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Abstract 24 

This study presents an in-depth comparative numerical analysis of three distinct methods 25 

employed to evaluate the indirect tensile strength of rock materials: the Brazilian Tensile Test 26 

(BT), the Three-Point Bending Test (TPBT), and the Four-Point Bending Test (FPBT). Utilizing 27 

advanced simulation capabilities provided by the three-dimensional Particle Flow Code (PFC3D) 28 

software, the tensile behavior of rock samples was modeled and assessed under the unique 29 

loading conditions associated with each testing approach. The BT method, despite its widespread 30 

use and simplicity, revealed several limitations that could affect the reliability of its results. Key 31 

issues identified include significant stress concentration around the loading points and a non-32 

homogeneous distribution of stress across the sample, which can introduce variability in the 33 

tensile strength measurements. In contrast, both the TPBT and FPBT methods demonstrated 34 

advantages in terms of loading control and stress distribution. The TPBT provided a more 35 

regulated loading condition compared to the BT, yet the FPBT method stood out for offering the 36 

most uniform stress distribution across the sample. The comparative analysis revealed notable 37 
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discrepancies in the tensile strength values obtained from each method. Specifically, tensile 38 

strength values derived from the TPBT and FPBT were considerably different from those 39 

obtained using the BT method, with the FPBT consistently yielding the highest tensile strength 40 

measurements. These differences underscore the critical role that test method selection plays in 41 

accurately characterizing the tensile strength of rock. Overall, the study emphasizes the strengths 42 

and limitations of each testing approach, providing insights into the factors that influence tensile 43 

strength measurement outcomes. It also highlights the necessity for careful selection of the 44 

testing technique based on the specific requirements of rock mechanics analysis, particularly 45 

when precision and reliability are paramount. The findings of this research contribute to the 46 

ongoing development of more accurate and effective methods for evaluating the tensile strength 47 

of rock materials in various engineering and geological applications. 48 

 49 

Keywords: Brazilian tensile test, Pstudy flow code, Four-point bending test, Numerical 50 

simulations, Three-point bending test 51 

 52 

Highlights: 53 

 Comparative analysis of indirect tensile strength methods (BT, TPBT, FPBT) using PFC3D. 54 

 Novel application of PFC3D simulations to uncover discrepancies in tensile strength values 55 

between methods. 56 

 FPBT method demonstrated superior stress distribution and higher tensile strength values 57 

compared to BT and TPBT. 58 

 Provides new insights into the mechanical behavior of rocks under different testing 59 

conditions. 60 

 Offers recommendations for selecting appropriate tensile strength methods based on specific 61 

engineering applications. 62 

 63 

1. Introduction 64 

Measuring and determining the properties of rocks has long presented a significant challenge for 65 

geological engineers [1]. The prevailing approach to assess these properties involves conducting 66 

laboratory experiments and extrapolating the results to infer the in situ properties of the rock [2]. 67 

Consequently, in geological engineering, the inevitable size disparity between laboratory samples 68 
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and their industrial application exists. Understanding the behavior of rocks under tensile loading 69 

and ascertaining their tensile strength is paramount for various aspects such as load-bearing 70 

capacity, deformation, fracture, crushing, and the stability of underground spaces' roofs and 71 

walls, as well as tunnel excavation, blasting, and particularly the stability of rock roofs, 72 

especially in tension zones. Therefore, the genesis of most fractures and collapses in mines, 73 

tunnels, caves, and other engineering structures can be attributed to the development of tensile 74 

stresses within them. This underscores the importance of comprehending the mechanisms of 75 

tensile fracture and devising strategies for their analysis and mitigation [3]. 76 

Various methods have been devised to measure the tensile strength of rocks, generally 77 

categorized into direct tensile and indirect tensile tests. The preferred approach is the direct 78 

tensile test, also known as the uniaxial tensile test, where the rock is directly pulled. However, 79 

this method is less favored due to the need for specialized tools and difficulties in sample 80 

preparation. The procedure for conducting this test resembles that of the uniaxial compressive 81 

strength (UCS) test, except that tensile force is applied to the sample instead of compressive 82 

force [4,5]. Over recent decades, significant research has focused on examining the compressive 83 

and tensile behavior of rock. Van Vliet, Van Mier [6] conducted direct tensile strength tests on 84 

sandrock and concrete samples ranging from 50 to 1600 mm in diameter, both in dry and 85 

saturated states. Their findings indicated that, except for 50 mm diameter concrete samples, 86 

tensile strength decreased with increasing sample diameter, although no significant trend was 87 

observed in sandrock samples. Jinmin [7] analyzed rock tensile strength using TBPT and FPBT 88 

methods, revealing uncertainties in the results obtained from bending tests. Es-Saheb et al. [8] 89 

investigated the impact of rock sample size on tensile strength through BTs and numerical 90 

analysis. Their research revealed a decreasing trend in tensile strength for samples with 91 

diameters exceeding 75 mm. Yang et al. [9] employed uniaxial tensile testing on pre-cracked 92 

rock samples to explore crack growth mechanisms using FRANC3D numerical simulation. Their 93 

experimental results highlighted the significant effects of pre-existing crack geometric 94 

characteristics on sample strength and failure modes. The study also examined three-dimensional 95 

crack growth patterns and rates through numerical simulations of single and double parallel 96 

cracks, demonstrating good correspondence with experimental phenomena. Allena, Cluzel [10] 97 

discussed cracking and tensile strength in cancellous bone samples ranging from 4 to 10 mm in 98 

diameter. Their research revealed a significant decrease in tensile strength with increasing sample 99 
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size. Sabih et al. [11] explored the impact of sample diameter on Brazilian tensile strength using 100  

ABAQUS numerical software. Their findings revealed that the tensile strength decreases initially 101  

with an increase in sample diameter up to a certain threshold, beyond which it begins to increase. 102  

Li [12] investigated the tensile strength of Malone alluvial rocks with diameters ranging from 40 103  

to 80 mm. The study concluded that varying the sample diameter had no discernible effect on the 104  

tensile strength of the mentioned rock. Zhou et al. [13] conducted a comprehensive study on the 105  

mechanical strength and fracture behavior of Alashan granite using both experimental laboratory 106  

tests and numerical simulations. The simulations were carried out using the grain-based approach 107  

within the two-dimensional Particle Flow Code (PFC2D). This method allowed the researchers to 108  

investigate the behavior of Alashan granite under various loading conditions at a microstructural 109  

level. In their study, the microparameters for the simulation of Alashan granite were carefully 110 

calibrated to match the actual laboratory resistance values and stress-strain curves obtained from 111 

physical tests. This calibration process ensured that the numerical model closely replicated the 112 

mechanical properties observed in real samples of Alashan granite. The results of the study 113 

indicated that it is feasible to accurately reproduce the UCS and Uniaxial Tensile Strength (UTS) 114 

of Alashan granite using the grain-based approach in PFC2D. Moreover, the study revealed a 115 

positive correlation between the average mineral size within the granite and its mechanical 116 

properties, specifically UCS and UTS. This finding suggests that larger mineral grains contribute 117 

to higher strength values, providing important insights into the material behavior of granitic 118 

rocks under stress. Khosravi et al. [14] examined the influence of the length-to-diameter ratio 119 

(ranging from 0.2 to 1.5) of Brazilian discs made of gabbro, microgabbro, and basalt on fracture 120  

mechanism and surface roughness. They observed that increasing the length-to-diameter ratio led 121  

to a decrease in surface roughness in gabbro and microgabbro samples, while it exhibited a slight 122  

increase in basalt samples. Liao et al. [15] conducted a series of finite element-based three-123  

dimensional (3D) numerical simulations to investigate the variations in tensile strength of rocks 124  

using three different test methods: the BT, the DTT, and the TPBT. These methods are commonly 125  

used in rock mechanics to assess the tensile strength, which is a critical parameter in 126  

understanding the failure behavior of rocks under tensile stress. The numerical simulations were 127  

meticulously designed to replicate the conditions of each testing method, allowing for a detailed 128  

comparison of the tensile strengths obtained from each approach. The results of the simulations 129  

revealed significant variations in the measured tensile strength depending on the test method 130  
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employed. Notably, the tensile strength derived from the Three-Point Bending Test (TPBT) was 131  

found to be considerably higher than the tensile strengths obtained from the DTT and the BT. Efe 132  

et al. [16] utilized dumbbell-shaped samples to explore the impact of sample dimensions on the 133  

flexural strength characteristics of microcrystalline marble and determine DTS. Furthermore, 134  

they evaluated the indirect tensile strength of marble using BT, TPBT, and FPBT methods in 135  

accordance with EN and ASTM standards. Their study also analyzed stress distribution and 136  

intensity on the samples using ANSYS software. Golshani, Ramezanzad [17] conducted a study 137  

using the Particle Flow Code in three dimensions (PFC3D) to numerically calculate the tensile 138  

strength of granite stones. The research focused on accurately modeling the mechanical behavior 139  

of granite through numerical simulations, specifically targeting Inada granite, which is sourced 140  

from a quarry in Kasama, Ibaraki, Japan. The study began by simulating uniaxial compression 141  

tests to determine the tensile strength of Inada granite. Following this, the researchers simulated 142  

the Brazilian Test conditions, which indirectly measures tensile strength by applying 143  

compressive loads along the diameter of a cylindrical rock specimen. By comparing the tensile 144  

strength results from both the uniaxial compression simulations and the Brazilian Test 145  

simulations, the researchers aimed to validate their numerical approach. The findings 146  

demonstrated that the tensile strengths numerically calculated through PFC3D were in good 147  

agreement with the experimental results obtained from uniaxial tensile tests performed on actual 148  

Inada granite samples. This validation underscored the reliability of the PFC3D simulations in 149  

predicting rock tensile strength and highlighted the utility of numerical methods in 150  

supplementing experimental testing. In a related study, Asadi et al. [18] examined the combined 151  

effects of loading speed and sample size on the tensile strength of rock samples with and without 152  

pre-existing cracks. They utilized both physical tests and numerical simulations using the CA3 153  

computer program to explore these factors. Their research revealed a pronounced sensitivity of 154  

sheared rock samples to loading rate, with a critical stress rate identified beyond which the 155  

sample size no longer influenced the tensile strength. Additionally, the study observed that larger 156  

samples exhibited higher tensile strengths when subjected to loading rates exceeding this critical 157  

limit. Liu et al. [19] an study on the development of a three-dimensional discrete element model 158  

using contact models with planar connection and smooth connection to investigate the effect of 159  

anisotropy on the tensile behavior of slate, a transversely isotropic rock and to investigate the 160  

fracture pattern, microcracks and stress distribution under the Brazilian test. They provided both 161  
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macro and micro scales. Xue et al. [20] investigated the stability of artificial filling roofs made of 162  

cement tailings in underground metal mines using gold tailings and fiber-reinforced propylene 163  

fibers. Direct tensile strength and TPBT methods were conducted on the samples in the 164  

laboratory. The results indicated a significant increase in tensile and bending strength of samples 165  

reinforced with fibers. Pérez-Rey et al. [21] examined the mechanisms of tensile failure in 166  

granite rock samples across various scales using different test methodologies. They investigated 167  

granite rock samples ranging from 30 mm to 84 mm in diameter and observed a continuous 168  

increase in direct tensile strength (DTS) and rock toughness with larger sample sizes. However, 169  

no distinct trend was observed for BT. Zhang et al. [22] conducted a study using the PFC2D 170  

software to investigate the discrepancies between tensile strength measurements obtained from 171  

the BT and DTS. The study aimed to understand the factors contributing to the differences in 172  

results between these commonly used rock tensile strength testing methods. Through their 173  

simulations, Zhang et al. identified that the disparity between the tensile strengths measured by 174  

BT and DTS is significantly influenced by the ratio of the rock’s UCS to its DTS. Their results 175  

demonstrated a strong negative correlation between the DTS/BT ratio and the UCS/DTS ratio, 176  

indicating that as the UCS/DTS ratio increases, the discrepancy between the tensile strengths 177  

measured by BT and DTS becomes more pronounced. This relationship was consistent across 178  

various configurations of loading plates used in the BT, such as flat plates, curved jaws, and 179  

loading platforms. The study also explored the complex processes of crack initiation and 180  

propagation that occur during the BT and how these processes affect the relative relationship 181  

between BT and DTS measurements. Zhang et al. observed that both the UCS/DTS ratio of the 182  

rock and the choice of loading plate configuration significantly impact the crack initiation and 183  

propagation behavior during testing. These findings highlight the critical role of selecting the 184  

appropriate loading plate based on the UCS/DTS ratio of the rock to minimize discrepancies 185  

between the BT and DTS results. Based on their findings, Zhang et al. recommended specific 186  

ranges of UCS/DTS ratios for different BT configurations to achieve more accurate tensile 187  

strength measurements. For tests conducted with flat plates, they suggested maintaining a 188  

UCS/DTS ratio between 10 and 15. For configurations using curved jaws, a ratio of 8 to 10 was 189  

recommended, while for loading platforms, the ideal range was identified as 5 to 8. These 190  

guidelines aim to optimize test conditions, ensuring that the tensile strength values obtained from 191  

BT align more closely with those from DTS. Zhang et al. [23] conducted TPBT on rectangular 192  
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pre-cracked concrete beams to investigate the propagation process of localized cracks in 193  

concrete. By monitoring the initiation and propagation of local cracks on the sample surfaces, 194  

they determined the fracture toughness of the concrete samples with local cracks and analyzed 195  

the crack propagation process in both the thickness and height directions. The experimental 196  

results revealed that under TPBT, local cracks consistently propagated first on the lower surface 197  

of the sample, forming a crack in the thickness direction. Subsequently, the crack in the sample 198  

began to propagate in the height direction until complete failure. Additionally, the initial fracture 199  

toughness obtained from bottom-cracked samples closely matched that of locally cracked 200  

samples. 201  

Given the significant time, financial, and equipment investments required for laboratory testing, 202  

there has been a notable shift towards the utilization of numerical software in analyzing crack 203  

growth processes in rock samples. This shift has been spurred by advancements in science and 204  

technology, which have rendered traditional methods increasingly outdated. Unlike laboratory 205  

experiments, numerical simulations offer the advantage of overcoming various challenges that 206  

are difficult to address in experimental settings. To address this transition, the present study 207  

employs three-dimensional numerical investigations utilizing the PFC3D-based code. The 208  

principal aim is to scrutinize and elucidate the disparities in rock tensile strength across distinct 209  

examinations, numerically, specifically the BT, TPBT, and FPBT. Subsequently, the comparative 210  

tensile strength values obtained from these three testing methodologies are evaluated. Moreover, 211 

parametric examinations and stress analyses are conducted to unveil the underlying physical 212  

mechanisms governing the numerical test outcomes, with a particular emphasis on discerning 213  

disparities between the various methods employed. The main objectives of this study are to 214  

evaluate the differences and comparative magnitudes of tensile strength obtained from various 215  

testing methods and to understand the physical mechanisms underlying these variations. 216  

 217  

2. A Overview of Methods for Indirect Determination of Rock Tensile Strength 218  

Despite numerous efforts to conduct direct tension tests accurately, this method remains 219  

technically challenging and costly. Consequently, there is a growing preference for indirect tests 220  

to determine rock tensile strength. Various methods have been developed for this purpose, all 221  

based on the principle that applying a compressive force in one direction generates a tensile force 222  

in the direction perpendicular to it. Among the indirect methods, the Brazilian method stands out 223  
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as one of the most commonly used laboratory techniques for determining rock tensile strength. 224  

However, other methods are also employed, including TPBT, and FPBT on cubic and cylindrical 225  

samples, as well as cylindrical and spherical diametric pressure tests, ring tests, and more. These 226  

indirect methods offer viable alternatives to direct tension tests, providing valuable insights into 227  

rock tensile strength without the technical complexities and high costs associated with direct 228  

testing. 229  

 230  

2.1. Brazilian tensile test (BT) 231  

Among the methods of indirect measurement of tensile strength, the BT stands out as a widely 232  

utilized approach for assessing the tensile strength of rocks, particularly brittle materials like 233  

concrete and rock. Originating in 1953, this method has gained prominence due to its 234  

applicability and reliability. The test involves applying diagonal pressure to cylindrical rock 235  

samples, causing tensile stress to propagate perpendicular to the loading axis. When this stress 236  

surpasses the rock's tensile strength, the sample fractures. Most rocks break under tensile stress 237  

in biaxial stress fields, making this test invaluable for indirectly measuring the uniaxial tensile 238  

strength of rock samples [24,25]. The BT is standardized by the International Society of Rock 239  

Mechanics (ISRM) and ASTM. According to ISRM guidelines, the test involves applying 240  

compressive force along the axial plane of the sample, causing it to break under induced tensile 241  

stress perpendicular to this plane. The loading force is transferred via two curved jaws in the 242  

ISRM method, while ASTM standards may utilize separate flat or curved loading plates placed 243  

directly on cylindrical specimens [24]. Initially, cylindrical samples with a diameter-to-thickness 244  

ratio of 2 are prepared and thoroughly washed. The side surfaces must be free of marks or 245  

imperfections, with dimensions less than 0.025 mm. The upper and lower surfaces should be flat, 246  

smooth, and have a maximum angle of 0.25 degrees between them. As per ISRM standards, the 247  

maximum sample diameter is 54 mm, with the radius equal to the sample thickness. To conduct 248  

the test, the sample's water content is measured, and its side surfaces are coated before placement 249  

between the curved jacks of the testing device. Loading is applied diagonally to the specimen at 250  

a constant rate, typically 200 newtons per second according to ISRM standards. Samples 251  

typically fracture within 15-30 seconds of loading. The number of samples recommended for 252  

testing is around 10, with readings from the highest and lowest fractures included in calculations. 253  

Figure 1 illustrates the typical failure mode of rock samples in the BT [24]. 254  



 

9 
 

 255  

Fig 1. The typical failure mode of rock samples in the BT 256  

 257  

2.2. Three point bending test (TPBT) 258  

In the TPBT, a sample undergoes compression for bending, leading to the development of 259  

tensile, compressive, and shear stresses within it. When only bending is applied to a portion of 260  

the sample, tensile stress occurs solely on the convex side while compressive stress occurs solely 261  

on the concave side. The highest tensile stress at the sample's breaking point is considered its 262  

tensile strength, particularly useful in assessing the tensile strength of rock formations in tunnels 263  

and mine roofs. The TPBT is a mechanical test that evaluates the bending modulus of elasticity 264  

(Ef), bending strain (ɛf) and bending stress (σf). Standard devices such as the universal tensile 265  

testing device are used for this test, arranged in various configurations like TPBT, and FPBT. 266  

While TPBT offers the advantage of easy sample preparation, its results are sensitive to sample 267  

geometry and test speed. Tests are conducted according to standards such as TS EN 12372 268  

(flexural strength under concentrated load) and ASTM C99. The TS EN 12372 standard specifies 269  

criteria such as thickness (h), total length (L), width (b), and distance between holding rollers (l). 270  

The numerical modeling of the TPBT, illustrated in Figure 2, encompasses various parameters 271  

such as beam length (lb), depth (d), width (b), and beam span (l). Compression forces are applied 272  

along the top centerline of the rock beam, with support provided near the ends at the bottom. 273  

Initial failure usually occurs at the bottom center of the beam, allowing the tensile strength of the 274  

rock to be determined using Equation (1), where σtt denotes the three-point bending strength. For 275  
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samples with a circular cross-section, tensile strength can be calculated using Equation (2), 276  

where σt represents tensile strength, F is the applied force exerted by the moving arm, L is the 277  

distance between the supporting bases, and R is the radius of the beam. 278  

2

3

2

c
tt

P l

bd
                                                                                                                                        (1) 279  

3t

FL

R



                                                                                                                                                    (2) 280  

 281  

Fig 2. The numerical model of TPBT [26] 282  

 283  

Additionally, fracture toughness of a sample can be determined using TPBT. As shown in Figure 284  

3, the stress intensity coefficient at the location of a crack can be expressed using Equation (3), 285  

where P represents the applied load, B is the thickness of the sample, a is the crack length, and W 286  

is the sample width. In TPBT, the desired crack is created through cyclic loading and sample 287  

fatigue at the desired location. The crack length is measured, and then the sample is uniformly 288  

loaded. The force at which the crack starts to grow is used to determine the resistance against 289  

material failure using Equation (4), where Y is calculated using Equation (5). 290  
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 291  

Fig 3. A bending cracked specimen (single edge) used for fracture resistance testing [26] 292  
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
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                                                                         (5) 296  

 297  

2.3. Four point bending test (FPBT) 298  

In FPBT, which evaluates the bending resistance of materials, standard universal tensile testing 299  

devices are utilized, similar to other bending tests. However, unlike the three-point bending test, 300  

the FPBT employs two rollers to apply force, ensuring uniform loading and preventing stress 301  

concentration. This configuration divides the sample into three equal parts, with the loading 302  

points on the top of the sample placed at equal distances. The FPBT follows standards such as TS 303  

EN 13161 (flexural strength under constant moment) and ASTM 880-98, maintaining similar 304  

sample dimensions and loading parameters as the three-point bending test (TS EN 12372 305  

standard). 306  
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As depicted in Figure 4, the numerical model of the FPBT presents a rectangular cube sample 307  

with specified parameters including lb, d, b, and l. Initial failure typically manifests at the bottom 308  

center of the rock beam, facilitating the calculation of the corresponding rock's tensile strength 309  

using Equation (6), wherein σt signifies the three-point bending strength. In this equation, Pc 310  

represents the peak compressive load, l denotes the beam span, while b and d refer to the width 311 

and depth of the rock beam, respectively. 312  

2

3

4

c
tt

P l

bd
                                                                                                                                              (6) 313  

 314  

Fig 4. The numerical model of FPBT [27] 315  

 316  

For samples with a circular cross-section, the tensile strength can be calculated using Equation 317  

(7), where σt represents the tensile strength (Pa), F is the force applied by the moving arm (N), L 318  

is the distance between the two supports (points) (m), and R is the radius of the sample beam 319  

(m). 320  

3

8
t

FL

R



                                                                                                                                           (7) 321  

 322  

3. Exploring Rock Tensile Strength Variation through Diverse Testing Techniques  323  

Pstudy Flow Code (PFC) models are comprised of an assembly of rigid pstudys with diverse 324  

sizes, engaging in interactions through contacts to replicate the behavior of granular and solid 325  

materials. These models facilitate the simulation of individual motion and interaction among 326  

numerous rigid pstudys, where interactions are regulated by internal forces and moments. Pstudy 327  

shapes encompass various geometries such as 2D disks or 3D spheres, along with interconnected 328  

disks forming collections in 2D or 3D spheres, and convex polygons in 2D or polyhedra in 3D. 329  

Contact mechanics within PFC models adhere to fundamental principles governing pstudy 330  
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interactions, ensuring accurate updates of internal forces and moments. The versatility of PFC 331  

allows for customization and application across a diverse spectrum of numerical investigations 332  

where discrete system behavior is of paramount importance. Since its establishment in 1994, 333  

PFC has risen as a prominent DEM tool in geological research, covering a broad spectrum from 334  

fundamental investigations into fine-scale soil and rock behavior to a plethora of large-scale 335  

applications. These applications include hydraulic fracturing, interactions between soil and tools, 336  

fracture mechanics of brittle rocks, analysis of slope stability, drilling operations, rock cutting, 337  

pavement design, material handling, dynamics of bulk material flow, and simulations of cave 338  

mining. Numerical methods, particularly the Discrete Element Numerical Method, are favored 339  

for their adaptability in tackling complex engineering challenges. PFC3D, among the suite of 340  

software platforms grounded in the Discrete Element Method, stands out as a robust tool for 341  

addressing discontinuous environmental conditions prevalent in geotechnical engineering. 342  

Notably, PFC3D offers the capability to model discrete fracture network (DFN) and derive 343  

material behavior characteristics based on laboratory-scale macro properties and calibration 344  

procedures. These advanced capabilities enable the creation of highly realistic models that 345  

closely mirror real-world conditions, resulting in more precise and reliable outcomes. 346  

This study focuses on investigating discrepancies in rock tensile strength obtained from three 347  

distinct testing methodologies: BT, TPBT, and FPBT, along with an examination of their 348  

respective underlying physical mechanisms. 349  

 350  

3.1. Modeling and Analysis of BT  351  

To perform the above test, disk samples with a diameter of 54 mm and a thickness of 27 mm 352  

were used along with the selected parameters for the loading plate radius and loading rate. The 353  

material properties, including Poisson's ratio and modulus of elasticity, are also specified. The 354  

boundary conditions for the model are set such that only vertical displacement is allowed at the 355  

floor. 356  

Figure 6 depicts the sample after loading, showing the occurrence of fracture perpendicular to 357  

the direction of force application, resulting in a tensile crack. Biaxial loading is observed at the 358  

beginning and end of the sample due to the curvature of the loading plane. 359  
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 360  

Fig 6. Brazilian Disc After Load Application in BT 361  

Further analysis in Figure 7 reveals that stresses in the (xx) direction induce tensile cracks 362  

perpendicular to the loading plane. Conversely, Figure 8 demonstrates minimal stress and 363  

displacement in the (yy) direction, indicating negligible contribution to the failure behavior. 364  

 365  

Fig 7. Brazilian disc after applying load in (xx) direction 366  
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 367  

Fig 8. Brazilian disk after applying load in (yy) direction 368  

 369  

Examining stresses in the (zz) direction, Figure 9 shows maximum stresses aligning with the 370  

applied load direction, leading to failure perpendicular to this direction. Figure 10 illustrates 371  

displacement patterns, with tensile displacements occurring perpendicular to the loading 372  

direction, indicative of sample fracture. 373  

 374  

Fig. 9 Brazilian disk after applying the load in the (zz) direction 375  

 376  



 

16 
 

 377  

Fig 10. Displacement of Brazilian disc after loading 378  

 379  

The model calculates the displacement of contact nodes with the upper and lower jaws, 380  

determining permanent strain. Additionally, vertical stress at the contact zones and stress-strain 381  

curves, as shown in Figure 11, are analyzed. 382  

 383  

Fig 11. Force-Displacement Diagram for BT 384  

 385  

According to the force-displacement diagram in Figure 11, the sample exhibits linear elastic 386  

behavior until reaching a force of 13 KN, beyond which failure occurs at a maximum applied 387  

load of 16 KN. The tensile strength obtained from the BT is determined to be 6.88 MPa using 388  

Equation (8). 389  

3

6

2 2 16 10
6.88

3.14 54 27 10
t

p
MPa

dt


 

 
  

  
                                                     (8) 390  
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3.2. Modeling and Analysis of TPBT  391  

In the modeling and analysis of TPBT, cubic samples with dimensions of 150 mm length, 25 mm 392  

width and 50 mm thickness were used. The loading rate was set to 50 N/s, and consistent with 393  

the BT model, the modulus of elasticity was considered to be 18.6 GPa with a Poisson's ratio of 394  

0.25. Boundary conditions were established such that the model floor experienced constant 395  

displacement solely in the vertical direction (z-axis). 396  

 397  

Fig 13. Rectangular Cuboid Post-Loading  398  

 399  

Stresses along the (xx) direction are shown in Figure 14, indicating cracks perpendicular to the 400  

loading plane and in the (xx) direction. Notably, a transition from uniaxial to biaxial stress was 401  

observed at the center end of the sample, reducing test accuracy. 402  

 403  

Fig 14. Rectangular Cuboid Post-Loading in the xx Direction  404  

 405  
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Figure 15 illustrates negligible stresses in the (yy) direction, resulting in minimal displacement 406  

and no significant failure mechanism in this direction. 407  

 408  

Fig 15. Rectangular Cuboid Post-Loading in the yy Direction 409  

 410  

Stresses along the (zz) direction, depicted in Figure 16, show maximum tension, causing the 411 

sample to break perpendicular to this direction. 412  

 413  

Fig 16. Rectangular Cuboid Post-Loading in the zz Direction  414  

 415  

Displacement of the sample, depicted in Figure 17, initiates from the load application area, 416  

culminating in a tensile crack. 417  
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 418  

Fig 17. Displacement of the Rectangular Cuboid Post-Loading  419  

 420  

The force-displacement diagram in Figure 18 indicates that the sample remains within the linear 421  

elastic region until a force of 1.8 KN, beyond which deformation occurs, ultimately resulting in 422  

failure at 4.3 KN force. 423  

 424  

Fig 18. Force-Displacement Diagram for TPBT 425  

 426  

The tensile strength obtained from the three-point bending test is calculated as 15.48 MPa, as per 427  

Equation (9). 428  

3 3

2 2 9

3 3 4.3 10 150 10
15.48

2 2 25 50 10
t

FL
MPa

bd






   
  

  
                                                (9) 429  

 430  

 431  
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3.3. Modeling and Analysis of FPBT  432  

In this section, to perform the FPBT test, the loading rate was set at 10 N/s, with a constant 433  

modulus of elasticity of 18.6 GPa, and a Poisson's ratio of 0.25, according to BTs. The boundary 434  

conditions are configured to apply a constant vertical displacement only along the z-axis on the 435  

floor of the model. 436  

Post-loading, as shown in Figure 20, fractures appeared perpendicular to the applied force 437  

direction, resulting in a tensile crack formation within the sample. Due to loading from two 438  

points, the sample segmented into three distinct parts. 439  

 440  

Fig 20. Rectangular Cuboid Post-Loading  441  

 442  

Figure 21 depicts stress distribution along the (xx) direction, indicating crack formation 443  

perpendicular to the loading plane and specifically along the (xx) axis. Notably, the highest 444  

tensile stress occurred at the terminus of the two loading points. 445  

 446  

Fig 21. Rectangular Cuboid Post-Loading in the xx Direction  447  

 448  
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Stresses along the (yy) direction, as demonstrated in Figure 22, were minimal, leading to 449  

negligible displacement and no significant impact on the sample's failure behavior. 450  

 451  

Fig 22. Rectangular Cuboid Post-Loading in the yy Direction  452  

 453  

In Figure 23, maximum stresses along the (zz) direction were observed, indicating the direction 454  

of the applied load. 455  

 456  

Fig 23. Rectangular Cuboid Post-Loading in the zz Direction  457  

 458  

Figure 24 illustrates the displacement pattern within the sample, originating from the load 459  

application areas and culminating in the formation of a tensile crack. 460  
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 461  

Fig 24. Displacement of the Rectangular Cuboid Post-Loading  462  

 463  

The force-displacement diagram depicted in Figure 25 exhibits a linear elastic region until the 464  

force reaches 5.6 KN, beyond which deformation initiates, leading to ultimate failure at 7.4 KN. 465  

 466  

Fig 25. Force-Displacement Diagram for FPBT 467  

The tensile strength obtained from the BT, as per Equation (10), is calculated to be 13.2 MPa.  468  

3 3

2 2 9

3 3 7.4 10 150 10
13.2

2 4 25 50 10
t

FL
MPa

bd






   
  

  
                                            (10) 469  

 470  

4. Disscusion  471  

Rock mechanics and engineering rely heavily on accurate assessments of tensile strength to 472  

understand material behavior and ensure structural stability. The BT, TPBT, and FPBT are 473  

commonly used methods for evaluating the tensile strength of rocks. In this comparative 474  
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analysis, we will delve into the principles, procedures, and applications of each testing method to 475  

highlight their relative merits and drawbacks. 476  

 477  

Brazilian Tensile Test (BT): The BT, also known as the indirect tensile strength test, is widely 478  

used for assessing the tensile strength of rocks. In this test, a cylindrical rock specimen is 479  

subjected to diametrical compression, resulting in tensile failure along the diametrical plane 480  

perpendicular to the applied load. The test setup involves placing the rock sample between two 481  

parallel platens of a testing machine, with a compressive force applied diametrically until failure 482  

occurs. The tensile strength of the rock is calculated based on the maximum load sustained 483  

before failure and the dimensions of the specimen. 484  

Advantages of the BT: 485  

 Simple and straightforward test setup, requiring minimal specimen preparation. 486  

 Provides a direct measurement of tensile strength, which is crucial for assessing rock 487  

stability. 488  

 Widely accepted and standardized testing method in the field of rock mechanics. 489  

 Suitable for a wide range of rock types and sizes, making it versatile for various 490  

applications. 491  

Limitations of the BT: 492  

 Assumes homogeneous material properties across the specimen, which may not always 493  

be accurate for natural rock formations. 494  

 Vulnerable to misalignment and eccentric loading, leading to inaccurate results. 495  

 Limited to relatively small sample sizes, restricting its applicability for large-scale 496  

projects. 497  

 Does not account for the influence of confining pressure or complex stress states on 498  

tensile strength. 499  

 500  

Three-Point Bending Test (TPBT): The TPBT is another commonly used method for 501  

evaluating the tensile strength of rocks. In this test, a prismatic rock specimen is supported by 502  

two parallel platens, with a third point load applied at the center of the specimen. As the load is 503  

gradually increased, tensile stresses develop on the underside of the specimen, leading to crack 504  
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initiation and propagation. The tensile strength of the rock is determined based on the applied 505  

load and the dimensions of the specimen. 506  

Advantages of the TPBT: 507  

 Allows for the assessment of tensile strength under controlled loading conditions, 508  

facilitating accurate measurements. 509  

 Can accommodate larger sample sizes compared to the BT, making it suitable for testing 510  

rocks with varying geometries. 511 

 Provides insights into crack initiation and propagation behavior, aiding in fracture 512  

mechanics studies. 513  

 Offers flexibility in test configurations, allowing researchers to customize loading 514  

conditions based on specific requirements. 515  

Limitations of the TPBT: 516  

 Requires precise alignment of the loading and support points to avoid eccentric loading 517  

effects. 518  

 Susceptible to edge effects and stress concentrations near the loading points, potentially 519  

influencing test results. 520  

 May underestimate tensile strength due to the presence of compressive stresses on the 521  

upper surface of the specimen. 522  

 Limited applicability for rocks with non-prismatic shapes or irregular geometries. 523  

 524  

Four-Point Bending Test (FPBT): The FPBT is a modified version of the TBPT, offering 525  

improved control over stress distribution and crack propagation. In this test, the specimen is 526  

supported by two outer loading points and two inner support points, creating a more uniform 527  

stress distribution along the length of the specimen. As the load is applied, tensile stresses 528  

develop on the underside of the specimen, leading to crack formation and failure. 529  

Advantages of the FPBT: 530  

 Provides more uniform stress distribution compared to the TBPT, reducing the influence 531  

of stress concentrations. 532  

 Allows for the testing of larger and non-prismatic specimens, expanding its applicability 533  

to a wider range of rock types and geometries. 534  
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 Offers better control over crack initiation and propagation behavior, leading to more 535  

reliable tensile strength measurements. 536  

 Minimizes edge effects and eccentric loading, resulting in more accurate and consistent 537  

test results. 538  

Limitations of the FPBT: 539  

 Requires more complex test setup and instrumentation compared to the TBPT, increasing 540  

experimental complexity. 541  

 May still be susceptible to misalignment and eccentric loading if not carefully executed. 542  

 Limited availability of standardized testing procedures and guidelines, requiring careful 543  

experimental design and validation. 544  

5. Comparative Analysis and Conclusion 545  

 546  

In summary, each of the three testing methods offers unique advantages and limitations in 547  

assessing the tensile strength of rocks. The BT provides a direct measurement of tensile strength 548  

and is widely accepted in the field, but it may not accurately represent the tensile behavior of all 549  

rock types. The TBPT allows for controlled loading conditions and provides insights into crack 550  

initiation and propagation, but it may underestimate tensile strength due to compressive stresses. 551  

The FPBT offers improved stress distribution and crack control, making it suitable for testing 552  

larger and non-prismatic specimens, but it requires more complex setup and instrumentation. 553  

Ultimately, the choice of testing method should be based on project requirements, specimen 554  

characteristics, and research objectives. Researchers and engineers should carefully consider the 555  

advantages and limitations of each method to ensure accurate and reliable assessment of rock 556  

tensile strength in various applications. 557  

 558  

5. Conclusion 559  

In comparing the numerical modeling of the BT, TPBT, and FPBT, several critical factors 560  

emerge that influence the accuracy, reliability, and applicability of these methods in rock 561  

engineering analysis. 562  

Starting with the BT, numerical simulations involve modeling the cylindrical rock specimen 563  

subjected to diametrical compression. The numerical model accurately represents the loading 564  

conditions, material properties, and boundary conditions, allowing for a detailed analysis of 565  
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crack initiation, propagation, and failure mechanisms. However, challenges arise in accurately 566  

capturing the complex stress distribution and strain localization near the loading points, which 567  

can affect the interpretation of tensile strength values. 568  

Moving to the TPBT, numerical modeling focuses on simulating the application of a point load 569  

to the center of a prismatic rock specimen. The numerical model enables precise control over 570  

loading parameters, specimen geometry, and material behavior, facilitating a comprehensive 571  

investigation of stress-strain responses and failure modes. Nevertheless, challenges persist in 572  

modeling the contact interactions between the loading point and the specimen surface, as well as 573  

in accurately predicting crack initiation and propagation under bending conditions. 574  

In the case of the FPBT, numerical simulations involve modeling the specimen supported at two 575  

inner points and loaded at two outer points, aiming to achieve more uniform stress distribution 576  

and crack control compared to the TPBT. The numerical model allows for detailed analysis of 577  

stress concentrations, crack development, and failure mechanisms, providing insights into the 578  

effectiveness of the FPBT in assessing tensile strength. However, challenges arise in accurately 579  

capturing the interaction between the loading and support points, as well as in accounting for 580  

geometric nonlinearity and material heterogeneity in the numerical model. 581  

Overall, numerical modeling offers a powerful tool for comparing the BT, TPBT, and FPBT in 582  

rock engineering applications. By accurately simulating the loading conditions, material 583  

behavior, and failure mechanisms, numerical simulations provide valuable insights into the 584  

strengths and limitations of each testing method. However, challenges remain in accurately 585  

representing the complex interactions and phenomena inherent in rock mechanics, underscoring 586  

the need for further research and development to enhance the accuracy and reliability of 587  

numerical models in rock engineering analysis. 588  
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