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TENSION/STRESS/ROCK/TESTING/FAILURE 

 

The objective of this study is to experimentally determine the effects of 

intermediate principal stresses on the tensile strength of PhuPhan, PhraWihan and 

PhuKradung sandstones and Saraburi marble.  The results are used to assess the 

predictive capability of the Coulomb criterion when one or more principal stresses 

are in tension.  The laboratory testing involves four-point bending test, Brazilian 

tests with axial compression, circular plate bending test.  Uniaxial, biaxial and 

triaxial compressive strengths of the four rock types are also determined to correlate 

their results with those of the tensile testing.  The results indicate that the 

intermediate principal stresses do affect the rock tensile strengths.  This holds true 

for all tested rock types.  The four point bending and Brazilian tensile strengths 

under compression provide a linear transition with the triaxial extension test.  This 

is because they are all under the condition where σ1 = σ2 ≠ σ3.  Based on the 

Coulomb criterion, the circular plate bending tensile strength can well correlate with 

the conventional uniaxial and triaxial compressive strengths of the rocks (σ1 ≠ σ2 = 

σ3).  For all rock types the compressive and tensile strengths and cohesion obtained 

from the triaxial extension tests are greater than those obtained from the triaxial 

compression tests.  Both stress conditions give similar internal friction angle.  This 

 

 

 

 

 

 

 

 



III 

 

suggests that σ2 can strengthen the rock for both compressive and tensile regions.  

More important the results indicate that the Brazilian tensile strength cannot be 

correlated with the two stress conditions.  It is recommended that an extension of 

the Coulomb criterion into the tensile region should be correlated with the tensile 

strength obtained from the circular plate bending test rather than the Brazilian 

tension test. 
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CHAPTER I 

INTRODUCTION 

1.1 Background and rationale 

The tensile strength of rock is one of the important parameters for the design 

of maximum roof span for underground mines and tunnels.  The roof beam tensile 

strength, in many cases, dictates the extraction ratio of the ore and the size of the 

haulage equipments, and hence affects the economic values of the mine.  The 

Brazilian tension test has long been used to determine the tensile strength from 

circular disks of rock by applying a line load along the disk diameter until failure.  

Even though this test method is widely applied and accepted, and results are 

incorporated into several strength criteria, a question remains on whether they can 

truly represent the rock tensile strength under in-situ stress states.  The sample 

center, where the tensile crack is initiated, is subjected to biaxial plane stress 

condition, with the compressive stress in vertical, tensile stress in horizontal, and no 

stress along the sample axis.  The circular thin plates have been performed to 

improve the tensile region from Coulomb criterion.  It includes the effect of 

intermediate principal stress on the results.  Under in-situ condition however, the 

roof beam is normally subjected to triaxial stress states.  The influence of the stress 

parallel to the incipient crack plane, as normally occurred in the mine roof, has 

never been studied or quantitatively assessed.  This is primarily because a special 

loading device is required to apply a constant normal stress parallel to the sample axis 

while the line load is applied.  
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1.2 Research objectives 

The objectives of this study are to determine how the compressive strength 

criteria can be extended to the tensile strength for intact rocks, and to determine the 

effect of the intermediate principal stress on rock tensile strength.  The effort involves 

the measurement of the rock tensile strengths under various configurations of the 

applied principal stresses.  Extrapolation of the Coulomb criteria from the 

compressive to the tensile regions is made from the uniaxial and triaxial 

compressive strengths of four rock types. 

1.3 Research methodology 

The research methodology (Figure 1) comprises 5 steps; including literature 

review, sample collection and preparation, laboratory testing, development of 

mathematical relations and tensile strength criterion, and discussions and 

conclusions. 

1.3.1 Literature review 

Literature review will be carried out to study the previous research on tensile 

strength test, tensile elastic modulus and tensile strength of rock.  The sources of 

information are from text books, journals, technical reports and conference papers.  A 

summary of the literature review will be given in the thesis. 

            1.3.2 Sample collection and preparation 

Sandstone samples will be prepared for testing.  A minimum of 3 sandstone 

types will be collected and 2 more of marble and limestone.  Five samples will be 

prepared for each type and tested.  Sample preparation will be carried out in the 

laboratory at the Suranaree University of Technology. 
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Figure 1    Research methodology 
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1.3.3 Laboratory testing 

 Basic characterization tests (included direct tension test) are performed to 

obtain the tensile strength and the uniaxial and triaxial compressive strengths of the 

five rock types.    

 Brazilian tension test under various axial stresses are tested.  The specimen is 

placed in polyaxial load frame which is used to apply axial stresses to the rock.  The 

confining pressures range from 1.4, 3.0, 5.0 to 7.0 MPa.  The failure stresses are 

recorded and mode of failure examined. 

Direct tensile strengths are determined from dog-bone shaped specimens of 

intact rock using a compression-to-tension load converter (CTC).  The CTC device 

will be placed in a compression load frame to apply uniaxial tensile stress at the mid-

section of the specimen.  The specimens from each rock type will be loaded at a 

constant rate of 1.0 MPa/s until tensile failure occurred. 

Circular plates will be tested with the line load distribution on the top and 

point load on the bottom with thickness from 0.5 to 1.3 cm, and compared with the 

basic characterization tests on tensile strength with thin shell theory and to improve 

the understanding of the transition from compressive to tensile strengths of rock 

samples. 

  1.3.3.1   Compilation of tensile strength from other methods.  

    The results of tensile strength of another method will be compiled to 

compare with the results of circular plate testing.  

1.3.4   Development of mathematical relations  

Results from laboratory measurements in terms of intermediate principal 

stresses and the tensile strength of rock will be used to formulate mathematical 

 

 

 

 

 

 

 

 



5 
 

relations.  Intermediate principal stresses and the applied stresses can be incorporated 

to the equation, and derive a new failure criterion (modified from Coulomb failure 

criterion) for rocks under tension. 

 1.3.5 Conclusions and thesis writing 

All research activities, methods, and results will be documented and complied 

in the thesis.  The research or findings will be published in the conference 

proceedings or journals. 

1.4 Scope and limitations 

The scope and limitations of the research include as follows. 

1. Laboratory experiments will be conducted on five rock types: Phra Wihan 

(PW) and Phu Phan (PP) sandstones, Phu Kradung (PK) siltstone and Saraburi (SB) 

marble. 

2.  Basic characterization tests are performed to obtain the Brazilian tensile 

strength and the uniaxial and triaxial compressive strengths of the rocks. 

3. The tension tests include Brazilian tension test under axial confinement, 

direct tension test and thin plate under point loading. 

4. Up to 20 samples will be tested for each rock type, with a nominal 

diameter of 10 cm and thickness from 0.5 to 1.3 cm. 

5. All tests will be conducted under ambient temperature. 

6. Testing will be made under dry condition. 

7.   No field testing will be performed. scope and limitations of the research 

include as follows. 
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1.5 Thesis contents 

 This research thesis is divided into six chapters.  The first chapter includes 

background and rationale, research objectives, research methodology, and scope and 

limitations. Chapter II presents results of the literature review to the previous research 

on tensile strength test, tensile elastic modulus and tensile strength of rock.  Chapter 

III describes sample preparation.  Chapter IV basic characterization tests are 

performed to obtain the tensile strength.  Chapter V presents mathematical relations. 

Chapter VI is the discussions, conclusions and recommendations for future studies. 

 

 

 

 

 

 

 

 



 

CHAPTER II 

LITERATURE REVIEW 

 Relevant topics and previous research results will be reviewed to improve an 

understanding of tensile strength criterion.  These include all indirect and direct 

methods of testing rock tensile strength. 

  Brazilian tension test is a method for determination of the tensile strength of 

intact rock.  Specifications for the Brazilian tensile strength test have been 

established by American Society for Testing and Materials (ASTM D3967) and a 

suggested approach is provided by ISRM (Brown, 1981).  The Brazilian tension test 

(σB) can be calculated using the equation (Jaeger and Cook, 1979) 

 

 
DL
P2

B π
=σ  (2.1) 

 

where  P is the failure load, D is the disk diameter, and L is the disk thickness. 

Fuenkajorn and Daemen (1986) conducted ring tension tests on 229 mm (9 in) 

diameter disks of Grande basaltic andesire and Pomona basalt with various center 

hole sizes in order to study the relationship between ring tensile strength and relative 

hole radius (hole radius/disk radius).  The tensile strength, σR, decreases as the 

relative hole radius, (mathematical euqation) (available in full paper), increases. A 

power equation, (mathematical equation) (available in full paper) represent the, 

coefficients of strength and shape, respectively, adequately represents the ring tensile 
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strength as a function of relative hole radius over the range investigated.  This 

equation can be used to distinguish the effect of the hole size from the strength results, 

to predict the tensile strength of a ring sample containing arbitrary hole sizes, and to 

approximate the critical relative hole radius of the material tested. 

  Claesson and Bohloli (2002) state that the tensile strength of rock is among 

the most important parameters influencing rock deformability, rock crushing and 

blasting results. To calculate the tensile strength from the indirect tensile (Brazilian) 

test, one must know the principal tensile stress, in particular at the rock disc center, 

where a crack initiates. This stress can be assessed by an analytical solution. A study 

of this solution for anisotropic (transversely isotropic) rock is presented.  

Haimson (2006) studies the effect of the intermediate principal stress (σ2) on 

brittle fracture of rocks, and on their compressive strength criteria.  Testing equipment 

emulating Mogi’s but considerably more compact was developed at the University of 

Wisconsin and used for true triaxial testing of some very strong crystalline rocks.  

Test results revealed three distinct compressive failure mechanisms, depending on 

loading mode and rock type: shear faulting resulting from extensile microcrack 

localization, multiple splitting along the σ1 axis, and nondilatant shear failure.  The 

true triaxial strength criterion for the KTB amphibolite derived from such tests was 

used in conjunction with logged breakout dimensions to estimate the maximum 

horizontal in situ stress in the KTB ultra deep scientific hole. 

Liao et al. (1997) have studied the tensile behavior of a transversely isotropic 

rock by a series of direct tensile tests on cylindrical argillite specimens.  To study the 

deformability of argillite under tension, two components of an electrically resistant 

type of strain gage with a parallel arrangement, or a semiconductor strain gage, are 
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adopted for measuring the small transverse strain observed on specimens during 

testing.  The curves of axial stress and axial strain and average volumetric strain are 

presented for argillite specimens with differently inclined angles of foliation.  

Experimental results indicate that the stress-strain behavior depends on the foliation 

inclination of specimens with respect to the loading direction.  The five elastic 

constants of argillite are calculated by measuring two cylindrical specimens.  Based 

on theoretical analysis results, the range of the foliation inclination of the specimens 

tested is investigated for feasibility obtaining the five elastic moduli.  A dipping angle 

of the foliations (φ) of 30-60° with respect to the plane normal to the loading 

direction is recommended. The final failure modes of the specimens are investigated 

in detail.  A sawtoothed failure plane occurs for the specimens with a high inclination 

of foliation with respect to the plane perpendicular to the loading direction.  On the 

other hand, a smooth plane occurs along the foliation for specimens with low 

inclination of foliation with respect to the plane normal to the loading direction.  A 

conceptual failure criterion of tensile strength is proposed for specimens with a high 

inclination of foliation. 

Tepnarong (2001) proposes that a modified point load (MPL) testing 

technique can be correlated the results with the uniaxial compressive strength (UCS) 

and tensile strength of intact rock.  The primary objective is to develop an inexpensive 

and reliable rock testing method for use in the field and in the laboratory.  The test 

apparatus is similar to that of the conventional point load (CPL), except that the 

loading points are cut flat to have a circular cross-section area instead of using a half-

spherical shape.  To derive a new solution, finite element analyses and laboratory 

experiments have been carried out.  The simulation results suggest that the applied 
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stress required failing the MPL specimen increases logarithmically as the specimen 

thickness or diameter increases.  The maximum tensile stress occurs directly below 

the loading area with a distance approximately equal to the loading diameter.  The 

MPL test, CPL test, UCS test, and Brazilian tension test have been performed on 

Saraburi mable under variety of sizes and shapes.  The UCS test results indicate that 

the strengths decrease with increasing length-to-diameter ratio.  The test results can be 

postulated that the MPL strength can be correlated with the compressive strength 

when the MPL specimens are relatively thin, and should de indicator of the tensile 

strength when the specimens are significantly larger than the diameter of the loading 

points.  Predictive capability of the MPL and CPL techniques has been assessed and 

compared.  Extrapolation of the test results suggest that the MPL results predict the 

UCS of the rock specimens better than does the CPL testing.  The tensile strength 

predicted by MPL also agrees reasonably well with the Brazilian tensile strength of 

the rock.     

Fuenkajorn and Klanphumeesri (2010) study the direct tensile strength and 

deformability from dog-bone shaped specimens of intact sandstone, limestone and 

marble using a compression-to-tension load converter.  The device allows a 

measurement of the rock elastic modulus and Poisson’s ratio under uniaxial tensile 

and compressive stresses on the same specimen.  A series of finite difference analyses 

is performed to obtain a suitable specimen configuration that provides unidirectional 

tensile stresses at the mid-section.  Results indicate that the direct tensile strengths are 

clearly lower than the Brazilian and ring tensile strengths.  The elastic moduli and 

Poisson’s ratios under uniaxial tension are lower than those under uniaxial 

compression. The discrepancy probably relates to the amount and distribution of the 
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pore spaces and micro-fissures, and the bond strength of cementing materials.  The 

porous and relatively poor-bonding sandstone shows a greater difference between the 

tensile and compressive elastic moduli and Poisson’s ratios compared to those of the 

dense and well bonding marble and limestone. 

Walsri et al. (2009) use a polyaxial load frame to determine the compressive 

and tensile strengths of three types of sandstone under true triaxial stresses.  Results 

from the polyaxial compression tests on rectangular specimens of sandstones suggest 

that the rocks are transversely isotropic.  The measured elastic modulus in the 

direction parallel to the bedding planes is slightly greater than that normal to the 

bedding.  Poisson’s ratio on the plane normal to the bedding planes is lower than 

those on the parallel ones.  Under the same σ3, σ1 at failure increases with σ2.  Results 

from the Brazilian tension tests under axial compression reveal the effects of the 

intermediate principal stress on the rock tensile strength.  The Coulomb and modified 

Wiebols and Cook failure criteria derived from the characterization test results predict 

the sandstone strengths in term of J2
1/2 as a function of J1 under true triaxial stresses.  

The modified Wiebols and Cook criterion describes the failure stresses better than 

does the Coulomb criterion when all principal stresses are in compressions.  When the 

minimum principal stresses are in tension, the Coulomb criterion over-estimate the 

second order of the stress invariant at failure by about 20% while the modified 

Wiebols and Cook criterion fails to describe the rock tensile strengths. 

 

 

 

 

 

 

 

 



 

CHAPTER III 

SAMPLE PREPARATION 

3.1 Introduction 

 This chapter describes the rock salt sample preparation procedure to be used in 

the Brazilian tension tests, circular plate bending tests, biaxial and triaxial extension 

tests, uniaxial and triaxial compression tests and four-point bending tests. 

3.2 Sample preparation 

Phra Wihan and Phu Phan sandstones (PWSS, PPSS), Phu Kradung siltstone 

(PKSS), and Saraburi marble (SBMB) have been selected for testing, primarily because 

of their highly uniform texture, density and strength. They are commonly found in the 

north and northeast of Thailand.  Their mechanical properties and responses play a 

significant role in the stability of tunnels, slope embankments and dam foundations in 

the region.  

The sample preparation follows the ASTM (D4543) standard practice, as much 

as practical.  The rock blocks are drilled to obtain cores with nominal diameters of 54 

and 100 mm.  The cylindrical samples with 54-mm diameter are cut and ground for 

Brazilian tension testing (L/D = 0.5) as shown in Figure 3.1.  The cylindrical samples 

with 100-mm diameter are cut and ground to obtain 10-mm thick for circular plate 

bending tests (Figure 3.2).  The cubic specimens with a nominal dimension of 

55×55×55 mm3 are prepared for biaxial and triaxial extension test and uniaxial and 
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triaxial compression test (Figure 3.3).  The rectangular plates with nominal size of 

150×300×20 mm3 are prepared for four-point bending test (Figure 3.4).  All specimens 

are oven-dried before testing. 

PK PW PP 

Figure 3.1  Some rock specimens prepared for Brazilian tension 

testing (L/D = 0.5) with 54-mm in diameter. 
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(a) (b) (c)

Figure 3.2  Some rock specimens prepared for circular plate bending 

tests with 100-mm in diameter are cut and ground to obtain 

10-mm in thick. 
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Figure 3.3  Some rock specimens prepared for biaxial and triaxial 

extension test and uniaxial and triaxial compression test 

with nominal dimensions of 55×55×55 mm3. 

PK PW PP 
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(a) (b) 

(c) 

Figure 3.4   Some rock specimens prepared for four-point bending test 

with nominal sizes of 150×300×20 mm3. 

PKSS PWSS 

PPSS 

 

 

 

 

 

 

 

 



 

CHAPTER IV 

LABORATORY TESTING 

4.1 Introduction 

 The objective of this study is to determine the effects of intermediate principal 

stresses on rock tensile strengths, and to verify whether the indirect (Brazilian) tensile 

strength can be correlated with the uniaxial and triaxial compressive strengths via the 

Coulomb criterion. The effort involves the measurement of the rock tensile strengths 

under various configurations (e.g. Brazilian tension tests, circular plate bending tests 

and four-point bending tests) of the applied principal stresses. Extrapolation of the 

Coulomb criteria from the compressive to the tensile regions is made from the uniaxial 

and triaxial compressive strengths of four rock types. The findings can improve an 

understanding of the tensile failure of intact rocks under a variety of stress states. 

4.2 Basic characterization tests 

 Basic characterization tests are performed to obtain the Brazilian tensile 

strength the uniaxial and triaxial compressive strengths of the rocks.  The test 

procedure follows the ASTM (D7012-10; D3967-95) standard practices.  The 

confining pressures for the triaxial compressive strength testing range from 1.4, 3.0, 

5.0 to 7.0 MPa.  The failure stresses are recorded and mode of failure examined.  

Table 4.1 shows the results obtained from uniaxial and triaxial compressive strength 

tests and Table 4.2 summarizes the strength results for the four rock types in terms of 
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uniaxial compressive strength (σc), Brazilian tensile strength (σB), cohesion (c) and 

friction angles (φ).  The Mohr’s circles representing the failure stresses are plotted in 

Figure 4.1.  The results show that the Brazilian tensile strength cannot be correlated 

with the uniaxial and triaxial compression test results. 

 

Table 4.1  Summarizes the strength results obtained from uniaxial and triaxial 

compressive strength tests. 

Rock 
types 

Laborato
ry tests 

Major principal 
stress, σ1 (MPa) 

Intermediate 
principal stress , σ2 

(MPa) 

Minor principal 
stress, σ3 (MPa) 

PPSS 

Triaxial 80.0 7.0 7.0 

Triaxial 70.0 5.0 5.0 

Triaxial 64.0 3.0 3.0 

Triaxial 56.0 1.4 1.4 

UCS 47.0 0.0 0.0 

PWSS 

Triaxial 84.0 7.0 7.0 

Triaxial 75.0 5.0 5.0 

Triaxial 61.0 3.0 3.0 

Triaxial 47.5 1.4 1.4 

UCS 38.0 0.0 0.0 

PKSS 

Triaxial 78.0 7.0 7.0 

Triaxial 69.0 5.0 5.0 

Triaxial 53.0 3.0 3.0 

Triaxial 41.0 1.4 1.4 

UCS 30.3 0.0 0.0 

SBMB 

Triaxial 69.8 7.0 7.0 

Triaxial 57.1 5.0 5.0 

Triaxial 45.5 3.0 3.0 

Triaxial 34.7 1.4 1.4 

UCS 26.3 0.0 0.0 
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Table 4.2  Summarizes the strength results. 

Rock 
types 

Uniaxial 
compressive 

strength, σc (MPa) 

Brazilian tensile 
strength, σB (MPa) 

Friction 
angles, φ 
(degrees) 

Cohesion, c 
(MPa) 

PWSS 38.0 ± 7.5 6.7 ± 0.2 47 8.0 
PKSS 30.3 ± 12.7 9.7 ± 0.1 44 7.7 
PPSS 47.0 ± 11.1 10.7 ± 0.7 44 9.4 

SBMB 22.0 ± 6.9 8.0 ± 0.3 46 5.8 
 

 (M
Pa

)

 (M
Pa

)
 (M

Pa
)

 (M
Pa

)

 

  
Figure 4.1 Mohr’s circles representing Brazilian tensile strength 

(dash line) and uniaxial and triaxial compressive 

strengths (solid lines). 

φ = 47° 
c = 8.0 MPa 

φ = 44° 
c = 7.7 MPa 

φ = 44° 
c = 9.4 MPa 

φ = 46° 
c = 5.8 MPa 
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4.3 Triaxial extension tests  

Triaxial extension tests (Tiwari et. al, 2006; Samsri et. al, 2011; Sriapai et. al, 

2011; Pobwandee and Fuenkajorn, 2011) differs from a triaxial compression tests 

because for triaxial extension the lateral stress is increased while the axial stress is 

held constant. The results from this test method provide the rock strength for the 

condition where σ1 = σ2 > 0 and σ3 > 0.  The minimum principal stresses (axial 

stress) range from 0, 2, 4 to 6 MPa while the intermediate and major principal 

stresses are equal and increased until failure occurs.  Table 4.3 summarizes the 

strength results obtained from the test.  

4.4 Brazilian tension tests with axial confinement 

The Brazilian tension test with axial confinement uses disk specimens with a 

nominal diameter of 54 mm with a thickness-to-diameter ratio of 0.5 (ASTM D3967-

95).  The polyaxial load frame (Walsri et al., 2009) is used to apply a constant axial 

stress on the disk specimen while the diametral line load is increased until failure 

(Figure 4.2).  The constant axial stress is varied from zero (Brazilian test) to as high 

as the rock compressive strength (diametral line load is zero - uniaxial test).  

Neoprene sheets are used to minimize the friction between the rock surface and 

loading platen in the axial direction. 

The results indicate that the tensile (horizontal) stresses (σx) and compressive 

(vertical) stresses (σy) induced at the crack initiation point in the middle of the 

specimen decrease with the increase of axial stress (σz), as shown in Figure 4.3.  

Assuming that the rocks are linearly elastic and the law of superposition is valid, 

these stresses can be calculated by (Jaeger and Cook 1979):  
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Table 4.3  Results obtained from triaxial extension test. 

σ3 (MPa) σ1 = σ2 (MPa) 
PWSS PKSS PPSS SBMB 

0.0 15.0 51.0 71.1 36.0
2.0 56.3 69.4 77.8 55.8
4.0 68.5 79.8 94.4 66.9
6.0 77.8 94.4 102.7 83.5

 

Specimen

Applied 
Line Load

Applied 
Axial Stress

Steel bar

Hydraulic 
Jack 

Axial Stress

Dead 
Weight

Pf

z

y

x

 

Figure 4.2 Polyaxial load frame used in Brazilian tension test with 

axial confinement (Walsri et al., 2009). 
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Figure 4.3 Induced compressive (σy) and tensile (σx) stresses at 

failure as a function of applied axial stress (σz) (Walsri 

et al., 2009). 
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σx = -2P/πDL  (4.1) 

 

 σy= 6P/πDL = -3σx  (4.2) 

 

 σz = Applied axial stresses (4.3) 

 

where Pf is the failure load, D is the disk diameter and L is the disk thickness. The 

applied axial stresses are varying from 0 to the uniaxial compressive strength (σc).   

At the crack initiation point σy, σx and σz represent the principal stresses.  The 

induced tensile stress σx is always the minimum principal stress.  The magnitudes of 

the applied axial stress determine whether σy or σz is the maximum principal stress.  

Under low applied σz, σy is the maximum principal stress and σz is the intermediate 

principal stress.  Under high σz, σy becomes the intermediate principal stress and σz is 

the maximum principal stress. The results indicate that the state of stresses where σ1 = σ2 

are positive while σ3 is negative.   Table 4.4 summarizes the test results obtained 

from Brazilian tension test under axial compression. 

Post-failure observations show that under low σz a single splitting extension 

crack along the loading diameter is normally induced in the disk specimen.  Multiple 

extension cracks are developed as σz increases.  When σz reaches the uniaxial 

compressive strength of the rocks, the specimens fail without applying the diametral 

line load.  At this point the specimens are crushed, resulting in multiple shear 

fractures and extension cracks (Figure 4.4).  It is postulated that the axial stress 

produces tensile strains perpendicular to its direction due to the effect of the 

Poisson’s ratio.  The line load at failure therefore decreases with increasing σz. 

 

 

 

 

 

 

 

 



24 
 

Table 4.4  Results obtained from Brazilian tension test under axial compression. 

PWSS  PKSS 
σx (MPa) σy (MPa) σz (MPa)  σx (MPa) σy (MPa) σz (MPa) 

0.0 0.0 55.0  0.0 0.0 78.0 
-1.3 3.8 40.3  -1.6 4.8 64.6 
-2.5 7.6 31.0  -2.0 6.1 59.4 
-3.4 10.1 25.0  -2.6 7.7 55.9 
-3.7 11.0 21.7  -3.3 9.7 50.7 
-4.2 12.6 18.3  -4.3 13.0 40.3 
-5.1 15.4 15.1  -5.3 15.8 33.3 
-5.7 17.1 11.9  -5.9 17.7 26.7 
-5.7 17.2 7.2  -6.8 20.5 20.0 
-6.3 19.0 3.0  -7.9 23.7 7.2 
-6.7 20.1 0.0  -9.7 29.1 0.0 

   

PPSS  SBMB 
σx (MPa) σy (MPa) σz (MPa)  σx (MPa) σy (MPa) σz (MPa) 

0.0 0.0 90.0  0.0 0.0 52.0 
-2.6 7.7 64.6  -1.2 3.6 42.2 
-3.1 9.4 59.4  -1.8 5.4 36.3 
-4.7 14.1 49.0  -2.5 7.5 33.8 
-5.4 16.3 43.0  -3.7 11.1 25.2 
-5.5 16.6 40.3  -4.6 13.8 21.1 
-7.0 20.8 33.3  -5.6 16.8 16.3 
-7.8 23.5 26.7  -6.5 19.5 12.5 
-8.6 25.8 20.0  -7.5 22.5 6.6 
-9.0 27.1 13.4  -8.0 24.1 0.0 
-9.9 29.7 7.2  - - - 
-10.7 32.0 0.0  - - - 
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Figure 4.4 Some post-test specimens from Brazilian test with axial 

confinement (Walsri et al., 2009). 
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4.5 Four-point bending tests 

 The test arrangement for the four-point bending is shown in Figure 4.5.  The 

results from this test method provide the rock tensile strengths for the condition 

where σ1 = σ2 = 0 and σ3 = σbend is negative.  The 150×300×20 mm3 rock samples 

bear on the steel rollers with 8 mm in diameter, which are located at the base L = 100 

mm.  A press load is applied to the identical rollers, placed at the distance g = 40 mm, 

through the spherical bearing.  The tensile stresses (σbend) in the bottom surface of the 

bar can be calculated as (Efimov, 2011):  

 

 

( )f
bend 2 2

3P L g6M
Bt 2Bt

σ
−

= =
 

 (4.4) 

 

where F, M are the maximum values of applied load and moment, respectively, t is 

the thickness of the sample, B is the width of the sample, and Pf is maximum load as 

failure.  Table 4.5 shows the results from four-point bending tests of all rock types. 

4.6 Circular plate bending tests  

 The circular disks with diameter of 100 mm are cut and ground to obtain 10-

mm thick.  The plate bending tests on circular disk determines the tensile strength 

where σ1 = 0 and σ2 = σ3 = σt are negative.  The circular disk is simply-supported 

around its outer circumference. The line load (Pf) is applied concentrically to the 

circular disk through a tube of diameter c as shown in Figure 4.6. 
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Table 4.5  Results obtained from four-point bending tests. 

 

 

 

 

Rock Types Tensile Stresses (σbend, MPa) 

PPSS 13.6±0.35 

PKSS 9.4±0.33 

PWSS 8.6±0.53 

SBMB 8.2±0.11 

Figure 4.5 Four-point bending tests arrangement. 
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Figure 4.6 Circular plate bending test arrangement. 
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The governing equation for bending behaviour of a symmetric orthotropic thin plate 

is expressed below (Ugural, 1999) where the tangential and radial tensile strengths 

(σr, σt) are equal. 

 

 
( ) ( )

2
f

r t 2 2
3P c a1 1 2 1 ln

c4 t a
σ σ ν ν

π

⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥= = − − + +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎢ ⎥⎝ ⎠⎣ ⎦
 (4.5) 

 

where Pf is maximum load as failure, t is the thickness of circular rock sample, v is 

Poisson’s ratio, and a, c are the outside and inside diameters.  Table 4.6 shows the 

results from circular plate bending tests. Figure 4.7 shows the pre- and post-test 

specimens from circular plate bending tests.  
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Table 4.6  Results obtained from circular plate bending tests. 

Rock Types No. of 
Samples 

Thickness 
(mm) Load (N) Tensile Stresses, σr 

(MPa) 

PKSS 

PK_SS-01 7.8 600 4.49 

PK_SS-02 6.0 700 8.94 
PK_SS-03 6.7 790 7.93 
PK_SS-04 6.3 650 7.39 
PK_SS-05 5.5 550 8.27 

AVERAGE±SD 7.4±1.72 

PPSS 

PP_SS-01 11.85 1840 5.92 
PP_SS-02 12.27 1750 5.25 
PP_SS-03 13.25 1845 4.75 
PP_SS-04 12.6 1445 4.11 
PP_SS-05 12.73 1595 4.45 

AVERAGE±SD 4.89±0.71 

PWSS 

PW_SS-01 12 1700 5.33 
PW_SS-02 12 1840 5.77 
PW_SS-03 12 1860 5.83 
PW_SS-04 13 2640 7.06 
PW_SS-05 9.59 1790 8.79 

AVERAGE±SD 6.56±1.4 

SBMB 

SB_MS-01 13 2240 6.03 
SB_MS-02 13 2190 5.89 
SB_MS-03 13 2640 7.11 
SB_MS-04 12.65 2100 5.97 
SB_MS-05 11.8 1840 6.01 

AVERAGE±SD 6.2±0.5 
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Figure 4.7 Pre-and post-test specimens from circular plate 

bending test. 

 

 

 

 

 

 

 

 



 

CHAPTER V 

EXTENSION OF COULOMB STRENGTH CRITERION 

5.1 Introduction 

 The purpose of this chapter is to describe the extrapolation of the Coulomb 

criterion from the compressive to the tensile regions that are developed from the uniaxial 

and triaxial compressive strengths, Brazilian tensile strengths, circular plate bending 

strengths, biaxial and triaxial extension strengths and four-point bending strengths of 

the four rock types.  The findings can improve an understanding of the tensile failure of 

intact rocks under a variety of stress states.  

5.2 Strength criterion 

 The Coulomb failure criterion is used to describe the rock strengths in 

compressive and tensile regions.  First the σx, σy, and σz from the Brazilian tension 

test under confinement are defined.  The condition where σ1 equals to σ2 is selected 

to develop the strength criterion.  Table 5.1 gives the rock strengths from various 

tests in terms of the principal stresses. 

 The Coulomb criterion may be written in the form of the principal stresses as 

(Jaeger and Cook, 1979): 

 
 σ1 = 2⋅c⋅tan (α) + σ3 tan2 (α) (5.1) 
 
 

 α = π/4 + ½ φ (5.2) 
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where c is the cohesion, φ is internal friction angle, and 2⋅c⋅tan(α) is the uniaxial 

compressive strength of rock.  This failure criterion assumes that the intermediate 

principal stress has no influence on the failure. 

 
Table 5.1.  Principal stresses obtained from different test methods 

 
 

Test 
Methods 

PWSS PKSS 
σ1 (MPa) σ2 (MPa) σ3 (MPa) σ1 (MPa) σ2 (MPa) σ3 (MPa)

σ 1
 >

 (σ
2 
=

 σ
3 
) TCS 84.0 7.0 7.0 78.0 7.0 7.0

TCS 75.0 5.0 5.0 69.0 5.0 5.0
TCS 61.0 3.0 3.0 53.0 3.0 3.0
TCS 47.5 1.4 1.4 41.0 1.4 1.4
UCS 38.0 0.0 0.0 30.3 0.0 0.0
CPB 0.0 -6.6 -6.6 0.0 -7.4 -7.4

(σ
2 
=

  σ
2 
) >

 σ
3 FPB 0.0 0.0 -8.6 0.0 0.0 -9.4

MBZ 15.0 15.0 -5.2 20.5 20.5 -6.8
TXC 56.3 56.3 0.0 51.0 51.0 0.0
TXC 68.5 68.5 2.0 69.4 69.4 2.0
TXC 77.8 77.8 4.0 79.8 79.8 4.0
TXC 90.5 90.5 6.0 94.4 94.4 6.0

Test 
Methods 

PPSS SBMB 
σ1 (MPa) σ2 (MPa) σ3 (MPa) σ1 (MPa) σ2 (MPa) σ3 (MPa)

σ 1
 >

 (σ
2 
=

 σ
3 
) TCS 80.0 7.0 7.0 75.5 7.0 7.0

TCS 70.0 5.0 5.0 59.7 5.0 5.0
TCS 64.0 3.0 3.0 46.1 3.0 3.0
TCS 56.0 1.4 1.4 29.5 1.4 1.4
UCS 47.0 0.0 0.0 22.0 0.0 0.0
CPB 0.0 -7.5 -7.5 0.0 -6.2 -6.2

(σ
1 
=

  σ
2 
) >

 σ
3 FPB 0.0 0.0 -13.6 0.0 0.0 -8.2

MBZ 25.8 25.8 -8.6 16.3 16.3 -5.6
TXC 71.1 71.1 0.0 36.0 36.0 0.0
TXC 77.8 77.8 2.0 55.8 55.8 2.0
TXC 94.4 94.4 4.0 66.9 66.9 4.0
TXC 102.7 102.7 6.0 83.5 83.5 6.0

TCS  – Triaxial compression test  
FPB  – Four point bending test 
UCS – Uniaxial compression test  
MBZ – Brazilian tension test under axial compression 
CPB – Circular plate bending test TXC – Triaxial extension test 
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Figure 5.1 presents the test results in the form of the Coulomb criterion.  The 

stresses in compressive region are separated into two conditions; the triaxial 

extension (σ1 = σ2) and the triaxial compression (σ2 = σ3).  The uniaxial and triaxial 

compression test results are correlated with those obtained from circular plate 

bending test.  The results from biaxial and triaxial extension test are correlated with 

those of the Brazilian tension test under axial confinement and four-point bending 

test.  The linear correlation is extended from the compressive to the tensile region.  

The results indicate that the Coulomb criterion can well correlate with the 

compressive and tensile strengths obtained from each stress condition. The Brazilian 

tensile strength (where σ1 = 3σB is positive, σ2 = 0, and σ3 = σB is negative) cannot 

be correlated with the failure criterion developed from the two stress conditions. 
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1 32c tan tan
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Figure 5.1 Major principal stresses (σ1) as a function of minor principal stresses (σ3) 

for various tests.   

 

 

 

 

 

 

 

 



 

CHAPTER VI 

DISCUSSIONS, CONCLUSIONS AND   

RECOMMENDATIONS 

6.1 Discussions and conclusions 

 The objective of this study is to determine the effects of intermediate principal 

stresses on the rock tensile strengths, and to verify whether the indirect (Brazilian) tensile 

strength can be correlated with the Coulomb criterion. The effort involves the measurement 

of the tensile strengths of four rock types under various configurations of the applied 

principal stresses.  

 Compressive and tensile strength tests are performed on intact rocks prepared 

from Phu Phan, Phra Wihan and Phu Kradung sandstones and Saraburi marble to 

determine the effect of the intermediate principal stress on the tensile strength results.  

The tests are separated into two groups based on the stress state at failure; triaxial 

extension (σ1 = σ2 ≠ σ3) and triaxial compression (σ1 ≠ σ2 = σ3).  The first group includes 

biaxial and triaxial extension tests, four point bending tests and Brazilian tension tests 

with axial compression.  The second group includes uniaxial and triaxial compression 

tests and circular plate bending tests.  The results indicate that the Coulomb criterion can 

well correlate with the compressive and tensile strengths obtained from each stress 

condition.  For all rock types the compressive and tensile strengths and cohesion obtained 

from the triaxial extension tests are greater than those obtained from the triaxial 

compression tests.  Both stress conditions give similar internal friction angle.  This 
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suggests that σ2 can strengthen the rock for both compressive and tensile regions.  More 

important the results indicate that the Brazilian tensile strength cannot be correlated with 

the two stress conditions.  It is recommended that an extension of the Coulomb criterion 

into the tensile region should be correlated with the tensile strength obtained from the 

circular plate bending test rather than the Brazilian tension test. 

6.2 Recommendations 

 The uncertainties and adequacies of the research investigation and results 

discussed above lead to the recommendations for further studies testing is required to 

assess the effect of the intermediate principal stress.  More rock types are needed to 

confirm the applicability and limitations of the proposed concept.  The criterion used 

in this study may not be adequately to describe the rock behavior.  Other criteria, such 

as Mogi may be needed to describe the rock behavior, particularly where the 

relationship between the shear stress and normal stress at failure is not linear. 
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