 0.94, indicating a very strong fit. It results in the best values of 0.675, 3.16 and 0.6, 534 

for 𝜆, p and q, respectively. Fig. 17 shows the predicted strength values versus the strength values from the PFC3D 535 

modeling for all 284 data points. It indicates that the suggested strength criterion (eqn. 13) is highly suitable to 536 

represent the PFC3D data. 537 

4.2. Fitting of the second new rock mass strength criterion using equation 14 538 
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In Fig. 18, the obtained 𝑅" values are shown for different values of a and b for the 284 data points from 12 539 

different joint systems under the different minimum and intermediate principal stress combinations. The maximum 540 

𝑅" is found to be 0.92. It results in the best values of 0.404 and 0.972, for a and b, respectively. The small difference 541 

obtained between the 𝑅" values using the two different functions shows that equation 14 with less empirical 542 

coefficients is also a reasonably good rock mass strength criterion. Fig. 19 shows the predicted strength values based 543 

on equation 14 versus the strength values from the PFC3D modeling for all 284 data points. It indicates that the 544 

suggested strength criterion (eqn. 14) is highly suitable to represent the PFC3D data. Fig. 20 shows the comparison 545 

between the predicted rock mass strengths from the new rock mass strength criteria using equations 13 and 14 with 546 

the numerical results for two different joint systems with one and two joint sets, respectively. Fig. 20 shows that the 547 

predictions from the two strength criteria are close. 548 

5. Discussion 549 

  The equations given in Section 4 to estimate the jointed block strength for synthetic rock are normalized 550 

with respect to the synthetic intact rock strength. Therefore, the equations are applicable for any rock mass. The 551 

equations allow to estimate the normalized jointed block strength in any direction in three dimensions. By estimating 552 

the strength in different directions, the strength anisotropy and the minimum normalized jointed block strength can be 553 

estimated in three dimensions. The intact block strength can be estimated using one of the available intact rock strength 554 

criteria. To estimate the parameters of the intact rock strength criterion, it will be necessary to perform a few laboratory 555 

tests as usual. To apply the equations given for normalized jointed block strength for any rock mass, first, the fracture 556 

geometry data (number of fracture sets and orientation, size and intensity of each set) should be collected for the 557 

intended rock mass.  These data can be used to calculate the fracture tensor using equations 3 and 4 as shown in Table 558 

6. That will allow calculation of the two fracture tensor components perpendicular to the direction jointed block 559 

strength is desired. These two fracture tensor components go into the normalized jointed block strength equation. The 560 

confining stresses should be applied based on the in-situ stress system. For the time being the estimated coefficient 561 

values of the equations can be used to estimate the jointed block strength. It is important to note that these coefficient 562 

values depend on the ratios of joint mechanical property values to intact rock property values. This dependence should 563 

be investigated in future research.  564 

6. Summary and Conclusions 565 
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In this research an attempt was made to develop a new three-dimensional rock mass strength criterion to 566 

overcome the shortcomings that exist in most of the existing rock mass strength criteria. Most of the existing strength 567 

criteria cannot simultaneously consider the effect of the intermediate principal stress on the rock mass strength as well 568 

as the scale dependency and anisotropy behavior of the rock mass strength. Although He et al. (2016) proposed a 569 

three-dimensional criterion which captures the effect of the intermediate principal stress, scale dependency and 570 

anisotropy due to the fracture system on rock mass strength their criterion did not incorporate the effect of the stress 571 

anisotropy because it was developed for non-persistent fracture systems. Besides, He et al. (2016) criterion requires 572 

calibration of five empirical coefficients. However, the stress anisotropy is important especially in the case of fully 573 

persistent fracture systems (Mehranpour and Kulatilake 2017). Therefore, in this paper the He et al. (2016) criterion 574 

was extended to incorporate the effect of stress anisotropy too and to develop two new rock mass strength criteria. 575 

To develop a comprehensive rock mass strength criterion, it is crucial to have a proper database which 576 

includes the effect of different factors such as the joint geometry configuration including the orientation and the 577 

minimum and intermediate principal stresses. Due to the high cost and time of the experimental tests, it is very difficult 578 

if not impractical to have a comprehensive database only through experimental tests. Therefore, numerical modeling 579 

was incorporated to create this database. The other benefit of the numerical modeling is the possibility to investigate 580 

the effect of each factor separately while keeping the values of the other factors the same. In this research, PFC3D was 581 

selected for the numerical modeling because it can conveniently model the block breakage through the fracture 582 

initiation and propagation using the Bonded Particle Models and joint failure through the joint sliding using the SJCM. 583 

In this paper, because of the shortcoming of the SJCM to capture the non-linear behavior of the joint closure due to 584 

varying joint normal stress, the MSJCM was used. Moreover, to solve the interlocking problem which occurs due to 585 

the shortcoming of the PFC software in the updating procedure of the contact conditions of the particles that lie around 586 

the intended joint plane during high shear displacements, the JSC approach was used. 587 

Before simulating the jointed rock blocks under the polyaxial, triaxial and biaxial compression tests, these 588 

tests were simulated on the synthetic intact rock samples to find the intact rock strength for selected minimum and 589 

intermediate principal stress combinations. Altogether 33 intact rock strength values for different combinations of 590 

minimum and intermediate principal stresses were obtained from the numerical modeling for the synthetic intact rock. 591 

Then, 12 different joint systems with one and two joint sets were chosen to model the jointed rock blocks under the 592 

polyaxial, triaxial and biaxial compression tests with the minimum and intermediate principal stress combinations 593 
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similar to those conducted for the intact rock modeling. Used joint sets have different dip angles varying from 15° to 594 

45° at an interval of 15° with dip directions of 30° and 75°. Each joint set also has 3 persistent joints with the joint 595 

spacing of 42 mm in a cubic sample of size 160 mm. In total 284 jointed block strengths were obtained from the 596 

numerical modeling of the jointed rock blocks. It should be mentioned that because the numerical and experimental 597 

test results of polyaxial and triaxial compression tests on the synthetic intact rock and jointed rock blocks showed a 598 

reasonable agreement, it was not necessary to update the micro mechanical properties of the calibrated PFC3D model. 599 

Based on the observations from the jointed rock modeling results using PFC3D and the fracture tensor concept, 600 

an existing rock mass strength criterion was extended to include the stress anisotropy and to develop a new three-601 

dimensional rock mass strength criterion in general form (equation 9). For the new general rock mass strength 602 

criterion, two functions were proposed: (a) given by equation 10 and (b) given by equation 11 to obtain two specific 603 

new rock mass strength criteria. The new rock mass strength criterion given by equation 10 has 6 empirical 604 

coefficients; if the joint sets have the same isotropic mechanical behavior on the joint plane, the number of coefficients 605 

reduces to 3 empirical coefficients in this criterion (equation 13). The new rock mass strength criterion given by 606 

equation 11 has only 4 empirical coefficients; if the joint sets have the same isotropic mechanical behavior on the joint 607 

plane the number of coefficients reduces to 2 empirical coefficients in this criterion (equation 14). 608 

Using the database created in this paper, which has 284 data points, the empirical coefficients of 𝜆, p and q 609 

were estimated as 0.675, 3.16 and 0.6, respectively, through a grid analysis with a high 𝑅" value of 0.94 for the new 610 

criterion given by equation 13. The empirical coefficients of a and b were estimated as 0.404 and 0.972, respectively, 611 

through a grid analysis with a high 𝑅" value of 0.92 for the new criterion given by equation 14. Even though the first 612 

criterion was fitted with a slightly higher 𝑅" value than the second criterion, it was less time consuming and 613 

significantly easier to estimate the empirical coefficients for the second criterion. Both new criteria clearly showed 614 

the effect of the intermediate principal stress as well as the minimum principal stress and joint orientation on the rock 615 

mass strength. Because the developed jointed block strength criteria are expressed in normalized form by dividing by 616 

the intact block strength, the normalized jointed block strength criteria are applicable for any rock mass. Guidelines 617 

are given to show how the developed strength criteria can be applied to field rock masses.  618 
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 842 
Fig. 1 Used flowchart to develop a new rock mass failure criterion  843 

 844 

 845 
Fig. 2 The polyaxial testing machine available at CUMTB 846 

 847 
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 848 
Fig. 3 Uniaxial and triaxial test results; GAA1, GAA2 and GAA3 (σ2 = σ3 = 0); GAA4 (σ2 = σ3 = 0.53 849 
MPa); GAA5 (σ2 = σ3 = 1.11 MPa); GAA6 (σ2 = σ3 = 1.64 MPa) 850 
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 852 

Fig. 4 (a) Shear stress-shear displacement diagrams for 3 direct shear tests, and PFC modeling results; (b) 853 
normal stress-joint normal deformation diagrams based on 4 experimental jointed uniaxial compression test 854 
results, the average of the exponential fit for normal stress-joint normal deformation relation, and PFC 855 
modeling result based on the Modified Smooth Joint Contact Model 856 
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(d) 

 
 

 860 

Fig. 5 Jointed rock block sample which has 3 joints with the dip direction of 30° and the dip angle of 15°: 861 
(a) Schematic picture and the (b) top, (c) left front and (d) right front views of a prepared sample for the 862 
experimental test (the maximum principal stress applied on the top face, the intermediate principal stress 863 
applied on the left front face and the minimum principal stress applied on the right front face) 864 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

(a) (b) 



37 
 

 

 

(c) 

 

(d) 

 
 

 873 

Fig. 6 Jointed rock block sample which has 3 joints with the dip direction of 30° and the dip angle of 30°: 874 
(a) Schematic picture and the (b) top, (c) left front and (d) right front views of a prepared sample for the 875 
experimental test (the maximum principal stress applied on the top face, the intermediate principal stress 876 
applied on the left front face and the minimum principal stress applied on the right front face) 877 

 878 
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(b) 

 879 

Fig. 7 Experimental and PFC3D modeling results of the polyaxial compression test for the intact rock 880 
subjected to (a) σ3 = 0 and σ2 = 1.128 MPa, (b) σ3 = 0 MPa and σ2 = 2.256 MPa 881 
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(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 8 Experimental and PFC3D modeling results of the polyaxial and triaxial compression tests for the 883 
jointed rock block samples having one joint set with the joint dip direction of 30° and dip angle of 15° 884 
subjected to (a) σ3 = 1.128 MPa and σ2 = 3.384 MPa, (b) σ3 = 1.128 MPa and σ2 = 4.512 MPa, (c) σ3 = σ2 = 885 
2.256 MPa, (d) σ3 = 2.256 MPa and σ2 = 4.512 MPa, (e) σ3 = 2.256 MPa and σ2 = 7.896 MPa and (f) σ3 = σ2 886 
= 3.384 MPa 887 
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Fig. 9 Experimental and PFC3D modeling results of the polyaxial and triaxial compression tests for the 889 
jointed rock samples having one joint set with the joint dip direction of 30° and dip angle of 30° subjected 890 
to (a) σ3 = 1.128 MPa and σ2 = 5.640 MPa, (b) σ3 = σ2 = 2.256 MPa, (c) σ3 = 2.256 MPa and σ2 = 5.640 MPa, 891 
(d) σ3 = 2.256 MPa and σ2 = 7.896 MPa and (e) σ3 = σ2 = 3.384 MPa 892 
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(c) 

Fig. 10 Different steps of applying the minor, intermediate and major principal stresses for the (a) triaxial 894 
compression tests, (b) polyaxial compression tests and (c) biaxial compression tests. 895 
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 898 

Fig. 11 The jointed rock blocks modeled by the PFC3D and the schematic pictures of joint systems: (a), (b) 899 
and (c) have 3 joints with the dip direction of 30° and the dip angles of 15°, 30° and 45°, respectively; (d), 900 
(e) and (f) have 6 joints formed from 2 joint sets, 30° joint dip direction and 15° joint dip angle for the first 901 
joint set and 75° joint dip direction and the dip angles of 15°, 30° and 45° for the second joint set, 902 
respectively; (g), (h) and (i) have 6 joints formed from 2 joint sets, 30° joint dip direction and 30° joint dip 903 
angle for the first joint set and 75° joint dip direction and the dip angles of 15°, 30° and 45° for the second 904 
joint set, respectively; (j), (k) and (l) have 6 joints formed from 2 joint sets, 30° joint dip direction and 45° 905 
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joint dip angle for the first joint set and 75° joint dip direction and the dip angles of 15°, 30° and 45° for 906 
the second joint set, respectively; (In the schematic pictures, the blue planes are 1st joint set and red planes 907 
are 2nd joint set; the maximum principal stress, the intermediate principal stress and the minimum principal 908 
stresses are applied on the top face, on the front left face and on the right front face, respectively). 909 

 910 

 911 
Fig. 12 Polyaxial test results obtained from PFC3D modeling for the intact rock model and jointed rock 912 
models with one joint set having 3 joints with the dip direction of 30° and the various joint dip angles from 913 
15° to 45° at an interval of 15°. 914 
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 916 
Fig. 13 Polyaxial test results obtained from PFC3D modeling for the jointed rock model having 3 joints with 917 
30° joint dip direction and 15° joint dip angle and the jointed rock models having 6 joints formed from 2 918 
joint sets with 30o joint dip direction and 15° joint dip angle for the first joint set and 75° joint dip direction 919 
and the various joint dip angles from 15° to 45° at an interval of 15° for the second joint set. 920 
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 922 
Fig. 14 Polyaxial test results obtained from PFC3D modeling for the jointed rock model having 3 joints with 923 
30° joint dip direction and 30° joint dip angle and the jointed rock models having 6 joints formed from 2 924 
joint sets with 30o joint dip direction and 30° joint dip angle for the first joint set and 75° joint dip direction 925 
and the various joint dip angles from 15° to 45° at an interval of 15° for the second joint set. 926 
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 928 
Fig. 15 Polyaxial test results obtained from PFC3D modeling for the jointed rock model having 3 joints with 929 
30° joint dip direction and 45° joint dip angle and the jointed rock models having 6 joints formed from 2 930 
joint sets with 30o joint dip direction and 45° joint dip angle for the first joint set and 75° joint dip direction 931 
and the various joint dip angles from 15° to 45° at an interval of 15° for the second joint set. 932 
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 933 
 934 

Fig. 16 Obtained R2 values of the new rock mass strength criterion using equation 13 for different 935 
combinations of p, q on the cross-sectional planes of 𝜆 = 0.65, 𝜆 = 0.675 and 	𝜆	= 0.70 (color bar shows the 936 
R2 values). 937 

 938 

 939 
Fig. 17 Predicted strength values based on the new rock mass strength criterion based on equation 13 versus 940 
the strength values from PFC3D modeling for all 284 data points from 12 different joint systems having 941 
different boundary conditions (R2 = 0.94) 942 
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 944 
Fig. 18 Obtained R2 values of the new rock mass strength criterion using equation 14 for different 945 
combinations of a and b 946 

 947 

 948 
Fig. 19 predicted strength value based on the new rock mass strength criterion using equation 14 versus the 949 
strength value from PFC3D for all 284 data points from 12 different joint systems and under different 950 
boundary conditions (R2 = 0.92) 951 
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 954 

Fig. 20 Comparison of the polyaxial strength results obtained from the PFC3D modeling with that obtained 955 
from the new rock mass strength criteria based on Equations 13 and 14, respectively for the jointed rock 956 
block models (a) having 3 joints with dip angle and dip direction of 45° and 30°, respectively and (b) having 957 
6 joints formed from 2 joint sets with 30° joint dip direction and 30° joint dip angle for the first joint set 958 
and 75° joint dip direction and 45° joint dip angle for the second joint set. 959 
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Table 1 984 

Estimated macro mechanical property values for the synthetic rock from laboratory tests and PFC3D 985 
modeling results 986 

 Uniaxial strength 
(MPa) 

Tensile strength 
(MPa) 

Cohesion 
(MPa) 

Angle of 
internal friction 

(deg.) 

Young’s modulus 
(GPa) 

Poisson’s 
ratio 

Experimental 
tests 

Range 
5.28 - 6.09 

Avg. 
5.78 

Range 
1.03 - 1.57 

Avg. 
1.23 1.9 24 Range 

0.99 - 1.21 
Avg. 
1.07 0.20 

PFC3D 
modeling 5.64 1.35 2.0 22 1.03 0.22 

 987 

 988 

 989 

Table 2 990 

Estimated macro mechanical property values for the synthetic rock joint from laboratory tests and PFC3D 991 
modeling results 992 

 Shear stiffness (GPa/m) B (1/mm) Joint friction angle (deg.) 

Experimental tests Range Avg. Range Avg. 
27.5 

 0.4 - 0.9 0.59 19.8 – 36.8 28.9 

PFC3D modeling 0.6 29 27 
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Table 3 1007 

Experimental and PFC3D modeling results of the polyaxial and triaxial compression tests for the synthetic 1008 
intact rock and the jointed rock blocks having 3 joints with the dip direction of 30° and joint dip angles of 1009 
15° or 30° 1010 

 sample σ3 (MPa) σ2 (MPa) σ1 (MPa) 
Experimental 

σ1 (MPa) 
PFC3D 

Intact rock 
GB1 0 1.128 6.030 6.431 

GB2 0 2.256 6.642 6.763 

Jo
in

te
d 

ro
ck

 (d
ip

 d
ir

ec
tio

n 
= 

30
°

) 

Dip =15° 

GC15-1 1.128 3.384 8.301 8.325 

GC15-2 1.128 4.512 9.075 8.475 

GC15-3 2.256 2.256 9.165 9.200 

GC15-4 2.256 4.512 10.792 10.761 

GC15-5 2.256 7.896 10.856 11.151 

GC15-6 3.384 3.384 11.266 11.447 

Dip =30° 

GC30-1 1.128 5.640 8.124 7.595 

GC30-2 2.256 2.256 8.304 7.742 

GC30-3 2.256 5.640 9.311 9.723 

GC30-4 2.256 7.896 9.578 9.779 

GC30-5 3.384 3.384 9.460 9.751 

 1011 

 1012 

 1013 

Table 4 1014 

Calibrated micro mechanical parameter values of the Linear Parallel Bond Model for the synthetic intact 1015 
rock in PFC3D (minimum particle diameter, Dmin, maximum particle diameter, Dmax, contact Young’s modulus, 1016 
𝐸), bond Young’s modulus, 𝐸*), contact friction coefficient, 𝜇, bond tensile strength, 𝜎*), bond shear strength, 𝜏̅7, the 1017 
ratio of normal to shear stiffness for contact, kr, ratio of normal to shear stiffness for bond, 𝑘*. and bond radius fraction, 1018 
𝜆)***. 1019 

LPBM 
𝐷_,6 = 2.7	mm 

𝑚. = 𝐷��� 𝐷_,6⁄ = 1.66 

𝐸)=𝐸*)=1.25 GPa 

𝑘.=𝑘*.=2.5 

𝜇=0.6 

mean 𝜎*)= mean 𝜏̅7= 4.4 MPa 

std. dev. 𝜎*)= std. dev. 𝜏̅7=1.1 MPa 

𝜆̅ =1 

 1020 
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Table 5 1021 

Calibrated micro mechanical parameter values of the Modified Smooth Joint Contact Model for the 1022 
synthetic rock joint in PFC3D using the JSC approach 1023 

MSJCM 
𝝁𝑱 = 0.5 

𝒌𝒔
𝑱(𝐺𝑃𝑎 𝑚⁄ ) = 1.0 

𝒌𝒏𝒎𝒊𝒏
𝑱 (𝐺𝑃𝑎 𝑚⁄ ) = 4.0 

𝑩𝑱(1 𝑚𝑚⁄ ) = 31.0 
 1024 

 1025 

 1026 

Table 6 1027 

The computed fracture tensor components in x, y, and z directions (the minimum, intermediate and 1028 
maximum principal stress directions, respectively) for 12 joint systems of the jointed rock blocks. 1029 

Joint system 
(Dip direction/Dip) Fxx (F33) Fyy (F22) Fzz (F11) Fxy (F32) Fxz (F31) Fyz (F21) 

030/15 0.060 0.179 3.326 0.103 0.446 0.772 

030/30 0.230 0.690 2.759 0.398 0.796 1.380 

030/45 0.446 1.337 1.783 0.772 0.891 1.544 

030/15 & 075/15 0.282 0.195 6.653 0.163 1.307 1.003 
030/15 & 075/30 0.840 0.235 5.835 0.312 1.845 1.147 

030/15 & 075/45 1.199 0.261 4.547 0.409 1.625 1.088 

030/30 & 075/15 0.453 0.706 6.086 0.458 1.657 1.610 

030/30 & 075/30 1.010 0.746 5.268 0.607 2.196 1.755 
030/30 & 075/45 1.369 0.722 3.980 0.703 1.976 1.696 

030/45 & 075/15 0.669 1.353 5.109 0.832 1.752 1.775 

030/45 & 075/30 1.226 1.393 4.292 0.981 2.291 1.919 

030/45 & 075/45 1.585 1.419 3.004 1.077 2.070 1.860 
 1030 
 1031 
 1032 
 1033 
 1034 
 1035 


