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 การทดสอบจุดกดแบบปรับเปล่ียนไดถูกนํามาใชในการหาคาความเคนกด แรงดึง และคา
ความยืดหยุนของหินตัวอยางในหองปฏิบัติการทดสอบ มาเปนเวลาเกือบสิบปแลว วิธีการทดสอบ
นี้ไดถูกประดิษฐ และจดทะเบียนลิขสิทธ์ิโดยมหาวิทยาลัยเทคโนโลยีสุรนารี เคร่ืองมือ และวิธีการ
ทดสอบถูกออกแบบใหมีราคาถูกและงาย เม่ือเปรียบเทียบกับวิธีการทดสอบเพ่ือหาคุณสมบัติเชิงกล
ของหินแบบดั้งเดิม เชน วิธีการทดสอบตามมาตรฐาน ISRM และ ASTM ในอดีตการทดสอบจุดกด
แบบปรับเปล่ียนสวนใหญมักทดสอบในแทงตัวอยางหินท่ีเปนรูปวงกลม และรูปส่ีเหล่ียมมุมฉาก 
ในขณะท่ีมีการอางวาการทดสอบแบบจุดกดแบบปรับเปล่ียนนี้สามารถใชไดกับหินทุกรูปราง แต
ผลทดสอบวิธีนี้กับหินท่ีมีรูปรางไมเปนทรงเรขาคณิตยังมีนอยมาก เนื่องจากเหตุนี้จึงยังไมมีการ
ยืนยันอยางเพียงพอวา วิธีการทดสอบจุดกดแบบปรับเปล่ียนสามารถใชไดจริงและมีความสม่ําเสมอ
เพียงพอในการตรวจหาคุณสมบัติทางกลศาสตรพื้นฐานของหินในภาคสนามซ่ึงไมสามารถจัดหา
เคร่ืองเจาะและเครื่องตัดหินได  
 วัตถุประสงคของงานวิจัยนี้คือ เพื่อประเมินศักยภาพของการทดสอบของวิธีการทดสอบ
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และ tuffaceous sandstone ซึ่งเก็บรวบรวมมาจากผนังบอทางดานทิศเหนือของเขาหมอที่เหมือง
แรทองคําชาตรี จะถูกนํามาใชในการทดสอบนี้ อัตราสวนระหวางความหนาของหินตัวอยางตอ
เสนผาศูนยกลางของหัวกด แปรผันระหวาง 2 ถึง3 และ อัตราสวนระหวางเสนผาศูนยกลางของ
ตัวอยางหินกับเสนผาศูนยกลางของหัวกดแปรผันระหวาง 5 ถึง 10 การสูญเสียรูปรางและการ
แตกหักของหินจะถูกนํามาใชในการคํานวณหาคาความยืดหยุนและความแข็งแรงของหิน และ
จะมีการทดสอบแรงกดในแกนเดียวและแรงกดในสามแกน การทดสอบแรงดึง และการทดสอบ
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เปรียบเทียบกับผลที่ไดจากการทดสอบจุดกดแบบปรับเปลี่ยน แบบจําลองโดยใชโปรแกรม
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มีรูปรางที่ไมเปนรูปทรงทางเรขาคณิตของหินตัวอยาง ความเหมือนและความแตกตางของผล
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TRIAXIAL COMPRESSIVE STRENGTH/UNIAXIAL COMPRESSIVE 

STRENGTH/ ELASIC MODULUS/ POINT LOAD/TENSILE STRENGTH 

 

For nearly a decade, modified point load (MPL) testing has been used to 

estimate the compressive and tensile strengths and elastic modulus of intact rock 

specimens in the laboratory.  This method was invented and patented by Suranaree 

University of Technology.  The test apparatus and procedure are intended to be 

inexpensive and easy, compared to the relevant conventional methods of determining 

the mechanical properties of intact rock, e.g. those given by the International Society 

for Rock Mechanics (ISRM) and the American Society for Testing and materials 

(ASTM).  In the past much of the MPL testing practices have been concentrated on 

circular and rectangular disk specimens.  While it has been claimed that MPL method 

is applicable to all rock shapes, the test results from irregular lumps of rock have been 

rare, and hence are not sufficient to confirm that the MPL testing technique is truly 

valid or even adequate to determine the basic rock mechanical properties in the field 

where rock drilling and cutting devices are not available. 

The objective of this research is to experimentally assess the performance of 

the modified point load testing on rock samples with irregular shapes.  Three rock 

types obtained from the north pit-wall of Khao Moh at Chatree gold mine will be used 

as rock samples.  A minimum of 150 samples of porphyritic andesite, silicified-

tuffaceous sandstone, and tuffaceous sandstone will be collected from the site.  The 
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sample thickness-to-loading diameter ratio (t/d) is varied from 2 to 3, and the sample 

diameter-to-loading diameter ratio (D/d) from 5 to 10.  The sample deformation and 

failure will be used to calculate the elastic modulus and strengths of the rocks.  

Uniaxial and triaxial compression tests, Brazilian tension test and conventional point 

load test will also be conducted on the three rock types to obtain data basis for 

comparing with those from the MPL testing.  Finite difference analysis will be 

performed to obtain stress distribution within the MPL samples under different t/d and 

D/d ratios.  The effects of the sample irregularity will be quantitatively assessed.  

Similarity and discrepancy of the test results from the MPL method and from the 

conventional methods will be examined.  Modification of the MPL calculation 

scheme may be made to enhance its predictive capability for the mechanical 

properties of irregular shaped specimens. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background and rationale 

 In geological exploration, mechanical rock properties are one of the most 

important parameters that will be used in the analysis and design of engineering 

structures in rock mass.  To obtain these properties, the rock from the site is extracted 

normally by mean of core drilling, and then transported the cores to the laboratory 

where the mechanical testing can be conducted.  Laboratory testing machine is 

normally huge and can not be transported to the site. On site testing of the rocks may 

be carried out by some techniques, but only on a very limited scale.  This method is 

called for point load strength Index testing.  However, this test provides unreliable 

results, and lacks theoretical supports. Its results may imply to other important 

properties (e.g., compressive and tensile strength), but only based on an empirical 

formula, which usually poses a high degree of uncertainty. 

 For nearly a decade, modified point load (MPL) testing has been used to 

estimate the compressive and tensile strength and elastic modulus of intact rock 

specimens in the laboratory (Tepnarong, 2001).  This method was invented and 

patented by Suranaree University of Technology.  The test apparatus and procedure 

are intended to be in expensive and easy, compared to the relevant conventional 

methods of determining the mechanical properties of intact rock, e.g., those given by 

the International Society for Rock Mechanics (ISRM) and the American Society for 
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Testing and Materials (ASTM).  In the past much of the MPL testing practices has 

been concentrated on circular and disk specimens. While it has been claimed that 

MPL method is applicable to all rock shapes, the test results from irregular lumps of 

rock have been rare, and hence are not sufficient to confirm that the MPL testing 

technique is truly valid or even adequate to determine the basic rock mechanical 

properties in the field where rock drilling and cutting devices are not available.  

 

1.2 Research objectives 

 The objective of this research is to experimentally assess the performance of 

the modified point load testing on rock samples with irregular shapes.  Three rock 

types obtained from the north pit-wall of Khao Moh at Chatree gold mine are used as 

rock samples.  A minimum of 150 rock samples of porphyritic andesite, silicified-

tuffaceous sandstone and tuffaceous sandstone are collected from the site.  The 

sample thickness-to-loading diameter ratio (t/d) is varied from 2 to 3 and the sample 

diameter-to-loading diameter ratio (D/d) from 5 to 10.  The sample deformation and 

failure are used to calculate the elastic modulus and strengths of rocks.  Uniaxial and 

triaxial compression tests, Brazilian tension test and conventional point load test are 

conducted on the three rock types to obtain data basis for comparing with those from 

MPL testing.  Finite difference analysis is performed to obtain stress distribution 

within the MPL samples under different t/d and D/d ratios.  The effect of the 

irregularity is quantitatively assessed.  Similarity and discrepancy of the test results 

from the MPL method and from the conventional method are examined.  

Modification of the MPL calculation scheme may be made to enhance its predictive 

capability for the mechanical properties of irregular shaped specimens. 
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1.3 Research concept 

 A modified point load (MPL) testing technique was proposed by Fuenkajorn 

and Tepnarong (2001) and Fuenkajorn (2002).  The objectives of this testing are to 

determine the elastic modulus, uniaxial compressive strength and tensile strength of 

intact rocks.  The application of testing apparatus is modified from the loading 

platens of the conventional point load (CPL) testing to the cylindrical shapes that 

have the circular cross-section while they are half-spherical shapes in CPL. 

 The modes of failure for the MPL specimens are governed by the ratio of 

specimen diameter to loading platen diameter (D/d) and the ratio of specimen 

thickness to loading platen diameter (t/d).  This research involves using the MPL 

results to estimate the triaxial compressive strength of specimens which various D/d 

and t/d ratios and compare to the conventional compressive strength test.  

 

1.4 Research methodology 

 This research consists of six main tasks; literature review, sample collection 

and preparation, laboratory testing, finite difference analysis, comparison, discussions 

and conclusions.  The work plan is illustrated in the Figure 1.1 

1.4.1 Literature review 

 Literature review is carried out to study the state-of-the-art of CPL and MPL 

techniques, including theories, test procedure, results, analysis and applications.  The 

sources of information are from journals, technical reports and conference papers.  A 

summary of literature review is given in this thesis.  Discussions have been also been 

made on the advantages and disadvantages of the testing, the validity of the test results 
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when correlating with the uniaxial compressive strength of rocks, and on the failure 

mechanism the specimens. 

 1.4.2 Sample collection and preparation 

  Rock samples are collected from the north pit-wall of Khao 

Moh at Chatree gold mine. Three rock types are tested with a minimum of 50 

samples for each rock type.  The selection criteria are that the rock should be 

homogeneous as much as possible, and that sample collection should be convenient 

and repeatable.  Sample preparation is carried out in the laboratory at Suranaree 

University of Technology. 

 1.4.3 Theoretical study of the rock failure mechanism 

  The theoretical work primarily involves numerical analyses on 

the MPL specimens under various shapes.  Failure mechanism of the modified point 

load test specimens is analyzed in terms of stress distributions along loaded axis.  The 

finite difference code FLAC is used in the simulation.  The mathematical solutions 

are derived to correlate the MPL strengths of irregular-shaped samples with the 

uniaxial and traiaxial compressive strengths, tensile strength and elastic modulus of 

rock specimens 

1.4.4 Laboratory testing 

  Three prepared rock type samples are tested in laboratory 

which are divided into two main groups as follows. 

 1.4.4.1 Characterization tests 

 The characterization tests include uniaxial compressive 

strength tests (ASTM D7012-07), Brazilian tensile strength tests (ASTM D3967, 

1981), triaxial compressive strength tests (ASTM D7012-07), and conventional point 



 6

load index tests (ASTM D5731, 1995).  The characterization testing results are used 

in verifications of the proposed MPL concept. 

 1.4.4.2 Modified point load tests 

 Three rock types of rock from the north pit-wall of 

Khao Moh at Chatree gold mine are used as rock samples.  A minimum of 150 rock 

samples of porphyritic andesite, silicified-tuffaceous sandstone and tuffaceous 

sandstone are used in the MPL testing.  The sample thickness-to-loading diameter 

ratio (t/d) is varied from 2 to 3 and the sample diameter-to-loading diameter ratio 

(D/d) from 5 to 10.  The sample deformation and failure are used to calculate the 

elastic modulus and strengths of rocks. The MPL testing results are compared with 

the standard tests and correlated the relations in terms of mathematic formulas. 

 1.4.5 Analysis 

 Finite difference analysis is performed to obtain stress 

distribution within the MPL samples under various shapes with different t/d and D/d 

ratios.  The effect of the irregularity is quantitatively assessed.  Similarity and 

discrepancy of the test results from the MPL method and from the conventional 

method are examined.  Modification of the MPL calculation scheme may be made to 

enhance its predictive capability for the mechanical properties of irregular shaped 

specimens. 

 1.4.6 Thesis writing and presentation 

 All aspects of the theoretical and experimental studies 

mentioned are documented and incorporated into the thesis.  The thesis discusses the 

validity and potential applications of the results. 
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1.5 Scope and limitations 

 The scope and limitations of the research include as follows. 

1 Three rock types of rock from the pit wall of Chatree gold mine are 

selected as a prime candidate for use in the experiment. 

2 The analytical and experimental work assumes linearly elastic, 

homogeneous and isotropic conditions. 

3 The effects of loading rate and temperature are not considered.  All tests 

are conducted at room temperature. 

4 MPL tests are conducted on a minimum of 50 samples. 

5 The investigation of failure mode is on macroscopic scale.  Macroscopic 

phenomena during failure are not considered. 

6 The finite difference analysis is made in axis symmetric and assumed 

elastic, homogeneous and isotropic conditions. 

7 Comparison of the results from MPL tests and conventional method is 

made. 

 

1.6 Thesis contents 

 The first chapter includes six sections. It introduces the thesis by briefly 

describing the background and rationale, and identifying the research objectives that 

are describes in the first and second section.  The third section describes the proposed 

concept of the new testing technique.  The fourth section describes the research 

methodology.  The fifth section identifies the scope and limitation of the research and 

the description of the overview of contents in this thesis are in the sixth section. 



CHAPTER II 
 

LITERATURE REVIEW 

 

2.1 Introduction 

 This chapter summarizes the results of literature review carried out to improve an 

understanding of the applications of modified point load testing to predict the strengths and 

elastic modulus of the intact rock.  The topics reviewed here include conventional point 

load test, modified point load test, characterization tests, and size effects. 

 

2.2 Conventional point load tests 

Conventional point load (CPL) testing is intended as an index test for the strength 

classification of rock material. It has long been practiced to obtain an indicator of the 

uniaxial compressive strength (UCS) of intact rocks.  The testing equipment (Figure 2.1) 

is essentially a loading system comprising a loading flame, hydraulic oil pump, ram and 

loading platens.  The geometry of the loading platen is standardized (Figure 2.2) having 

60 degrees angle of the cone with 5 mm radius of curvature at the cone tip.  It is made of 

hardened steel.  The CPL test method has been widely employed because the test 

procedure and sample preparation are simple, quick and inexpensive, as compared with 

conventional tests as the unconfined compressive strength test.  Starting with a simple 

method to obtain a rock properties index, the International Society for Rock Mechanics 

(ISRM) commissions on testing methods have issued a recommended procedure for the 

point load testing (ISRM, 1985) the test has also been established as a standard test 

method by the American Society for Testing and Materials in  1995 (ASTM, 1995).   
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Although the point load test has been studied extensively (e.g. Broch and Franklin, 

1972; Bieniawski, 1974 and 1975; Wijk, 1980; Brook, 1985), the theoretical solutions 

for the test result remain rare.  Several attempts have been made to truly understand 

the failure mechanism and the impact of the specimen size on the point load strength 

results.  It is commonly agreed that tensile failure is induced along the axis between 

loading points (Evans, 1961; Hiramutsu, 1976; Wijk, 1978, 1980). The most 

commonly accepted formula relating the CPL index and the UCS is proposed by 

Broch and Franklin (1972).  The UCS (or σc) can be estimated as about 24 times of 

the point load strength index (Is) of rock specimens with the diameter-to-length ratio 

of 0.5.  The IS value should also be corrected to a value equivalent to the specimen 

diameter of 50 mm.  The factor of 24 can sometimes load to an error in the prediction 

of the UCS.  Most previous studied have been done experimentally, but rare 

theoretical attempt has been made to study the validity of Broch and Franklin 

formula. 

 The CPL testing has been performed using a variety of sizes and shapes of 

rock specimen (Wijk, 1980; Foster, 1983; Panek and Fannon, 1992; Chau and Wong, 

1996; Butenuth, 1997).  This is to determine the most suitable specimen sizes.  These 

investigations have proposed empirical relations between the IS and σc to be 

universally applicable to various rock types.  However, some uncertainly of these 

relations remains. 

 Panek and Fannon (1992) show the results of the CPL tests, UCS tests and 

Brazilian tension tests that are performed on three hard rocks (iron-formation, 

metadiabase, and ophitic basalt).  The CPL strength is analyzed in terms of the
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Figure 2.1  Loading system of the conventional point load (CPL) (Tepnarong, 2001) 

 

 

 

 

 

 

 

 

 

Figure 2.2  Standard loading platen shape for the conventional point load testing 

(ISRM suggested method and ASTM D5731-95) 
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size and shape effects.  More than 500 an irregular lumps were tested in the field.  

The shape effect exponents for compression have been found to be varied with rock 

types.  The shape effect exponents in CPL tests are constant for the three rocks.  

Panek and Fannon (1992) recommended that the monitoring of the compressive and 

tensile strengths should have various sizes and shapes of specimen to obtain the 

certain properties. 

 Chau and Wong (1996) study analytically the conversion factor relating 

between σc and IS.  A wide range of the ratios of the uniaxial compressive strength to 

the point load index has been observed among various rock types.  It has been found 

that the uniaxial compressive strength of rocks can vary from 6.2 (Nevada test site 

tuff) to 105 (Flaming Gorge shale) times the IS, depending on rock type.  The 

conversion factor relating σc to be Is depends on compressive and tensile strengths, 

the Poisson’s ratio, and the length and diameter of specimen.  The conversion factor 

of 24 (Broch and Franklin, 1972) falls within this range but it is no by meaning 

universal. 

 

2.3 Modified point load tests 

 Tepnarong (2001) proposed a modified point load testing method to correlate 

the results with the uniaxial compressive strength (UCS) and tensile strength of intact 

rocks.  The primary objective of the research is to develop the inexpensive and 

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

similar to 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 were 
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carried out.  The simulation results suggested that the applied stress required failing 

the MPL specimen increased logarithmically as the specimen thickness or diameter 

increased. The MPL tests, CPL tests, UCS tests and Brazilian tension tests were 

performed on Saraburi marble under a variety of sizes and shapes. The UCS test 

results indicated that the strengths decreased with increased the 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 be 

an 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 were assessed.  Extrapolation of the test results suggested that the MPL 

results predicted the UCS of the rock specimens better than the CPL testing.  The 

tensile strength predicted by the MPL also agreed reasonably well with the Brazilian 

tensile strength of the rock. 

 Tepnarong (2006) proposed the modified point load testing technique to 

determine the elastic modulus and triaxial compressive strength of intact rocks.  The 

loading platens are made of harden steel and have diameter (d) varying from 5, 10, 

15, 20, 25, to 30 mm.  The rock specimens tested were marble, basalt, sandstone, 

granite and rock salt.  Basic characterization tests were first performed to obtain 

elastic and strength properties of the rock specimen under standard testing methods 

(ASTM).  The MPL specimens were prepared to have nominal diameters (D) ranging 

from 38 mm to 100 mm, with thickness varying from 18 mm to 63 mm.  Testing on 

these circular disk specimens was a precursory step to the application on irregular-

shaped specimens.  The load was applied along the specimen axis while monitoring 

the increased of the load and vertical displacement until failure.  Finite element 
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analyses were performed to determine the stress and deformation of the MPL 

specimens under various D/d and t/d ratios.  The numerical results were also used to 

develop the relationship between the load increases (∆P) and the rock deformation 

(∆δ) between the loading platens.  The MPL testing predicts the intact rock elastic 

modulus (Empl) by using an equation: Empl = (t/αE) · (∆P/∆δ), where t represents the 

specimen thickness and αE is the displacement function derived from numerical 

simulation.  The elastic modulus predicted by MPL testing agrees reasonably well 

with those obtained from the standard uniaxial compressive tests.  The predicted Empl 

values show significantly high standard deviation caused by high intrinsic variability 

of the rock fabric.  This effect is enhanced by the small size of the loading area of the 

MPL specimens, as compared to the specimen size used in standard test methods. 

 The results of the numerical simulation were used to determine the minimum 

principal stress (σ3) at failure corresponding to the maximum applied principal stress 

(σ1).  A simple relation can therefore be developed between σ1/ σ3 ratio, Poisson’s ratio 

(ν) and diameter ratio (D/d) to estimate the triaxial compressive strengths of the rock 

specimens: σ1/ σ3 = 2[(ν/(1-ν))(1-(d/D)2)]-1.  The MPL test results from specimens with 

various D/d ratios can provide σ1 and σ3 at failure by assuming that ν = 0.25 and that 

failure mode follows Coulomb criterion.  The MPL predicted triaxial strengths agree 

very well with the triaxial strength obtained from the standard triaxial testing (ASTM).  

The discrepancy is about 2-3% which may be due to the assumed Poisson’s ratio of 2.5, 

and due to the assumption used in the determination of σ3 at failure.  In summary, even 

through slight discrepancies remain in the application of MPL results to determine the 

elastic modulus and triaxial compressive strength of intact rocks, this approach of 
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predicting the rock properties shows a good potential and seems promising considering 

the low cost of testing technique and ease of sample preparation. 

2.4 Characterization tests 

 2.4.1 Uniaxial compressive strength tests 

 The uniaxial compressive strength test is the most common laboratory 

test undertaken for rock mechanics studies.  In 1972 the International Society of Rock 

Mechanics (ISRM) published a suggested method for performing UCS tests (Brown, 

1981). Bieniawski and Bernede (1979) proposed the procedures in American Society 

for Testing and Materials (ASTM) designation D2938. 

 The tests are also the most used tests for estimating the elastic 

modulus of rock (ASTM D7012).  The axial strain can be measured with strain gages 

mounted on the specimen or with the Linear Variable Differential Tranformers 

(LVDTs) attached parallel to the length of the specimen.  The lateral strain can be 

measured using strain gages around the circumference, or using the LVDTs across 

the specimen diameter. 

 The UCS (σc) is expressed as the ratio of the peak load (P) to the 

initial cross-section area (A): 

 

 σc= P/A (2.1) 

 

And the Young’s modulus (E) can be calculated by: 

 

 E= Δσ/Δε (2.2) 

 

Where Δσ is the change in stress and Δε is the change in strain 
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The ratio of lateral strain and axial strain magnitudes (εlat/εax) determines the value of 

Poisson’ ratio (ν): 

 ν = - (εlat/εax) (2.3) 

 

 2.4.2 Triaxial compressive strength tests 

 Hoek and Brown (1980b) and Elliott and Brown (1986) used the 

triaxaial compressive strength tests to gain an understanding of rock behavior under a 

three-dimensions state of stress and to verify, and even validate, mathematical 

expressions that have been derived to represent rock behavior in analytical and 

numerical models. 

 The common procedures are described in ASTM designation D7012 to 

determine the triaxial strengths and D7012 to determine the elastic moduli, and in 

ISRM suggested methods (Brown, 1981). 

 The axial strain can be measured with strain gages mounted on the 

specimen or with the LVTDs attached parallel to the length of the specimen.  The 

lateral strain can be measured using strain gages around the circumstance within the 

jacket rubber. 

 At the peak load, the stress conditions are σ1 = P/A, σ3=p, where P is 

the maximum load parallel to the cylinder axis, A is the initial cross-section area, and 

p is the pressure in the confining medium. 

 The Young’s modulus (E) and Poisson’s ratio (ν) can be calculated by: 

 

 E = Δ(σ1-σ3)/Δ εax (2.4) 

 

and 
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 ν = (slope of axial curve) / (slope of lateral curve) (2.5) 

where Δ(σ1-σ3) is the change in differential stress and Δ εax is the change in axial strain.  

 2.4.3 Brazilian tensile strength tests 

 Caneiro (1974) and Akazawa (1953) proposed the Brazilian tensile 

strength test of intact rocks.  Specifications of Brazilian tensile strength test have been 

established by ASTM D3967 and suggested approach is provided by ISRM (Brown, 1981)  

 Jaeger and Cook (1979) proposed the equation for calculate the 

Brazilian tensile strength as: 

 

 σB = (2P) /( πDt) (2.6) 

 

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

 

2.5 Size effects on compressive strength 

 The uniaxial compressive strength normally tested on cylindrical-shaped 

specimens. The length-to-diameter (L/D) ratio of the specimen influences the 

measured strength.  Typically, the strength decreases with increasing the L/D ratio, 

but it tends to become constant or ratios in the order of 2:1 to 3:1 (Hudson et al, 1971; 

Obert and Duvall, 1967).  For higher ratios the specimen, strength may be influenced 

by bulking. 

 The size of specimen may influence the strength of rock.  Weibull (1951) 

proposed that a large specimen contains more flaws than a small one.  The large 

specimen therefore also has flaws with critical orientation relative to the applied 

shear stresses than the small specimen.  A large specimen with a given shape is 



 17

therefore likely to fail and exhibit lower strength than a small specimen with the same 

shape (Bieniawski, 1968; Jaeker and Cook, 1979; Kaczynski, 1986). 

 Tepnarong (2001) investigated the results of uniaxial compressive strength 

test on Saraburi marble and found that the strengths decrease with increase the 

length-to-diameter (L/D) ratio.  And this relationship can be described by the power 

law.  The size effects on uniaxial compressive strength are obscured by the intrinsic 

variability of the marble.  The Brazilian tensile strengths also decreased as the 

specimen diameter increased. 



CHAPTER III 

SAMPLE COLLECTION AND PREAPATION 

 

 This chapter describes the sample collection and sample preparation 

procedure to be used in the characterization and modified point load testing.  The 

rock types to be used including porphyritic andesite, silicified-tuffaceous sandstone 

and tuffaceous sandstone.  Locations of sample collection, rock description are 

described. 

 

3.1 Sample collection 

 Three rock types include porphyritic andesite, silicified-tuffaceous sandstone 

and tuffaceous sandstone collected from Chatree Gold Mine, Akara Mining Company 

Limited, Phichit, Thailand are used in this research. The rock samples are collected 

from the north pit-wall of Khao Moh. Three rock types are tested with a minimum of 

50 samples for each rock type.  The selection criteria are that the rock should be 

homogeneous as much as possible, and that sample collection should be convenient 

and repeatable. The collected location is shown in Figure 3.1. 

 

3.2 Rock descriptions 

 Three rock types are used in this research; there are porphyritic andesite, 

silicified tuffaceous sandstone and tuffaceous sandstone.  Tuffaceous sandstone is 

medium brownish grey, the clasts are andesite, rhyolite, andesitic tuff, and quartz 

fragments, and sub-rounded to sub-angular, matrix: sand andesitic tuff, rock fragment 
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Figure 3.1  The location of rock samples collected area. 

 

< 10% quartz, 3% pyrite, and litho-facies: massive, ungraded, clast supported, 

moderately sorted. Silicified tuffaceous sandstone is medium brown; clasts are fine to 

medium sand and silt, sub-rounded shape, quartz rich with siliceous matrix, massive, 

non-graded, well sorted, moderately Silicified.  Porphyritic andesite is grayish green, 

medium-coarse, euhedral, evenly distributed phenocrysts are abundant, most 

conspicuous are hornblende phenocrysts, fine-grained groundmass.  Those samples 

are collected from Chatree Gold Mine, Akara mining Co., Ltd. Phichit, Thailand.  
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3.3 Sample preparation 

 Sample preparation has been carried out to obtain different sizes and shapes 

for testing.  It is conducted in the laboratory facility at Suranaree University of 

Technology.  For characterization testing, the process includes coring and grinding.  

Preparation of rock samples for characterization test follows the ASTM standard 

(ASTM D4543-85). The nominal sizes of specimen that following the ASTM 

standard practices for the characterization tests are shown in table 3.1.  And grinding 

surface at the top and bottom of specimens at the position of loading platens for 

unsure that the loading platens are attach to the specimen surfaces and perpendicular 

each others as shown in Figure 3.2.  The shapes of specimens are irregularity-shaped.  

The ratio of specimen thickness to platen diameter (t/d) is around 2.0-3.0 and the 

specimen diameter to platen diameter (D/d) varies from 5 to 10. 

 

Table 3.1  The nominal sizes of specimens following the ASTM standard practices 

for the characterization tests. 

 

Testing Methods 

L/D 
Ratio

Nominal 
Diameter 

(mm) 

Nominal 
Length 
(mm) 

Number of 
Specimens 

1.UniaxialCompressive  Strength Test 
and Elastic Modulus Measurement 
(ASTM D7012) 

2.5 54 135 10 

2. Triaxial Compressive Strength Test 
(ASTM D7012) 2.0 54 108 10 

3. Brazilian Tensile Strength Test 
(ASTM D3967)  0.5 54 27 10 

4. Point Load Strength Index Test 
(ASTM D 5731) 1.0 54 54 10 
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Figure 3.2  Some prepared rock specimens of porphyritic andesite for MPL Tests. 

 

 

 

 

t/d ≈2.0 to 3.0 

 

 

 

 

 

 

 

Figure 3.3  The concept of specimen preparation for MPL testing. 



CHAPTER IV 

LABORATORY TESTS 

 

 Laboratory testing is divided into two main tasks including the 

characterization tests and the modified point load tests.  Three rock types: porphyritic 

andesite, silicified-tuffaceous sandstone, and tuffaceous sandstone are used in this 

research. 

 
4.1 Literature reviews 

 4.1.1 Displacement function 

 Tepnarong (2006) proposed a method to compute the vertical 

displacement of the loading point as affected by the specimen diameter and thickness 

(D/d and t/d ratios) by used the series of finite element analyses.  To accomplish this, 

a displacement function (αE) is introduced as (∆P/∆δ)·(t/E), where ∆P is the change in 

applied stress, ∆δ is the change in vertical displacement of point load platens, t is the 

specimen thickness, and E is elastic modulus of rock specimen.  The displacement 

function is plotted as a function of D/d..  And found that the αE is dimensionless and 

independent of rock elastic modulus.  αE trend to be independent of D/d when D/d is 

beyond 15.  The αE is sensitive to ν particularly when υ is between 0.25 and 0.5.  This 

agrees with the assumption that as the Poisson’s ratio increases, the αE value will 

increase because under higher ν the ∆δ will be reduced.  This is due to the large 

confinement resulting from the higher Poisson’s ratio.  Nevertheless, most rocks have 

Poisson’s ratio within a range between 0.20 and 0.30, particularly for moderate to 
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hard rocks.  As a result, the Poisson’s ratio of 0.25 will provide a reasonable 

prediction of the value of αE values. 

Figure 5.1 plots αE or (∆P/∆δ)·(t/E), as a function of t/d for the ratios of D/d ≥ 

10.  The displacement function increase as the t/d increases, which can be expressed 

by a power equation, 

 

 αE = (∆P/∆δ)·(t/E) = 1.50 (t/d)0.64 (5.1) 

 

by using the least square fitting.  The curve fit gives good correlation (R2=0.998).  

These curves can be used to estimate the elastic modulus of rock from MPL results.  

By measuring the MPL specimen thickness, t and the increment of applied stress (∆P) 

and displacement (∆δ).   

 
4.2 Basic characterization tests 

The objectives of the basic characterization tests are to determine the 

mechanical properties of each rock type to compare their results with those from the 

modified point load tests (MPL).  The basic characterization tests include uniaxial 

compressive strength (UCS) tests with elastic modulus measurements, triaxial 

compressive strength tests, Brazilian tensile strength tests and conventional point load 

strength index tests.   

 4.2.1 Uniaxial compressive strength tests and elastic modulus 

measurements 

 The uniaxial compressive strength tests are conducted on the three 

rock types.  Sample preparation and test procedure are followed the ASTM standards 

(ASTM D7012) and the ISRM suggested methods (Brown, 1981).  The core size is 
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54 mm in diameter (NX size) and the ratio of the length to diameter is 2.5.  A total of 

10 specimens are tested for each rock type. 

 A constant loading rate of 0.5 to 1.0 MPa/s is applied to the specimens 

until failure occurs.  Tangent elastic modulus is measured at stress level equal to 50% 

of the uniaxial compressive strength.  Post-failure characteristics are observed.  

 The uniaxial compressive strength (σc) is calculated by dividing the 

maximum load by the original cross-section area of loading platen:  

 

σc=  pf /A (4.1) 

 

where pf is the maximum failure load and A is the original cross-section area of 

loading platen.  The tangent elastic modulus (Et) is calculated by the following 

equation: 

 

 Et = (Δσaxial) / (Δε axial) (4.2) 

 

And the axial strain can be calculated from: 

 

 ε axial = ΔL/L (4.3) 

 

where the  ΔL is the axial deformation and L is the original length of specimen. 

 The average uniaxial compressive strength and tangent elastic 

modulus of each rock types are shown in Tables 4.1 through 4.4  
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Figure 4.1  Pre-test samples of porphyritic andesite for UCS test 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2  Pre-test samples of tuffaceous sandstone for UCS test 
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Figure 4.3  Pre-test samples of silicified tuffaceous sandstone for UCS test 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4  Preparation of testing apparatus for UCS test 
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Figure 4.5  Post-test rock samples of porphyritic andesite from UCS test 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6  Post-test rock samples of tuffaceous sandstone from UCS test 
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Figure 4.7  Post-test rock samples of silicified-tuffaceous sandstone from UCS 
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Figure 4.8  Results of uniaxial compressive strength test and elastic modulus 

measurements of porphyritic andesite.  The axial stresses are plotted as 

a function of axial strain.  
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Figure 4.9 Results of uniaxial compressive strength test and elastic modulus 

measurements of tuffaceous sandstone (top) and silicified tuffaceous 

sandstone (bottom).  The axial stresses are plotted as a function of axial 

strain.  
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Table 4.1  Testing results of porphyritic andesite 
 

 

Sample No. Diameter 
(mm) 

Length 
 (mm) 

Density 
(g/cc) 

σc   
(MPa)  

E  
(GPa) 

And-02-02-UCS-01 53.66 134.86 2.82 132.7 45.1 
And-06-03-UCS-02 53.66 134.94 2.83 110.6 39.7 
And-02-01-UCS-03 53.66 134.85 2.80 106.1 47.0 
And-08-03-UCS-04 53.66 134.17 2.84 128.2 39.2 
And-04-04-UCS-05 53.66 135.64 2.85 97.3 43.8 

Average 115.0 ± 15.0 43.0 3.4 ±

Table 4.2  Testing results of tuffaceous sandstone 
 
 

 

Sample No. Diameter 
(mm) 

Length 
 (mm) 

Density 
(g/cc) 

σc   
(MPa)  

E  
(GPa) 

TST-08-02-UCS-01 53.66 138.10 2.66 101.7 53.8 
TST-01-02-UCS-02 53.66 132.36 2.68 123.8 54.5 
TST-02-04-UCS-03 53.66 135.58 2.64 97.3 44.1 
TST-06-09-UCS-04 53.66 135.15 2.67 145.9 47.5 
TST-02-02-UCS-05 53.66 137.45 2.63 88.4 56.6 

Average 111.4 ± 23.3 51.3 5.3 ±

Table 4.3  Testing results of silicified tuffaceous sandstone 
 

 

Sample No. Diameter 
(mm) 

Length 
 (mm) 

Density 
(g/cc) 

σc   
(MPa)  

E  
(GPa) 

SST-02-01-UCS-01 53.66 133.09 2.71 119.4 65.6 
SST-07-01-UCS-02 53.66 135.47 2.67 93.0 63.2 
SST-07-03-UCS-03 53.66 130.95 2.68 119.4 50.3 
SST-02-06-UCS-04 53.66 134.75 2.69 161.4 66.1 
SST-06-02-UCS-05 53.66 135.77 2.70 110.6 71.3 

Average 120.7 ± 25.2 63.3 8.0 ±
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Table 4.4 Uniaxial compressive strength and tangent elastic modulus measurement 

results of three rock types. 

Rock Type 

Number of 
Test 

Samples 

Uniaxial Compressive 
Strength, σc (MPa) 

Tangential 
Elastic Modulus, 

Et (GPa) 

Porphyritic andesite 50 115.0±15.0 43.0±3.4 
Silicified-tuffaceous 
sandstone 50 120.7±25.2 63.3±8.0 

Tuffaceous 
sandstone 50 111.4±23.3 51.3±5.3 

 

 4.2.2 Triaxial compressive strength tests 

 The objective of the triaxial compressive strength test is to determine 

the compressive strength of rock specimens under various confining pressures.  The 

sample preparation and test procedure are followed the ASTM standard (ASTM 

D7012-07) and the ISRM suggested method (Brown, 1981).  A total of 16 rock 

specimens are tested under various confining pressures: 6 specimens of porphyritic 

andesite, 5 specimens of silicified-tuffaceous sandstone, and 5 specimens of 

tuffaceous sandstone.  The applied load onto the specimens is at constant rate until 

failure occurred within 5 to 10 minutes of loading under each confining pressure.  

The constant confining pressures used in this experiment are ranged from 0.345, 0.67, 

1.38, 2.76, and 4.14 MPa (50, 100, 200, 400, and 600 psi) in andesite, 0.345, 0.69, 

2.76, 4.14 and 5.52 MPa (50, 100, 400, 600, and 800 psi) in silicified-tuffaceous 

sandstone, and 0.345, 0.69, 1.38, 2.07, and 2.76 MPa (50, 100, 200, 300 and 400 psi) 

in pebbly tuffaceous sandstone.  Post-failure characteristics are observed.   
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Figure 4.10  Pre-test samples for triaxial compressive strength test, the top is 

porphyritic andesite and the bottom is tuffaceous sandstone. 
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Figure 4.11 Pre-test samples of silicified tuffaceous sandstone for triaxial 

compressive strength test 

   

Hook cell 

 

 

 

 

 

 

 

 

 

Figure 4.12  Triaxial testing apparatus 
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Figure 4.13  Post-test rock samples from triaxial compressive strength tests.  The top 

is porphyritic andesite and the bottom is tuffaceous sandstone 
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Figure 4.14  Post-test rock samples of silicified tuffaceous sandstone from triaxial 

compressive strength test 

 

Table 4.5 Triaxial compressive strength testing results of porphyritic andesite 
 

Sample No. Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

σ3  
(MPa) 

σ1 
(MPa) 

And-04-02-TR-01 108.03 53.66 2.85 0.4 145.9 
And-06-04-TR-03 108.06 53.66 2.84 0.7 152.6 
And-06-02-TR-02 108.06 53.66 2.83 1.4 163.6 
And-08-01-TR-04 106.65 53.66 2.84 2.8 203.4 
And-08-02-TR-05 109.48 53.66 2.83 4.1 252.0 

 

Table 4.6 Triaxial compressive strength testing results of tuffaceous sandstone 
  

Sample No. Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

σ3  
(MPa) 

 σ1 
 (MPa) 

TST-01-01-TR-04 109.89 53.66 2.66 0.4 106.1 
TST 02-01-TR-01 108.52 53.66 2.62 0.7 123.8 
TST-06-01-TR-02 108.89 53.66 2.64 1.38 141.5 
TST-06-03-TR-03 107.55 53.66 2.64 2.01 181.3 
TST-06-08-TR-05 110.25 53.66 2.67 2.8 205.6 
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Table 4.7  Triaxial compressive strength testing results of silicified tuffaceous sandstone 

 Sample No. Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

σ3  
(MPa) 

 σ1 
 (MPa)

SST-05-01-TR-01 108.75 53.66 2.66 0.4 130.5 
SST-07-02-TR-02 107.90 53.66 2.66 1.4 137.1 
SST-01-04-TR-03 110.22 53.66 2.67 2.8 159.2 
SST-01-03-TR-04 107.13 53.66 2.67 4.1 190.1 
SST-01-01-TR-05 105.30 53.66 2.65 5.5 225.5 

 

 The results of triaxial tests are shown in Table 4.2.  Figures 4.13 and 4.14 

show the shear failure by triaxial loading at various confining pressures (σ3) for the 

three rock types.  The relationship between σ1 and σ3 can be represented by the 

Coulomb criterion (Hoek, 1990): 

 

 τ = c + σ tan φi (4.4) 

 

where τ is the shear stress, c is the cohesion,  σ is the normal stress, and φi  is the 

internal friction angle.  The parameters c and φi are determined by Mohr-Coulomb 

diagram as shown in Figures 4.15 through 4.17  
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φi =54˚ 
Andesite 

 

Figure 4.15  Mohr-Coulomb diagram for andesite 

 

 

φi = 55˚ 

Tuffaceous Sandstone 

 

Figure 4.16  Mohr-Coulomb diagram for pebbly tuffaceous sandstone 
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Silicified tuffaceous 
sandstone 

φi = 49˚ 

 

Figure 4.17  Mohr-Coulomb diagram for silicified tuffaceous sandstone 

 

Table 4.8  Results of triaxial compressive strength tests on three rock types. 

Rock Type 

Number 
of 

Samples 

Average 
Density 
(g/cc) 

Cohesion, c 
(MPa) 

Internal 
Friction 
Angle, φi  
(degrees) 

Porphyritic Andesite 5 2.83 33 54 

Tuffaceous Sandstone 5 2.65 28 55 
Silicified Tuffaceous 
Sandstone 5 2.67 36 49 

 

4.2.3 Brazilian Tensile Strength Tests 

The objectives of the Brazilian tensile strength test are to determine 

the tensile strength of rock.  The Brazilian tensile strength tests are performed on all 

rock types.  Sample preparation and test procedure are followed the ASTM standard 

(ASTM D3967-81) and the 
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 ISRM suggested method (Brown, 1981). Ten specimens for each rock 

type have been tested.  The specimens have the diameter of 55 mm with 25 mm thick.   

 The Brazilian tensile strength of rock can be calculated by the following 

equation (Jaeger and Cook, 1979): 

 

 σB = (2pf)/ (πDt) (4.5) 

 

where σB is the Brazilian tensile strength,  pf is the failure load, D is the diameter 

of disk specimen, and t is the thickness of disk specimen.  All of specimens failed 

along the loading diameter (Figure 4.20).  The results of Brazilian tensile strengths 

are shown in Table 4.9.  The tensile strength trends to decrease as the specimen size 

(diameter) increase, and can be expressed by a power equation (Evans, 1961): 

 

 σB = A (D)-B (4.6) 

 

where A and B are constants depending upon the nature of rock. 

4.2.4 Conventional point load index (CPL) tests 

 The objectives of CPL tests are to determine the point load strength index for 

use in the estimation of the compressive strength of the rocks.  The sample 

preparation, test procedure, and calculation are followed the standard practices 

(ASTM D 5731-02) and the ISRM suggested method (Brown, 1981).  Twenty 

specimens of each rock types are tested.  The length-to-diameter (L/D) ratio of the 

specimen is constant at 1.0.  The specimen diameter and thickness are maintained 

constant at 54 mm (Figure 4.21).  The core specimen is loaded along its axis, as 

shown in Figure 4.22.  Each specimen is loaded to failure at a constant rate such that 
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(a) 

 

 

(b) 

 

 

(c) 

Figure 4.18  Pre-test samples for Brazilian tensile strength test, (a) porphyritic 

andesite, (b) tuffaceous sandstone, and (c) silicified tuffaceous 

sandstone  
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Figure 4.19  Brazilian tensile strength test arrangement. 

 

Table 4.9  Results of Brazilian tensile strength tests of three rock types. 

Rock Type 

Average 
Diameter 

(mm) 

Average 
Length 
(mm) 

Average 
Density 
(g/cc) 

Number 
of 

Samples 

Brazilian 
Tensile 

Strength, σB 
(MPa) 

Porphyritic 
andesite 53.66 26.72 2.83 10 17.0±1.6 

Tuffaceous 
sandstone 53.66 27.37 2.65 10 13.1±3.3 

Silicified 
tuffaceous 
sandstone 

53.66 26.70 2.67 10 19.1±3.2 
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(a) 

 

 

(b) 

 

 

(c) 

 

Figure 4.20  Post-test specimens (a) porphyritic andesite, (b) tuffaceous sandstone 

and (c) silicified tuffaceous sandstone 
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Figure 4.21  Pre-test samples of porphyritic andesite for conventional point load 

strength index test. 

 

 

 

 

 

 

 

 

 

 

Figure 4.22  Conventional point load strength index test arrangement. 
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failures occur within 5-10 minutes.  Post-failure characteristics are observed. 

 The point load strength index for axial loading (Is) is calculated by the 

equation: 

 

 Is = pf / De
2 (4.7) 

 

where pf is the load at failure, De is the equivalent core diameter (for axial loading, 

De
2 = 4A/π, and A=WD), A is the minimum cross-sectional area of a plane through 

the platen contact points, W is the specimen width (thickness of core), and D is the 

specimen diameter.  The post-test specimens are shown in Figure 4.23. 

 The testing results of all three rock types are shown in Table 4.10. The 

point load strength index of andesite, pebbly tuffaceous sandstone, and silicified 

tuffaceous sandstone are average as 8.1 ± 1.2 , 10.2 ± 2.0, and 10.8 ± 2.2 MPa.  

 

Table 4.10  Results of conventional point load strength index tests of three rock types. 

Rock Types 
Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

Point Load 
Strength Index, 

Is (MPa) 
Porphyritic Andesite 54.93 53.66 2.83 8.1±1.2 
Tuffaceous Sandstone 55.45 53.66 2.65 10.2±2.0 
Silicified Tuffaceous 
Sandstone 54.91 53.66 2.68 10.8±2.2 
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Figure 4.23  Post-Test rock specimens from conventional point load strength index 

tests. (a). porphyritic andesite (b). tuffaceous sandstone, and (c). 

silicified tuffaceous sandstone. 
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4.3 Modified point load (MPL) tests 

 The objectives of the modified point load (MPL) tests are to measure the 

strength of rock between the loading points and to produce failure stress results for 

various specimen sizes and shapes.  The results are complied and evaluated to 

determine the mathematical relationship between the strengths and specimen 

dimensions, which are used to predict the elastic modulus and uniaxial and triaxial 

compressive strengths, and Brazilian tensile strength of the rocks. 

The testing apparatus for the proposed MPL testing are similar to those of the 

conventional point load (CPL) test, except that the loading points are cylindrical 

shape and cut flat with the circular cross-sectional area instead of using half-spherical 

shape (Tepnarong, 2001).  The loading platens used in this research are 7, 10, and 15 

mm in diameter and the thickness-to-loading point diameter ratio (t/d) of about 2.5.  

The specimen diameter-to-loading point diameter is varying from 5 to 100.  The load 

is applied at the rate of 200 N/s. Fifty specimens are prepared and tested for each 

rock type.  The vertical deformations (δ) are monitored.  One cycle of unloading and 

reloading is made at about 40% failure load. Then the load is increased to failure.  

The MPL strength (PMPL) is calculated by: 

 

PMPL = pf / ((π/4)(d2)) (4.8) 

 

where pf is the applied load at failure and d is the diameter of loading point.  Figure 

2.6 shows the example of post-test specimen, shear cone are usually formed 

underneath the loading points and two or three tension-induced cracks are commonly 

found across the specimens. 
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The MPL testing method is divided into 4 schemes based on its objective: 

elastic modulus, uniaxial and triaxial compressive strengths and Brazilian tensile 

strength determination.  

 

 

 

Figure 4.24  Conventional and modified loading points.(Tepnarong, 2006) 

 

 

  

Figure 4.25 MPL testing arrangement. 
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Tension-induced crack 
Shear cone 

 

 

Shear cone

Tension-induced crack

 

Figure 4.26  Post-test specimen, the tension-induced crack commonly found across 

the specimen and shear cone usually formed underneath the loading 

platens. 
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Table 4.11  Results of modified point load tests on porphyritic andesite  

Specimen Number t/d De/d 
Failure 
Load, pf

(kN) 

∆P/∆δ 
(GPa/mm) 

Pmpl 
(MPa) 

And-MPL-01 2.46 5.43 28.0 1.25 159 
And-MPL-02 3.51 6.32 37.0 1.80 471 
And-MPL-03 2.36 6.34 15.0 1.70 191 
And-MPL-04 2.66 9.60 25.0 2.34 319 
And-MPL-05 2.84 9.03 37.0 3.69 471 
And-MPL-06 2.45 7.93 28.0 1.82 357 
And-MPL-07 2.63 8.74 26.0 2.34 331 
And-MPL-08 2.61 9.80 21.0 1.71 268 
And-MPL-09 2.80 7.77 27.0 0.56 344 
And-MPL-10 2.44 5.69 28.0 1.24 159 
And-MPL-11 2.51 6.13 65.0 1.38 368 
And-MPL-12 2.26 6.31 60.0 1.89 340 
And-MPL-13 2.33 11.26 18.0 1.51 468 
And-MPL-14 2.79 12.03 22.0 1.65 572 
And-MPL-15 2.39 5.03 40.0 0.11 227 
And-MPL-16 2.81 4.74 30.0 0.12 170 
And-MPL-17 3.05 8.61 39.0 0.21 497 
And-MPL-18 2.33 6.53 50.0 0.08 283 
And-MPL-19 2.94 13.86 38.0 2.00 484 
And-MPL-20 2.65 8.60 41.0 0.17 522 
And-MPL-21 2.38 4.25 55.0 0.87 311 
And-MPL-22 2.30 4.17 45.0 0.87 255 
And-MPL-23 2.23 5.57 50.0 2.31 283 
And-MPL-24 2.50 7.60 55.0 1.12 311 
And-MPL-25 2.59 12.43 18.0 5.85 468 
And-MPL-26 3.03 5.60 31.0 1.43 395 
And-MPL-27 2.73 16.40 39.0 1.56 497 
And-MPL-28 2.82 9.06 22.0 2.00 280 
And-MPL-29 3.11 9.34 29.0 1.56 369 
And-MPL-30 2.46 13.14 25.0 6.50 650 
And-MPL-31 2.62 9.82 20.0 1.75 255 
And-MPL-32 2.60 11.47 18.0 1.56 468 
And-MPL-33 2.40 7.00 45.0 1.01 255 
And-MPL-34 3.04 8.00 24.0 1.35 306 
And-MPL-35 2.50 4.55 22.0 1.27 280 
And-MPL-36 2.43 16.97 12.0 2.92 312 
And-MPL-37 3.33 15.20 31.0 1.56 395 
And-MPL-38 2.38 6.61 17.0 2.60 442 
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Table 4.11  Results of modified point load tests on porphyritic andesite (Continued). 

Specimen Number t/d De/d 
Failure 
Load, pf

(kN) 

∆P/∆δ 
(GPa/mm) 

Pmpl 
(MPa) 

And-MPL-39 3.18 3.47 13.0 1.86 338 
And-MPL-40 2.45 5.51 15.0 2.60 390 
And-MPL-41 2.07 5.61 15.0 3.25 390 
And-MPL-42 2.23 4.25 50.0 2.31 283 
And-MPL-43 2.07 5.61 15.0 3.46 390 
And-MPL-44 3.24 3.40 31.0 2.34 395 
And-MPL-45 2.75 4.26 24.0 1.69 306 
And-MPL-46 3.02 3.97 13.0 1.75 166 
And-MPL-47 2.55 3.14 10.0 1.70 127 
And-MPL-48 2.57 2.20 25.0 0.94 142 
And-MPL-49 2.56 2.14 13.0 0.57 74 
And-MPL-50 2.43 1.66 18.0 0.78 102 
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Table 4.12  Results of modified point load tests on tuffaceous sandstone.  

Specimen Number t/d De/d 
Failure 
Load, pf

(kN) 

∆P/∆δ 
(GPa/mm) 

Pmpl 
(MPa) 

TST -MPL-01 2.70 5.46 22.0 2.12 293 
TST -MPL-02 2.58 7.87 23.0 3.26 293 
TST -MPL-03 2.75 7.30 20.0 1.43 255 
TST -MPL-04 2.82 7.15 40.0 1.43 510 
TST -MPL-05 2.54 13.45 22.0 2.64 280 
TST -MPL-06 2.92 8.93 20.0 1.43 255 
TST -MPL-07 2.43 8.53 55.0 1.12 311 
TST -MPL-08 2.87 10.47 21.0 3.19 268 
TST -MPL-09 2.30 7.87 37.0 2.12 471 
TST -MPL-10 2.30 4.27 26.0 1.32 147 
TST -MPL-11 2.82 12.43 45.0 3.19 573 
TST -MPL-12 2.54 6.04 20.0 1.27 255 
TST -MPL-13 2.88 11.80 29.0 1.59 369 
TST -MPL-14 2.51 6.31 41.0 1.70 232 
TST -MPL-15 2.14 11.04 12.0 2.60 312 
TST -MPL-16 2.29 4.86 38.0 1.02 215 
TST -MPL-17 2.59 7.15 11.0 6.50 286 
TST -MPL-18 2.43 2.85 18.0 0.73 102 
TST -MPL-19 2.85 3.16 13.0 1.28 130 
TST -MPL-20 2.41 2.95 18.0 1.70 102 
TST -MPL-21 2.98 4.17 30.0 1.00 170 
TST -MPL-22 2.65 6.42 30.0 0.88 170 
TST -MPL-23 3.14 6.11 45.0 1.01 255 
TST -MPL-24 3.03 4.81 65.0 1.24 368 
TST -MPL-25 2.23 2.23 26.0 1.26 331 
TST -MPL-26 2.73 6.52 26.0 1.78 331 
TST -MPL-27 2.16 8.87 42.0 1.70 535 
TST -MPL-28 3.19 7.18 29.0 1.64 369 
TST -MPL-29 2.31 5.16 20.0 1.28 255 
TST -MPL-30 2.60 6.41 38.0 2.80 484 
TST -MPL-31 2.87 4.96 33.0 1.58 420 
TST -MPL-32 2.64 3.68 23.0 1.70 293 
TST -MPL-33 2.38 4.15 23.0 1.30 293 
TST -MPL-34 2.71 8.24 14.0 2.60 364 
TST -MPL-35 2.83 8.00 22.0 3.25 572 
TST -MPL-36 2.42 10.13 18.0 3.25 468 
TST -MPL-37 2.54 7.15 9.0 2.17 234 
TST -MPL-38 2.10 7.55 15.0 5.20 390 
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Table 4.12  Results of modified point load tests on tuffaceous sandstone 

(Continued). 

Specimen Number t/d De/d 
Failure 
Load, pf

(kN) 

∆P/∆δ 
(GPa/mm) 

Pmpl 
(MPa) 

TST -MPL-39 2.93 5.08 11.0 2.60 286 
TST -MPL-40 2.73 4.10 10.0 3.47 260 
TST -MPL-41 2.34 6.28 8.0 2.60 208 
TST -MPL-42 2.59 4.33 13.0 2.60 338 
TST -MPL-43 2.65 5.46 22.0 4.35 280 
TST -MPL-44 2.55 8.29 26.0 2.22 147 
TST -MPL-45 2.54 3.68 24.0 3.15 306 
TST -MPL-46 2.93 6.95 37.0 2.22 210 
TST -MPL-47 2.47 2.97 18.0 1.28 102 
TST -MPL-48 3.10 6.11 30.0 2.37 170 
TST -MPL-49 2.25 3.37 16.0 3.71 416 
TST -MPL-50 2.59 4.10 12.0 3.94 312 

 

Table 4.13 Results of modified point load tests on silicified tuffaceous sandstone. 

Specimen Number t/d De/d 
Failure 
Load, pf

(kN) 

∆P/∆δ 
(GPa/mm) 

Pmpl 
(MPa) 

SST-MPL-01 3.00 7.82 17.0 2.80 442 
SST-MPL-02 2.50 4.80 22.0 3.07 572 
SST-MPL-03 3.14 4.24 34.0 3.56 433 
SST-MPL-04 2.92 8.09 22.0 4.50 572 
SST-MPL-05 2.75 11.42 30.0 5.32 780 
SST -MPL-06 3.08 4.90 19.0 2.73 494 
SST -MPL-07 3.17 6.11 28.0 4.18 728 
SST -MPL-08 2.33 6.84 24.0 4.14 624 
SST -MPL-09 2.55 4.80 23.0 3.71 598 
SST -MPL-10 2.17 7.72 12.0 9.58 312 
SST -MPL-11 3.12 9.03 27.0 4.00 702 
SST -MPL-12 2.55 10.94 15.0 2.72 390 
SST -MPL-13 2.86 7.42 40.0 4.08 510 
SST -MPL-14 2.48 6.15 35.0 2.96 198 
SST -MPL-15 2.53 8.05 21.0 2.82 546 
SST -MPL-16 2.43 10.94 15.0 2.60 390 
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Table 4.13  Results of modified point load tests on silicified tuffaceous sandstone 

(Continued). 

Specimen Number t/d D/d Failure 
Load, pf

(kN) 

∆P/∆δ 
(GPa/mm) 

Pmpl 
(MPa) 

SST-MPL-17 2.34 10.90 25.0 4.16 650 
SST -MPL-18 2.53 13.71 24.0 4.73 624 
SST -MPL-19 3.27 4.34 32.0 3.30 408 
SST -MPL-20 2.70 3.10 39.0 2.78 497 
SST -MPL-21 2.69 6.91 41.0 1.85 522 
SST -MPL-22 3.12 5.04 38.0 1.82 484 
SST -MPL-23 3.19 6.27 26.0 1.50 331 
SST -MPL-24 2.81 6.89 33.0 2.95 420 
SST -MPL-25 2.10 7.20 39.0 2.59 497 
SST -MPL-26 3.03 7.75 37.0 2.21 471 
SST -MPL-27 2.72 7.14 31.0 2.74 395 
SST -MPL-28 2.92 8.55 60.0 2.09 764 
SST -MPL-29 3.10 7.42 40.0 1.76 510 
SST -MPL-30 2.84 8.47 41.0 1.58 522 
SST -MPL-31 3.20 8.91 65.0 4.64 828 
SST -MPL-32 2.61 2.56 40.0 1.78 226 
SST -MPL-33 2.24 4.05 55.0 1.31 311 
SST -MPL-34 2.31 3.79 45.0 2.15 255 
SST -MPL-35 2.90 4.42 105.0 1.90 594 
SST -MPL-36 2.41 5.21 50.0 1.02 283 
SST -MPL-37 2.75 6.05 60.0 0.67 340 
SST -MPL-38 2.63 6.16 65.0 1.27 368 
SST -MPL-39 2.27 6.15 35.0 2.29 198 
SST -MPL-40 2.36 5.08 55.0 0.90 311 
SST -MPL-41 3.18 11.42 30.0 4.98 780 
SST -MPL-42 3.03 8.09 21.0 3.92 546 
SST -MPL-43 2.28 8.05 21.0 2.44 546 
SST -MPL-44 2.83 11.42 30.0 5.71 780 
SST -MPL-45 2.77 7.72 12.0 7.80 312 
SST -MPL-46 2.88 12.06 28.0 4.11 728 
SST -MPL-47 2.50 5.08 57.0 3.09 323 
SST -MPL-48 2.75 4.42 105.0 3.38 594 
SST -MPL-49 2.72 6.05 65.0 2.54 368 
SST -MPL-50 2.60 8.05 20.0 3.60 520 
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 4.3.1 Modified point load tests for elastic modulus measurement 

 The MPL tests are carried out with the measurement of axial 

deformation for use in elastic modulus estimation.  Fifty irregular specimens for each 

rock type are tested.  The specimen thickness-to-loading diameter (t/d) is about 2.5 

and the specimen diameter -to-loading diameter (D/d) is varied from 25 to 50.  Cyclic 

loading is performed while monitoring displacement (δ). 

 The testing apparatus used in this experiment includes the point load 

tester model SBEL PLT-75 and the modified point load platens.  The displacement 

digital gages with a precision up to 0.001 mm are used to monitor the axial 

deformation of rock between the loading points as loading decreases.  The cyclic 

load is applied along the specimen axis and is performed by systematically increasing 

and decreasing loads on the test specimen.  After unloading, the axial load is 

increased until the failure occurs.  Cyclic loading is performed on the specimens in 

an attempt at determining the elastic deformation.  The ratio of change of stress to 

displacement (∆P/∆δ) is measured from unloading curve.  Post-failure characteristics 

are observed and recorded.  Photographs are taken of the failed specimens. 

 The results of the deformation measurement by MPL tests are shown 

in Tables.4.11 through 4.13.  The stresses (P) are plotted as a function of axial 

displacement (δ) and shown in Figures B.1 through B.150 (Appendix B).  The results 

of ∆P/∆δ are used to estimate the elastic modulus of the specimen.  

 The elastic modulus predictions from MPL results can be made by 

using the value of αE plotted as a function of De/d for various t/d ratios as shown in 

Figure 4.27, and the MPL elastic modulus can be expressed as: 
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where Empl is the elastic modulus predicted from MPL results, αE is displacement 

function value from numerical analysis and ∆P/∆δ is the ratio of change of stress to 

displacement which is measured from unloading curve of MPL tests and t is the 

specimen thickness.  The value of αE used in the calculation is 2.60 for t/d ratio equal 

to 2.5-3.0 (Tepnarong, 2006).  The results of elastic modulus predictions from MPL 

tests are tabulated in Tables 4.14 through 4.16.  Table 4.17 compares the elastic 

modulus obtained from standard uniaxial compressive strength test (ASTM D3148-

96) with those predicted by MPL test.  

 The values of Empl for each specimen with P-δ curve are shown in 

Appendix B.  The MPL method under-estimates the elastic modulus of all tested 

rocks.  This is the primarily because the actual loaded area may be smaller than that 

used in the calculation due to the roughness of the specimen surfaces.  As a result the 

contact area used to calculate PMPL is larger than the actual.  In addition the EMPL 

tends to show a high intrinsic variation (high standard deviation).  This is because the 

loading areas of MPL specimens are small.  This phenomenon conforms by the test 

results obtained by Fuenkajorn and Deamen (1992).  They conclude that smaller test 

specimens not only exhibit a higher strength than larger one (size effect), but also 

show a high intrinsic variability due to the heterogeneity of rock fabric, particularly at 

small sizes.  This implied that to obtain a good prediction (accurate result) of the rock 

elasticity, a large amount of MPL specimens are desirable.  This drawback may be 

compensated by the ease of testing and the low cost of sample preparation. 
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Figure 4.27  Example of P-δ curve for porphyritic andesite specimen.  The ratio of 

∆P/∆δ is used to predict the elastic modulus of MPL specimen (Empl). 
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Table 4.14  Results of elastic modulus calculation from MPL tests on porphyritic 

andesite. 

Specimen Number t/d De/d ∆P/∆δ 
(GPa/mm) αE Empl (GPa) 

And-MPL-01 2.46 5.43 1.25 2.60 17.76 
And-MPL-02 3.51 6.32 1.80 2.60 24.30 
And-MPL-03 2.36 6.34 1.70 2.60 15.46 
And-MPL-04 2.66 9.60 2.34 2.60 23.90 
And-MPL-05 2.84 9.03 3.69 2.60 40.31 
And-MPL-06 2.45 7.93 1.82 2.60 17.12 
And-MPL-07 2.63 8.74 2.34 2.60 23.67 
And-MPL-08 2.61 9.80 1.71 2.60 17.17 
And-MPL-09 2.80 7.77 0.56 2.60 6.03 
And-MPL-10 2.44 5.69 1.24 2.60 17.48 
And-MPL-11 2.51 6.13 1.38 2.60 20.01 
And-MPL-12 2.26 6.31 1.89 2.60 24.64 
And-MPL-13 2.33 11.26 1.51 2.60 9.47 
And-MPL-14 2.79 12.03 1.65 2.60 12.39 
And-MPL-15 2.39 5.03 0.11 2.60 1.51 
And-MPL-16 2.81 4.74 0.12 2.60 1.95 
And-MPL-17 3.05 8.61 0.21 2.60 2.47 
And-MPL-18 2.33 6.53 0.08 2.60 1.08 
And-MPL-19 2.94 13.86 2.00 2.60 22.63 
And-MPL-20 2.65 8.60 0.17 2.60 1.73 
And-MPL-21 2.38 4.25 0.87 2.60 11.95 
And-MPL-22 2.30 4.17 0.87 2.60 11.54 
And-MPL-23 2.23 5.57 2.31 2.60 29.76 
And-MPL-24 2.50 7.60 1.12 2.60 16.15 
And-MPL-25 2.59 12.43 5.85 2.60 40.73 
And-MPL-26 3.03 5.60 1.43 2.60 16.67 
And-MPL-27 2.73 16.40 1.56 2.60 16.39 
And-MPL-28 2.82 9.06 2.00 2.60 21.72 
And-MPL-29 3.11 9.34 1.56 2.60 18.68 
And-MPL-30 2.46 13.14 6.50 2.60 43.10 
And-MPL-31 2.62 9.82 1.75 2.60 17.66 
And-MPL-32 2.60 11.47 1.56 2.60 10.93 
And-MPL-33 2.40 7.00 1.01 2.60 13.98 
And-MPL-34 3.04 8.00 1.35 2.60 15.76 
And-MPL-35 2.50 4.55 1.27 2.60 12.21 
And-MPL-36 2.43 16.97 2.92 2.60 19.09 
And-MPL-37 3.33 15.20 1.56 2.60 20.00 
And-MPL-38 2.38 6.61 2.60 2.60 16.65 
And-MPL-39 3.18 3.47 1.86 2.60 15.92 
And-MPL-40 2.45 5.51 2.60 2.60 17.12 
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And-MPL-41 2.07 5.61 3.25 2.60 18.15 



 59

Table 4.14  Results of elastic modulus calculation from MPL tests on porphyritic 

andesite (continued). 

Specimen Number t/d De/d ∆P/∆δ 
(GPa/mm) αE Empl (GPa) 

And-MPL-42 2.23 4.25 2.31 2.60 29.76 
And-MPL-43 2.07 5.61 3.46 2.60 19.32 
And-MPL-44 3.24 3.40 2.34 2.60 29.12 
And-MPL-45 2.75 4.26 1.69 2.60 17.85 
And-MPL-46 3.02 3.97 1.75 2.60 20.33 
And-MPL-47 2.55 3.14 1.70 2.60 16.67 
And-MPL-48 2.57 2.20 0.94 2.60 13.93 
And-MPL-49 2.56 2.14 0.57 2.60 8.43 
And-MPL-50 2.43 1.66 0.78 2.60 10.94 
   Average 17.43 
   Standard Deviation 9.10 

 

Table 4.15  Results of elastic modulus calculation from MPL tests on silicified 

tuffaceous sandstone. 

Specimen Number t/d De/d ∆P/∆δ 
(GPa/mm) αE Empl (GPa) 

SST -MPL-01 3.00 7.82 2.80 2.60 22.62 
SST -MPL-02 2.50 4.80 3.07 2.60 20.66 
SST -MPL-03 3.14 4.24 3.56 2.60 43.02 
SST -MPL-04 2.92 8.09 4.50 2.60 35.33 
SST -MPL-05 2.75 11.42 5.32 2.60 39.39 
SST -MPL-06 3.08 4.90 2.73 2.60 22.66 
SST -MPL-07 3.17 6.11 4.18 2.60 35.72 
SST -MPL-08 2.33 6.84 4.14 2.60 25.95 
SST -MPL-09 2.55 4.80 3.71 2.60 25.46 
SST -MPL-10 2.17 7.72 9.58 2.60 55.93 
SST -MPL-11 3.12 9.03 4.00 2.60 33.60 
SST -MPL-12 2.55 10.94 2.72 2.60 18.64 
SST -MPL-13 2.86 7.42 4.08 2.60 44.35 
SST -MPL-14 2.48 6.15 2.96 2.60 42.35 
SST -MPL-15 2.53 8.05 2.82 2.60 19.18 
SST -MPL-16 2.43 10.94 2.60 2.60 16.98 
SST -MPL-17 2.34 10.90 4.16 2.60 26.21 
SST -MPL-18 2.53 13.71 4.73 2.60 32.24 
SST -MPL-19 3.27 4.34 3.30 2.60 41.53 
SST -MPL-20 2.70 3.10 2.78 2.60 28.63 
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Table 4.15  Results of elastic modulus calculation from MPL tests on silicified 

tuffaceous sandstone (continued). 

Specimen Number t/d De/d ∆P/∆δ 
(GPa/mm) αE Empl (GPa) 

SST -MPL-21 2.69 6.91 1.85 2.60 19.14 
SST -MPL-22 3.12 5.04 1.82 2.60 21.83 
SST -MPL-23 3.19 6.27 1.50 2.60 18.39 
SST -MPL-24 2.81 6.89 2.95 2.60 31.93 
SST -MPL-25 2.10 7.20 2.59 2.60 20.90 
SST -MPL-26 3.03 7.75 2.21 2.60 25.77 
SST -MPL-27 2.72 7.14 2.74 2.60 28.62 
SST -MPL-28 2.92 8.55 2.09 2.60 23.50 
SST -MPL-29 3.10 7.42 1.76 2.60 20.97 
SST -MPL-30 2.84 8.47 1.58 2.60 17.28 
SST -MPL-31 3.20 8.91 4.64 2.60 57.07 
SST -MPL-32 2.61 2.56 1.78 2.60 26.78 
SST -MPL-33 2.24 4.05 1.31 2.60 16.90 
SST -MPL-34 2.31 3.79 2.15 2.60 28.63 
SST -MPL-35 2.90 4.42 1.90 2.60 31.74 
SST -MPL-36 2.41 5.21 1.02 2.60 14.16 
SST -MPL-37 2.75 6.05 0.67 2.60 10.64 
SST -MPL-38 2.63 6.16 1.27 2.60 19.26 
SST -MPL-39 2.27 6.15 2.29 2.60 30.05 
SST -MPL-40 2.36 5.08 0.90 2.60 12.26 
SST -MPL-41 3.18 11.42 4.98 2.60 42.64 
SST -MPL-42 3.03 8.09 3.92 2.60 31.96 
SST -MPL-43 2.28 8.05 2.44 2.60 15.00 
SST -MPL-44 2.83 11.42 5.71 2.60 43.48 
SST -MPL-45 2.77 7.72 7.80 2.60 58.26 
SST -MPL-46 2.88 12.06 4.11 2.60 31.84 
SST -MPL-47 2.50 5.08 3.09 2.60 44.64 
SST -MPL-48 2.75 4.42 3.38 2.60 53.64 
SST -MPL-49 2.72 6.05 2.54 2.60 39.81 
SST -MPL-50 2.60 8.05 3.60 2.60 25.23 
   Average 29.86 
   Standard Deviation 11.90 
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Table 4.16  Results of elastic modulus calculation from MPL tests on tuffaceous 

sandstone. 

Specimen Number t/d De/d ∆P/∆δ 
(GPa/mm) αE Empl (GPa) 

TST -MPL-01 2.70 5.46 2.12 2.60 22.02 
TST -MPL-02 2.58 7.87 3.26 2.60 32.32 
TST -MPL-03 2.75 7.30 1.43 2.60 15.13 
TST -MPL-04 2.82 7.15 1.43 2.60 15.51 
TST -MPL-05 2.54 13.45 2.64 2.60 25.79 
TST -MPL-06 2.92 8.93 1.43 2.60 16.06 
TST -MPL-07 2.43 8.53 1.12 2.60 22.73 
TST -MPL-08 2.87 10.47 3.19 2.60 35.21 
TST -MPL-09 2.30 7.87 2.12 2.60 18.75 
TST -MPL-10 2.30 4.27 1.32 2.60 17.52 
TST -MPL-11 2.82 12.43 3.19 2.60 34.55 
TST -MPL-12 2.54 6.04 1.27 2.60 12.41 
TST -MPL-13 2.88 11.80 1.59 2.60 17.64 
TST -MPL-14 2.51 6.31 1.70 2.60 24.65 
TST -MPL-15 2.14 11.04 2.60 2.60 15.00 
TST -MPL-16 2.29 4.86 1.02 2.60 13.45 
TST -MPL-17 2.59 7.15 6.50 2.60 45.30 
TST -MPL-18 2.43 2.85 0.73 2.60 10.25 
TST -MPL-19 2.85 3.16 1.28 2.60 21.05 
TST -MPL-20 2.41 2.95 1.70 2.60 23.60 
TST -MPL-21 2.98 4.17 1.00 2.60 17.22 
TST -MPL-22 2.65 6.42 0.88 2.60 8.96 
TST -MPL-23 3.14 6.11 1.01 2.60 18.30 
TST -MPL-24 3.03 4.81 1.24 2.60 21.66 
TST -MPL-25 2.23 2.23 1.26 2.60 10.83 
TST -MPL-26 2.73 6.52 1.78 2.60 18.69 
TST -MPL-27 2.16 8.87 1.70 2.60 20.65 
TST -MPL-28 3.19 7.18 1.64 2.60 20.11 
TST -MPL-29 3.10 7.42 1.28 2.60 11.36 
TST -MPL-30 2.60 6.41 2.80 2.60 28.00 
TST -MPL-31 2.87 4.96 1.58 2.60 17.42 
TST -MPL-32 2.64 3.68 1.70 2.60 17.25 
TST -MPL-33 2.38 4.15 1.30 2.60 11.92 
TST -MPL-34 2.71 8.24 2.60 2.60 19.42 
TST -MPL-35 2.83 8.00 3.25 2.60 24.78 
TST -MPL-36 2.42 10.13 3.25 2.60 21.15 
TST -MPL-37 2.54 7.15 2.17 2.60 14.84 
TST -MPL-38 2.10 7.55 5.20 2.60 29.44 
TST -MPL-39 2.93 5.08 2.60 2.60 20.52 
TST -MPL-40 2.73 4.10 3.47 2.60 25.52 
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Table 4.16  Results of elastic modulus calculation from MPL tests on tuffaceous 

sandstone (continued). 

Specimen Number t/d De/d ∆P/∆δ 
(GPa/mm) αE Empl (GPa) 

TST -MPL-41 2.34 6.28 2.60 2.60 16.38 
TST -MPL-42 2.59 4.33 2.60 2.60 18.14 
TST -MPL-43 2.65 5.46 4.35 2.60 44.40 
TST -MPL-44 2.55 8.29 2.22 2.60 32.65 
TST -MPL-45 2.54 3.68 3.15 2.60 30.75 
TST -MPL-46 2.93 6.95 2.22 2.60 25.02 
TST -MPL-47 2.47 2.97 1.28 2.60 18.27 
TST -MPL-48 3.10 6.11 2.37 2.60 42.40 
TST -MPL-49 2.25 3.37 3.71 2.60 22.52 
TST -MPL-50 2.59 4.10 3.94 2.60 27.46 
   Average 21.90 
   Standard Deviation 8.30 

 

 

Table 4.17  Comparisons of elastic modulus results obtained from uniaxial 

compressive strength tests and those from modified point load tests. 

Rock Type Tangential Elastic 
Modulus from UCS 

tests, Et (GPa) 

Elastic Modulus 
from MPL tests, 

Empl (GPa) 
Porphyritic andesite 43.0±3.4 17.4±9.1 

Silicified tuffaceous sandstone 63.3±8.0 29.9±11.9 

tuffaceous sandstone 51.3±5.3 21.9±8.3 

 

 4.3.2 Modified point load tests predicting uniaxial compressive strength. 

 The uniaxial compressive strength of MPL specimens can be predicted 

by plotting Pmpl as a function of diameter ratio, De/d as shown in Figures 4.28 through 

4.30.  At diameter ratio equal to unity the Pmpl represents the uniaxial compressive 

strength of rock.  The uniaxial compressive strength predicted from MPL tests 

compared with those from CPL test and UCS standard test is shown in Table 4.18.  
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UCS PREDICTION OF PORPHYRITIC ANDESITE FROM MPL 
TESTS

Pmpl = 118.44(De/d)0.5489
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Figure 4.28  Uniaxial compressive strength predicted for porphyritic andesite from     

MPL tests. 
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UCS PREDICTION OF SILICIFIED TUFFACEOUS SANDSTONE 
FROM MPL TESTS

Pmpl = 114.63(De/d)0.7447
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Figure 4.29 Uniaxial compressive strength predicted for silicified tuffaceous 

sandstone from MPL tests. 
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UCS PREDICTION OF  TUFFACEOUS SANDSTONE FROM MPL 
TESTS

Pmpl = 102.22(De/d)0.5457
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Figure 4.30  Uniaxial compressive strength predicted for tuffaceous sandstone from 

MPL tests. 

 

Table 4.18  Comparison the test results between UCS, CPL, Brazilian tensile 

strength and MPL tests. 

Uniaxial Compressive Strength 
(MPa) 

Tensile Strength  
(MPa) Rock Type UCS 

Testing 
CPL 

Prediction 
MPL 

Prediction
Brazilian 
Testing 

MPL 
Prediction

And 115.0 194.4 ±1.2 100.5 17.0±1.6 13.9±4.3 
TST 111.4 244.8±2.0 130.8 13.1±3.3 12.1±7.3 
SST 120.7 259.2±2.2 102.2 19.1±3.2 17.1±12.6 

 

 4.3.3 Modified Point Load Tests for Tensile Strength Predictions 

 The MPL results determine the rock tensile strength by using the 

relationship of the failure stresses (Pmpl) as a function of specimen thickness to 



 66

loading diameter ratio (t/d).  The tensile strength from MPL prediction can be 

expressed as an empirical equation (Tepnarong, 2001): 

 σt, mpl = Pmpl/ (αT ln (t/d)+βT) (4.10) 

where αT = 13.3 ln (De/d)-7.56 and  βT= -7.0 ln (De/d)+ 19.52. 

 The results of tensile strengths of all rock types are shown in Tables  

4.19.through 4.21. The predicted tensile strengths are compared with the Brazilian 

tensile strengths for the three rock types in Table 4.18. A close agreement of the 

results obtained between two methods. The discrepancies of the results are less than 

the standard deviation of the results. 

 

Table 4.19  Results of tensile strengths of porphyritic andesite predicted from MPL 

tests 

Specimen Number t/d De/d Pmpl 
(MPa) αT βT σt, mpl 

(MPa) 

And-MPL-01 2.46 5.43 159 14.95 7.67 7.50 
And-MPL-02 3.51 6.32 471 16.97 6.61 16.88 
And-MPL-03 2.36 6.34 191 17.01 6.59 9.00 
And-MPL-04 2.66 9.60 319 22.52 3.69 12.40 
And-MPL-05 2.84 9.03 471 21.70 4.12 17.61 
And-MPL-06 2.45 7.93 357 19.99 5.02 15.58 
And-MPL-07 2.63 8.74 331 21.27 4.35 13.30 
And-MPL-08 2.61 9.80 268 22.79 3.55 10.53 
And-MPL-09 2.80 7.77 344 19.71 5.17 13.51 
And-MPL-10 2.44 5.69 159 15.57 7.34 7.46 
And-MPL-11 2.51 6.13 368 16.56 6.83 16.66 
And-MPL-12 2.26 6.31 340 16.95 6.62 16.62 
And-MPL-13 2.33 11.26 468 24.64 2.57 20.00 
And-MPL-14 2.79 12.03 572 25.52 2.11 20.22 
And-MPL-15 2.39 5.03 227 13.92 8.22 11.14 
And-MPL-16 2.81 4.74 170 13.14 8.63 7.65 
And-MPL-17 3.05 8.61 497 21.08 4.45 17.76 
And-MPL-18 2.33 6.53 283 17.40 6.38 13.40 
And-MPL-19 2.94 13.86 484 27.41 1.12 15.77 
And-MPL-20 2.65 8.60 522 21.06 4.46 20.91 
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And-MPL-21 2.38 4.25 311 11.69 9.39 15.95 
And-MPL-22 2.30 4.17 255 11.42 9.53 13.38 
And-MPL-23 2.23 5.57 283 15.29 7.49 14.31 
And-MPL-24 2.50 7.60 311 19.41 5.32 13.47 
And-MPL-25 2.59 12.43 468 25.96 1.88 17.63 
And-MPL-26 3.03 5.60 395 15.35 7.46 16.13 
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Table 4.19  Results of tensile strengths of porphyritic andesite predicted from MPL 

tests (continued). 

 

Specimen Number t/d De/d Pmpl 
(MPa) αT βT σt, mpl 

(MPa) 
And-MPL-27 2.73 16.40 497 29.64 -0.06 16.71 
And-MPL-28 2.82 9.06 280 22.52 3.69 10.35 
And-MPL-29 3.11 9.34 369 22.16 3.88 12.72 
And-MPL-30 2.46 13.14 650 26.70 1.49 25.43 
And-MPL-31 2.62 9.82 255 22.82 3.53 9.97 
And-MPL-32 2.60 11.47 468 24.88 2.44 17.83 
And-MPL-33 2.40 7.00 255 18.32 5.90 11.61 
And-MPL-34 3.04 8.00 306 20.10 4.96 11.21 
And-MPL-35 2.50 4.55 280 12.59 8.91 13.70 
And-MPL-36 2.43 16.97 312 30.10 -0.30 11.81 
And-MPL-37 3.33 15.20 395 28.63 0.47 11.30 
And-MPL-38 2.38 6.61 442 17.55 6.30 20.54 
And-MPL-39 3.18 3.47 338 8.97 10.82 15.94 
And-MPL-40 2.45 5.51 390 15.13 7.58 18.47 
And-MPL-41 2.07 5.61 390 15.37 7.45 20.89 
And-MPL-42 2.23 4.25 283 11.69 9.39 15.07 
And-MPL-43 2.07 5.61 390 15.37 7.45 20.89 
And-MPL-44 3.24 3.40 395 8.71 10.96 18.64 
And-MPL-45 2.75 4.26 306 11.72 9.37 14.41 
And-MPL-46 3.02 3.97 166 10.79 9.86 7.60 
And-MPL-47 2.55 3.14 127 7.66 11.51 11.59 
And-MPL-48 2.57 2.20 142 2.91 14.01 8.45 
And-MPL-49 2.56 2.14 74 2.57 14.19 4.43 
And-MPL-50 2.43 1.66 102 -0.78 15.95 9.28 
    Average 14.27 
   Standard Deviation 4.4 
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Table 4.20  Results of tensile strengths of silicified tuffaceous sandstone predicted 

from MPL tests. 

Specimen Number t/d De/d Pmpl 
(MPa) αT βT σt, mpl 

(MPa) 
SST -MPL-01 3.00 7.82 442 13.36 8.51 20.18 
SST -MPL-02 2.50 4.80 572 13.31 8.53 27.59 
SST -MPL-03 3.14 4.24 433 11.96 9.24 18.88 
SST -MPL-04 2.92 8.09 572 20.24 4.89 21.55 
SST -MPL-05 2.75 11.42 780 24.83 2.47 28.27 
SST -MPL-06 3.08 4.90 494 13.57 8.40 20.86 
SST -MPL-07 3.17 6.11 728 16.51 6.85 28.08 
SST -MPL-08 2.33 6.84 624 18.00 6.06 29.32 
SST -MPL-09 2.55 4.80 598 13.31 8.53 28.49 
SST -MPL-10 2.17 7.72 312 19.62 5.22 15.29 
SST -MPL-11 3.12 9.03 702 21.70 4.12 24.36 
SST -MPL-12 2.55 10.94 390 24.26 2.77 15.33 
SST -MPL-13 2.86 7.42 510 19.10 5.49 20.11 
SST -MPL-14 2.48 6.15 198 16.61 6.80 9.05 
SST -MPL-15 2.53 8.05 546 20.17 4.92 23.12 
SST -MPL-16 2.43 10.94 390 24.26 2.77 16.07 
SST -MPL-17 2.34 10.90 650 24.21 2.80 27.80 
SST -MPL-18 2.53 13.71 624 27.26 1.20 23.54 
SST -MPL-19 3.27 4.34 408 11.96 9.24 17.40 
SST -MPL-20 2.70 3.10 497 7.48 11.60 26.18 
SST -MPL-21 2.69 6.91 522 18.16 5.99 21.81 
SST -MPL-22 3.12 5.04 484 13.94 8.21 20.12 
SST -MPL-23 3.19 6.27 331 16.86 6.67 12.63 
SST -MPL-24 2.81 6.89 420 18.12 6.01 16.99 
SST -MPL-25 2.10 7.20 497 18.69 5.70 25.41 
SST -MPL-26 3.03 7.75 471 19.68 5.19 17.45 
SST -MPL-27 2.72 7.14 395 18.59 5.76 16.23 
SST -MPL-28 2.92 8.55 764 20.98 4.50 28.30 
SST -MPL-29 3.10 7.42 510 19.10 5.49 18.81 
SST -MPL-30 2.84 8.47 522 20.87 4.56 19.81 
SST -MPL-31 3.20 8.91 828 21.53 4.21 28.32 
SST -MPL-32 2.61 2.56 226 4.92 12.95 12.82 
SST -MPL-33 2.24 4.05 311 11.06 9.72 16.72 
SST -MPL-34 2.31 3.79 255 10.17 10.19 13.63 
SST -MPL-35 2.90 4.42 594 12.21 9.12 26.90 
SST -MPL-36 2.41 5.21 283 14.39 7.97 13.74 
SST -MPL-37 2.75 6.05 340 16.39 6.92 14.45 
SST -MPL-38 2.63 6.16 368 16.61 6.80 16.11 
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Table 4.20  Results of tensile strengths of silicified tuffaceous sandstone predicted 

from MPL tests (continued). 

Specimen Number t/d De/d Pmpl 
(MPa) 

αT βT σt, mpl 
(MPa) 

SST -MPL-39 2.27 6.15 198 16.61 6.80 9.69 
SST -MPL-40 2.36 5.08 311 14.06 8.14 15.40 
SST -MPL-41 3.18 11.42 780 24.83 2.47 25.00 
SST -MPL-42 3.03 8.09 546 20.24 4.89 19.99 
SST -MPL-43 2.28 8.05 546 20.17 4.92 25.30 
SST -MPL-44 2.83 11.42 780 24.83 2.47 27.57 
SST -MPL-45 2.77 7.72 312 19.62 5.22 12.36 
SST -MPL-46 2.88 12.06 728 25.55 2.09 25.02 
SST -MPL-47 2.50 5.08 323 14.06 8.14 15.33 
SST -MPL-48 2.75 4.42 594 12.21 9.12 27.69 
SST -MPL-49 2.72 6.05 368 16.39 6.92 15.80 
SST -MPL-50 2.60 8.05 520 20.17 4.92 21.47 
    Average 20.45 
   Standard Deviation 5.6 
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Table 4.21  Results of tensile strengths of tuffaceous sandstone predicted from MPL 

tests. 

Specimen Number t/d De/d Pmpl 
(MPa) αT βT σt, mpl 

(MPa) 
TST -MPL-01 2.70 5.46 293 15.02 7.63 12.99 
TST -MPL-02 2.58 7.87 293 19.88 5.08 12.26 
TST -MPL-03 2.75 7.30 255 18.88 5.60 10.31 
TST -MPL-04 2.82 7.15 510 18.60 5.75 20.35 
TST -MPL-05 2.54 13.45 280 27.01 1.33 10.58 
TST -MPL-06 2.92 8.93 255 21.56 4.20 9.33 
TST -MPL-07 2.43 8.53 311 20.95 4.51 13.46 
TST -MPL-08 2.87 10.47 268 22.79 3.55 9.70 
TST -MPL-09 2.30 7.87 471 19.88 5.08 21.79 
TST -MPL-10 2.30 4.27 147 11.76 9.35 7.69 
TST -MPL-11 2.82 12.43 573 25.96 1.88 19.94 
TST -MPL-12 2.54 6.04 255 16.36 6.93 11.49 
TST -MPL-13 2.88 11.80 369 25.27 2.24 12.74 
TST -MPL-14 2.51 6.31 232 16.95 6.62 10.44 
TST -MPL-15 2.14 11.04 312 24.38 2.71 14.65 
TST -MPL-16 2.29 4.86 215 13.47 8.45 10.98 
TST -MPL-17 2.59 7.15 286 18.61 5.75 12.20 
TST -MPL-18 2.43 2.85 102 6.37 12.19 5.71 
TST -MPL-19 2.85 3.16 130 7.76 11.46 6.65 
TST -MPL-20 2.41 2.95 102 6.85 11.94 5.68 
TST -MPL-21 2.98 4.17 170 11.43 9.52 7.71 
TST -MPL-22 2.65 6.42 170 11.78 9.34 10.59 
TST -MPL-23 3.14 6.11 255 16.52 6.85 9.89 
TST -MPL-24 3.03 4.81 368 14.23 8.05 15.45 
TST -MPL-25 2.23 2.23 331 3.13 13.89 20.18 
TST -MPL-26 2.73 6.52 331 17.38 6.40 13.89 
TST -MPL-27 2.16 8.87 535 21.46 4.24 18.50 
TST -MPL-28 3.19 7.18 369 18.66 5.72 13.50 
TST -MPL-29 2.31 5.16 255 14.25 8.04 12.76 
TST -MPL-30 2.60 6.41 484 17.15 6.51 21.14 
TST -MPL-31 2.87 4.96 420 13.73 8.32 18.46 
TST -MPL-32 2.64 3.68 293 9.76 10.41 14.75 
TST -MPL-33 2.38 4.15 293 11.51 9.48 15.04 
TST -MPL-34 2.71 8.24 364 20.49 4.76 14.18 
TST -MPL-35 2.83 8.00 572 20.10 4.96 22.10 
TST -MPL-36 2.42 10.13 468 23.24 3.31 19.65 
TST -MPL-37 2.54 7.15 234 18.61 5.75 10.13 
TST -MPL-38 2.10 7.55 390 19.32 5.37 19.76 
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Table 4.21  Results of tensile strengths of tuffaceous sandstone predicted from MPL 

tests (continued). 

Specimen Number t/d De/d Pmpl 
(MPa) αT βT σt, mpl 

(MPa) 
TST -MPL-39 2.93 5.08 286 14.06 8.14 12.29 
TST -MPL-40 2.73 4.10 260 11.24 9.63 12.43 
TST -MPL-41 2.34 6.28 208 16.88 6.66 9.90 
TST -MPL-42 2.59 4.33 338 11.94 9.26 16.39 
TST -MPL-43 2.65 5.46 280 15.02 7.63 12.57 
TST -MPL-44 2.55 8.29 147 20.57 4.72 6.14 
TST -MPL-45 2.54 3.68 306 9.76 10.41 15.68 
TST -MPL-46 2.93 6.95 210 18.22 5.95 18.46 
TST -MPL-47 2.47 2.97 102 6.91 11.90 5.61 
TST -MPL-48 3.10 6.11 170 16.52 6.85 6.65 
TST -MPL-49 2.25 3.37 416 19.39 5.33 19.72 
TST -MPL-50 2.59 4.10 312 11.20 9.65 15.37 
    Average 13.36 
   Standard Deviation 5.6 

 

 4.3.4 Modified point load tests for triaxial compressive strength predictions 

 The objective of this section is to predict the triaxial compressive strength 

of intact rock specimens by using the MPL results (modified point load strength, Pmpl).  It 

is speculated that increase of applied load (σ1) will invoke a confining pressure (σ3) on 

the imaginary cylindrical profile between the two loading points.  This is due to the 

effect of Poisson’s ratio (ν) which causing a potential expansion of rock in this cylinder.  

The greater the σ1, the greater the σ3.  in addition, Poisson’s ratios also affect the 

magnitude of σ3.  The magnitude of σ3 also depends on the specimen shape, particularly 

the De/d ratio.  In principle, σ3 will equal zero for De/d ratio equal to unity.  But when 

De/d ratio is very large, approaching infinity, σ3 will reach its maximum.  This maximum 

value of σ3 will also depend on the rock Poisson’s ratio.  From computer simulation of 

t/d =2.5, the variation of σ1/ σ3 ratio can be simply expressed by Tepnarong (2006) as. 
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(σ1/ σ3) = 2/ ((ν / (1–ν) (1-(d/De) 2)) (4.11) 

where ν is the Poisson’s ratio of rock specimen, d is the modified point load diameter 

and De is the equivalent diameter of the specimen.  The Poisson’s ratio of rock 

specimen used in equation 4.11 can be assumed to be 2.5.  The σ1/ σ3 ratio tends to be 

independent of De/d for De/d greater than 10.  This implies that when MPL specimen 

diameter is more than 10 times of the loading point diameter, the magnitude of σ3 is 

approaching its maximum value (Tepnarong, 2006). 

 It should be pointed out that approach used here to determine σ3 

assumes that there is no shear stress (τrz) along the imagination cylinder.  As a result, 

the magnitude of σ3 determined here would be higher than the actual σ3 applied in the 

true triaxial test specimen.  This mean that the σ1/ σ3 ratios at failure obtained from 

MPL tests will be lower than the actual failure stress ratio from the true triaxial tests. 

 From the concept of σ1/ σ3-De/d relation proposed, the major and 

minor principal stresses at failure (σ1, σ3) can be predicted from the measured MPL 

failure stress. Pmpl and De/d ratio The Poisson’s ratio used here is equal to 0.25.   

 Comparison between the failure stress (σ1, σ3) obtained from the 

standard triaxial compressive strength testing (ASTM D7012-07) and those predicted 

from MPL test results are made graphically in Figures 4.31 through 4.33, for ν =0.25.  

The figures are plotted the maximum shear stress (½(σ1-σ3)) as a function of mean 

shear stress (½(σ1+σ3)) indicating that the predicted failure stresses under-estimate 

the value obtained from the standard testing.  This is because of the assumption of no 

shear stresses developed on the surface of the imaginary cylinder.  The under 

prediction may be due to the intrinsic variability of the rocks.  The predictions are 

also sensitive to assumed Poisson’s ratio.  The Poisson’s ratio of the tested specimens 
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may be lower than the assumed value of 0.25.  This comparison implies that the 

triaxial strength predicted from MPL test will be more conservative than those from 

the standard testing method. 

 

Table 4.22  Results of triaxial strengths of porphyritic andesite predicted from MPL 

tests. 

Specimen 
Number 

t/d De/d σ1    

(MPa)
σ3    

(MPa)
Maximum 
shear stress 

(MPa) 

Mean stress
(MPa) 

And-MPL-01 2.46 5.43 159 25.27 66.63 91.90 
And-MPL-02 3.51 6.32 471 75.83 197.76 273.58 
And-MPL-03 2.36 6.34 191 30.75 80.17 110.91 
And-MPL-04 2.66 9.60 319 51.98 133.25 185.22 
And-MPL-05 2.84 9.03 471 76.82 197.26 274.08 
And-MPL-06 2.45 7.93 357 57.92 149.38 207.30 
And-MPL-07 2.63 8.74 331 53.93 138.64 192.57 
And-MPL-08 2.61 9.80 268 43.68 111.92 155.60 
And-MPL-09 2.80 7.77 344 55.81 144.07 199.88 
And-MPL-10 2.44 5.69 159 25.35 66.59 91.94 
And-MPL-11 2.51 6.13 368 59.11 154.45 213.56 
And-MPL-12 2.26 6.31 340 54.65 142.53 197.17 
And-MPL-13 2.33 11.26 468 76.60 195.68 272.28 
And-MPL-14 2.79 12.03 572 93.72 239.11 332.83 
And-MPL-15 2.39 5.03 227 35.89 95.29 131.18 
And-MPL-16 2.81 4.74 170 26.78 71.54 98.31 
And-MPL-17 3.05 8.61 497 80.87 207.97 288.84 
And-MPL-18 2.33 6.53 283 45.61 118.74 164.35 
And-MPL-19 2.94 13.86 484 79.46 202.31 281.77 
And-MPL-20 2.65 8.60 522 85.01 218.64 303.65 
And-MPL-21 2.38 4.25 311 48.54 131.43 179.97 
And-MPL-22 2.30 4.17 255 39.62 107.58 147.20 
And-MPL-23 2.23 5.57 283 45.21 118.94 164.15 
And-MPL-24 2.50 7.60 311 50.49 130.45 180.94 
And-MPL-25 2.59 12.43 468 76.71 195.62 272.34 
And-MPL-26 3.03 5.60 395 63.08 165.91 228.99 
And-MPL-27 2.73 16.40 497 81.67 207.57 289.24 
And-MPL-28 2.82 9.06 280 45.74 117.26 163.00 
And-MPL-29 3.11 9.34 369 60.26 154.59 214.84 
And-MPL-30 2.46 13.14 650 106.6 271.66 378.28 
And-MPL-31 2.62 9.82 255 41.60 106.59 148.19 
And-MPL-32 2.60 11.47 468 76.63 195.67 272.29 
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And-MPL-33 2.40 7.00 255 41.18 106.80 147.98 
And-MPL-34 3.04 8.00 306 49.66 128.04 177.70 
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Table 4.22  Results of triaxial strengths of porphyritic andesite predicted from MPL 

tests (continued). 

Specimen Number t/d De/d σ1    

(MPa)
σ3    

(MPa)

Maximum 
shear stress 

(MPa) 

Mean stress
(MPa) 

And-MPL-35 2.50 4.55 280 44.01 118.12 162.13 
And-MPL-36 2.43 16.97 312 51.30 130.34 181.63 
And-MPL-37 3.33 15.20 395 64.88 165.01 229.89 
And-MPL-38 2.38 6.61 442 71.25 185.35 256.61 
And-MPL-39 3.18 3.47 338 51.12 143.42 194.55 
And-MPL-40 2.45 5.51 390 62.22 163.87 226.09 
And-MPL-41 2.07 5.61 390 62.30 163.83 226.13 
And-MPL-42 2.23 4.25 283 44.13 119.48 163.61 
And-MPL-43 2.07 5.61 390 62.30 163.83 226.13 
And-MPL-44 3.24 3.40 395 59.52 167.69 227.21 
And-MPL-45 2.75 4.26 306 47.67 129.03 176.70 
And-MPL-46 3.02 3.97 166 25.59 70.01 95.60 
And-MPL-47 2.55 3.14 127 32.11 92.23 124.33 
And-MPL-48 2.57 2.20 142 18.52 61.51 80.03 
And-MPL-49 2.56 2.14 74 9.50 32.05 41.55 
And-MPL-50 2.43 1.66 102 14.93 63.31 78.23 

 
Table 4.23  Results of triaxial strengths of silicified tuffaceous sandstone predicted 

from MPL tests. 

Specimen Number t/d De/d σ1    

(MPa)
σ3    

(MPa)

Maximum 
shear stress 

(MPa) 

Mean stress
(MPa) 

SST -MPL-01 3.00 7.82 442 73.89 197.03 270.92 
SST -MPL-02 2.50 4.80 572 90.28 240.83 331.12 
SST -MPL-03 3.14 4.24 433 67.67 182.73 250.40 
SST -MPL-04 2.92 8.09 572 92.93 239.51 332.44 
SST -MPL-05 2.75 11.42 780 127.7 326.11 453.82 
SST -MPL-06 3.08 4.90 494 78.11 207.92 286.03 
SST -MPL-07 3.17 6.11 728 116.9 305.52 422.41 
SST -MPL-08 2.33 6.84 624 100.8 261.60 362.35 
SST -MPL-09 2.55 4.80 598 94.39 251.78 346.17 
SST -MPL-10 2.17 7.72 312 50.61 130.68 181.29 
SST -MPL-11 3.12 9.03 702 114.4 293.77 408.17 
SST -MPL-12 2.55 10.94 390 63.81 163.08 226.89 
SST -MPL-13 2.86 7.42 510 82.55 213.50 296.05 
SST -MPL-14 2.48 6.15 198 31.83 83.16 115.00 
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Table 4.23  Results of triaxial strengths of silicified tuffaceous sandstone predicted 

from MPL tests (continued). 

Specimen Number t/d De/d σ1    

(MPa)
σ3    

(MPa)

Maximum 
shear stress 

(MPa) 

Mean stress
(MPa) 

SST -MPL-15 2.53 8.05 546 88.69 228.63 317.32 
SST -MPL-16 2.43 10.94 390 63.81 163.08 226.89 
SST -MPL-17 2.34 10.90 650 106.3 271.80 378.14 
SST -MPL-18 2.53 13.71 624 102.4 260.77 363.17 
SST -MPL-19 3.27 4.34 408 63.69 171.98 235.67 
SST -MPL-20 2.70 3.10 497 73.44 211.69 285.13 
SST -MPL-21 2.69 6.91 522 84.38 218.96 303.33 
SST -MPL-22 3.12 5.04 484 76.72 203.68 280.40 
SST -MPL-23 3.19 6.27 331 56.26 138.97 192.24 
SST -MPL-24 2.81 6.89 420 67.90 176.24 244.14 
SST -MPL-25 2.10 7.20 497 80.39 208.21 288.60 
SST -MPL-26 3.03 7.75 471 76.48 197.43 273.91 
SST -MPL-27 2.72 7.14 395 63.88 165.51 229.39 
SST -MPL-28 2.92 8.55 764 124.4 319.97 444.36 
SST -MPL-29 3.10 7.42 510 82.55 213.50 296.05 
SST -MPL-30 2.84 8.47 522 84.98 218.66 303.64 
SST -MPL-31 3.20 8.91 828 134.9 346.56 481.46 
SST -MPL-32 2.61 2.56 226 31.65 97.41 129.06 
SST -MPL-33 2.24 4.05 311 48.25 131.57 179.82 
SST -MPL-34 2.31 3.79 255 39.12 107.83 146.95 
SST -MPL-35 2.90 4.42 594 93.07 250.71 343.77 
SST -MPL-36 2.41 5.21 283 44.99 119.05 164.04 
SST -MPL-37 2.75 6.05 340 54.52 142.59 197.11 
SST -MPL-38 2.63 6.16 368 59.12 154.45 213.57 
SST -MPL-39 2.27 6.15 198 31.83 83.16 115.00 
SST -MPL-40 2.36 5.08 311 49.39 131.00 180.39 
SST -MPL-41 3.18 11.42 780 127.7 326.11 453.82 
SST -MPL-42 3.03 8.09 546 88.70 228.62 317.33 
SST -MPL-43 2.28 8.05 546 88.69 228.63 317.32 
SST -MPL-44 2.83 11.42 780 127.7 326.11 453.82 
SST -MPL-45 2.77 7.72 312 50.61 130.68 181.29 
SST -MPL-46 2.88 12.06 728 119.3 304.33 423.61 
SST -MPL-47 2.50 5.08 323 51.19 135.77 186.95 
SST -MPL-48 2.75 4.42 594 93.07 250.71 343.77 
SST -MPL-49 2.72 6.05 368 59.06 154.47 213.54 
SST -MPL-50 2.60 8.05 520 84.47 217.74 302.21 

 



 78

Table 4.24  Results of triaxial strengths of tuffaceous sandstone predicted from MPL 

tests. 

Specimen Number t/d De/d σ1    

(MPa)
σ3    

(MPa)

Maximum 
shear stress 

(MPa) 

Mean stress
(MPa) 

TST -MPL-01 2.70 5.46 293 46.72 123.13 169.86 
TST -MPL-02 2.58 7.87 293 47.56 122.72 170.28 
TST -MPL-03 2.75 7.30 255 41.25 106.76 148.01 
TST -MPL-04 2.82 7.15 510 82.43 213.56 295.99 
TST -MPL-05 2.54 13.45 280 45.99 117.13 163.12 
TST -MPL-06 2.92 8.93 255 41.51 106.63 148.14 
TST -MPL-07 2.43 8.53 311 50.67 130.36 181.03 
TST -MPL-08 2.87 10.47 268 43.68 111.92 155.60 
TST -MPL-09 2.30 7.87 471 76.51 197.41 273.93 
TST -MPL-10 2.30 4.27 147 22.96 62.12 85.08 
TST -MPL-11 2.82 12.43 573 93.97 239.64 333.61 
TST -MPL-12 2.54 6.04 255 40.89 106.95 147.83 
TST -MPL-13 2.88 11.80 369 60.52 154.45 214.97 
TST -MPL-14 2.51 6.31 232 37.34 97.39 134.74 
TST -MPL-15 2.14 11.04 312 51.05 130.46 181.51 
TST -MPL-16 2.29 4.86 215 34.00 90.57 124.57 
TST -MPL-17 2.59 7.15 286 46.26 119.86 166.12 
TST -MPL-18 2.43 2.85 102 14.74 43.58 58.33 
TST -MPL-19 2.85 3.16 130 19.34 55.44 74.78 
TST -MPL-20 2.41 2.95 102 14.89 43.51 58.40 
TST -MPL-21 2.98 4.17 170 26.41 71.72 98.13 
TST -MPL-22 2.65 6.42 170 26.50 71.68 98.17 
TST -MPL-23 3.14 6.11 255 40.91 106.93 147.84 
TST -MPL-24 3.03 4.81 368 58.43 154.76 213.22 
TST -MPL-25 2.23 2.23 331 43.70 143.76 187.45 
TST -MPL-26 2.73 6.52 331 53.36 138.92 192.29 
TST -MPL-27 2.16 8.87 535 87.16 223.94 311.09 
TST -MPL-28 3.19 7.18 369 59.77 154.83 214.60 
TST -MPL-29 2.31 5.16 255 40.46 107.16 147.62 
TST -MPL-30 2.60 6.41 484 77.93 203.07 281.00 
TST -MPL-31 2.87 4.96 420 66.54 176.92 243.46 
TST -MPL-32 2.64 3.68 293 44.77 124.11 168.88 
TST -MPL-33 2.38 4.15 293 45.60 123.70 169.30 
TST -MPL-34 2.71 8.24 364 59.17 152.40 211.57 
TST -MPL-35 2.83 8.00 572 92.90 239.53 332.42 
TST -MPL-36 2.42 10.13 468 76.46 195.75 272.21 
TST -MPL-37 2.54 7.15 234 37.85 98.06 135.92 
TST -MPL-38 2.10 7.55 390 63.21 163.38 226.59 
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Table 4.24  Results of triaxial strengths of tuffaceous sandstone predicted from MPL 

tests (continued). 

Specimen 
Number t/d De/d σ1    

(MPa)
σ3    

(MPa)

Maximum 
shear stress 

(MPa) 

Mean stress
(MPa) 

TST -MPL-39 2.93 5.08 286 45.36 120.31 165.67 
TST -MPL-40 2.73 4.10 260 40.36 109.81 150.17 
TST -MPL-41 2.34 6.28 208 33.45 87.27 120.71 
TST -MPL-42 2.59 4.33 338 52.79 142.59 195.38 
TST -MPL-43 2.65 5.46 280 44.69 117.78 162.47 
TST -MPL-44 2.55 8.29 147 23.94 61.63 85.57 
TST -MPL-45 2.54 3.68 306 46.71 129.51 176.22 
TST -MPL-46 2.93 6.95 210 76.16 197.59 273.75 
TST -MPL-47 2.47 2.97 102 14.91 43.59 58.41 
TST -MPL-48 3.10 6.11 170 27.28 71.29 98.70 
TST -MPL-49 2.25 3.37 416 67.44 174.26 241.70 
TST -MPL-50 2.59 4.10 312 48.41 131.78 180.19 
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Figure 4.31  Comparisons of triaxial compressive strength criterion of porphyritic 

andesite between the triaxial compressive strength test and MPL test. 



 80

SILICIFIED TUFFACEOUS SANDSTONE

0

50

100

150

200

250

300

350

400

0 100 200 300 400 500 600

Mean stress,σm= ((σ1+σ3)/2), (MPa)

M
ax

im
um

 sh
ea

r s
tre

ss
,

 τ
m
=(

( σ
1−

σ
3)

/2
), 

(M
Pa

)
MPL Prediction

Triaxial Compressive Strength test

 

Figure 4.32 Comparisons of triaxial compressive strength criterion of silicified 

tuffaceous sandstone between the triaxial compressive strength test 

and MPL test 
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Figure 4.33 Comparisons of triaxial compressive strength criterion of tuffaceous 

sandstone between the triaxial compressive strength test and MPL 

test. 

 Table 4.25 compares the triaxial test results in terms of the cohesion, c 

and internal friction angle, φi by assuming the failure mode follows the Coulomb’s 

criterion. The c and φi values are calculated from the test results and the predicted 

results by the assumption of Coulomb’s criterion (Jaeger and Cook, 1978).  Table 

4.25 shows that the strengths predicted by MPL testing of all rock types under-

estimate those obtained from the standard triaxial testing.  This is probably the actual 

Poisson’s ratio of the rock specimens are probably lower than those assumed in the 

model simulation which is assumed the Poisson’s ratio as 0.25. 
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Table 4.25  Comparisons of the internal friction angle and cohesion between MPL 

predictions and triaxial compressive strength tests. 

Triaxial Compressive 
Strength Test 

MPL Predictions 
(ν=0.25) Rock Type 

c (MPa) φi (degrees) c (MPa) φi (degrees) 

Porphyritic Andesite 12 69 4 45 

Silicified Tuffaceous Sandstone 13 65 3 46 

Tuffaceous Sandstone 7 73 2 46 

 



CHAPTER V 

FINITE DIFFERENCE ANALYSES 

 

5.1 Objectives 

 The objective of the finite difference analyses is to verify that the equivalent 

diameter of rock specimens used in the MPL strength prediction is appropriate.  The 

finite difference analyses using FLAC software is made to determine the MPL 

strength for various specimen diameters (D) with a constant cross-sectional area. 

 

5.2 Model characteristics 

 The analyses are made in axis symmetry.  Four specimen models with the 

constant thickness of 3.18 cm are loaded with 1.0 cm diameter loading point.  The 

diameter of the specimen (D) models is varied from 5.08 cm to 7.62 cm.  Each 

specimen has a constant cross-sectional area of 16.13 cm2 as shown in Figure 5.1 

through 5.5.  The load is applied to the specimens until failure occurs and then the 

failure loads (P) are recorded. 

 

5.3 Results of finite difference analyses 

The results of numerical simulation are shown in Table 5.1.  The results 

suggest that the MPL strength remains roughly constant when the same equivalent 

diameter (De) is used.  It can be concluded that the equivalent diameter used in this 

research is appropriate to predict the MPL strength. 
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Figure 5.1  Simulation model No.1, t= 3.18 cm, D= 5.08 cm, d=10 mm 
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Figure 5.2  Simulation model No.2, t= 3.18 cm, D= 5.72 cm, d=10 mm 
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Figure 5.3  Simulation model No.3, t= 3.18 cm, D= 6.35 cm, d=10 mm 
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Figure 5.4  Simulation model No.4, t= 3.18 cm, D= 6.98 cm, d=10 mm 
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Figure 5.5  Simulation model No.5, t= 3.18 cm, D= 7.62 cm, d=10 mm 

 

Table 5.1  Summary of the results from numerical simulations. 

Model 
Number 

Specimen 
Thickness, 

t (cm) 

Specimen 
Diameter, 

D (cm) 

Cross-
Sectional 

Are of 
Specimen, 

A (cm2) 

Equivalent 
Diameter, 

De (cm) 

Failure 
Load, P 

(kN) 

1 3.18 5.08 16.13 5.08 44.85 
2 3.18 5.72 16.13 5.08 46.30 
3 3.18 6.35 16.13 5.08 46.14 
4 3.18 6.98 16.13 5.08 46.27 
5 3.18 7.62 16.13 5.08 45.90 

 



CHAPTER VI 

DISCUSSIONS, CONCLUSIONS AND  

RECOMMENDATIONS 

 

 This chapter discusses various aspects of the proposed MPL testing technique 

for determining the elastic modulus, uniaxial and triaxial compressive strengths, and 

tensile strength of intact rock specimens.  The discussed issues include reliability of 

the testing results, validity, scope and limitations of the proposed method of 

calculations, and accuracy of the predicted rock properties. 

 

6.1 Discussions 

 1) For selection of rock specimens for MPL testing in this research, an 

attempt has been made to select the specimens, particularly in obtaining a high degree 

of uniformity of rock matrix so as to reduce the intrinsic variability of the mechanical 

test results, and hence clearly reveals of the relation between the standard test results 

with the MPL test results.  Nevertheless, a high degree of intrinsic variability 

remains, as evidenced from the results of the characterization testing.  For all tested 

rock types here, the igneous rocks are normally heterogeneous.  The high intrinsic 

variability is caused by the degree of weathering among specimens and the 

distribution of rock fragments in the groundmass which promotes the different 

orientations of cleavage planes and pore spaces to become a weak plane in rock 

specimens. Silicified tuffaceous sandstone, the high standard deviation may be 

caused by the silicified degree in rock specimens. 
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 2) For prediction of elastic modulus of rock specimens, the effects of the 

heterogeneity that cause the selective weak planes are enhanced during the MPL 

testing.  This is because the applied loading areas are much smaller than those under 

standard uniaxial compressive strength testing.  This load condition yields a high 

degree of intrinsic variability of the MPL testing results. The standard deviation of 

the elastic modulus predicted from MPL results are in the range between 35-50%. 

This means that in order to obtain the accurate prediction, a large number of rock 

specimens is necessary for each rock types and that the MPL testing is more 

applicable in fine-grained rocks than coarse-grained rocks.  Another factor is the 

uneven contacts between the loading platens and the rock surfaces which caused the 

elastic modulus of all rock types that predicted from MPL testing to be lower 

compared with those from the uniaxial compressive strength . 

 3) Equivalent diameter used to define the rock specimen width (perpendicular 

to the loading direction) seems adequate for use in MPL predictions of rock 

compressive and tensile strengths.  

 4) Determination of σ3 at failure for the MPL testing is the empirical.  In fact 

results from the numerical simulation indicate that σ3 distribution along the imaginary 

cylinder between the loading points is not uniform particularly for low t/d ratio 

(lower than 2.5).  Along this cylinder σ3 is tension near the loading point and 

becomes compression in the mid-length of the MPL specimen.  There are also shear 

stresses along the imaginary cylinder.  The induced stress states along the assume 

cylinder in MPL specimen are therefore different from those the actual triaxial 

strength testing specimen. The MPL method can not satisfactorily predict the triaxial 

compressive strength of all tested rock types, primarily due to the heterogeneity of 
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rock specimens that is the different sizes of phenocrysts in igneous rock in lateral and 

horizontal directions.  This promotes the different failure formations. 

 

6.2 Conclusions 

 The objective of this research is to determine the elastic modulus, uniaxial 

compressive strength, tensile strength and triaxial compressive strength of rock 

specimens by using the modified point load (MPL) test method. Three rock types 

used in this research are porphyritic andesite, silicified tuffaceous sandstone and 

tuffaceous sandstone.  Prior to performing the modified point load testing, the 

standard characterization testing is carried out on these rock types to obtain the data 

basis for use to compare the results from MPL testing.  The MPL specimens are 

irregular-shaped with the specimen thickness to loading platen diameter (t/d) varies 

from 2.5-3.5 and the equivalent diameter of specimen to loading platen diameter 

(De/d) varies from 1.5 to 20.  Loading platen diameters used in this research are 7, 10 

and 15 mm.  Finite different analysis is used to verify the equivalent diameter that use 

to calculate rock properties from MPL tests. 

 The research results illustrate that the elastic modulus estimated from MPL tests 

under-estimates those obtained from the ASTM standard test with the standard 

deviation of 40% for porphyritic andesite, 48% for silicified tuffaceous sandstone and 

43% for tuffaceous sandstone.  The MPL test method can satisfactorily predict the 

uniaxial compressive strength and tensile strength of all rock types tested here.  The 

conventional point load test method over-predicts the actual strength results by much as 

100%.  The MPL method however can not predict the triaxial compressive strengths 

for three rock types tested here, primarily due to heterogeneous and different 
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weathering degree of rock specimens and uneven surface of rock specimens. This 

suggests that the smooth and parallel contact surfaces on opposite side of the loading 

points are important for determining the strength of rock specimens for MPL method. 

 

6.3 Recommendations 

 The assessment of predictive capability of the proposed MPL testing technique 

has been limited to three rock types.  More testing is needed to confirm the applicability 

and limitations of the proposed method.  Some obvious future research needs are 

summarized as follows. 

 1) More testing is required for elastic modulus and triaxial compressive strength 

on different rock types.  Smooth and parallel of rock specimen surfaces in the opposite 

sides should be prepared for all rock types.  The results may also reveal the impacts of 

grain size on elasticity and strength of obtained under different loading areas. And the 

effects of size of the areas underneath the applied load should be further investigated. 

 2) To truly confirm the validity of MPL predictions for the elastic modulus and 

strength of rocks may be desirable to obtain the actual Poisson’s ratio of all rock types.  

The results could reveal the accuracy of the predicted elastic modulus under the assumed 

Poisson’s ratio of 0.25.  Comparison between the elastic modulus obtained from the 

actual Poisson’s ratio may show the validity of assumption of the Poisson’s ratio posed 

here. 

 3) All tests made in this research are on dry specimens, the results of pore 

pressure and degree of saturation have not been investigated.  It is desirable to learn also 

the proposed MPL testing technique can yield the intact rock properties under 

different degree of saturation. 
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Table A-1  Results of conventional point load strength index test on porphyritic 

andesite. 

Sample No. Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

Point Load 
Strength Index 
Test, Is (MPa) 

And-06-05-CPL-01 53.97 53.66 2.84 5.2 
And-06-05-CPL-02 53.32 53.66 2.83 7.8 
And-08-04-CPL-03 54.32 53.66 2.84 9.0 
And-08-04-CPL-04 54.82 53.66 2.86 8.7 
And-06-01-CPL-05 53.30 53.66 2.85 7.6 
And-06-01-CPL-06 56.13 53.66 2.84 7.6 
And-04-04-CPL-07 56.17 53.66 2.81 7.5 
And-04-05-CPL-08 55.25 53.66 2.82 7.5 
And-03-02-CPL-09 55.95 53.66 2.80 8.5 
And-03-02-CPL-10 55.35 53.66 2.83 8.5 
And-06-06-CPL-11 54.75 53.66 2.83 7.5 
And-09-01-CPL-12 55.52 53.66 2.86 9.0 
And-09-01-CPL-13 55.03 53.66 2.83 9.0 
And-02-04-CPL-14 55.42 53.66 2.82 8.5 
And-09-03-CPL-15 56.07 53.66 2.82 8.5 
And-09-03-CPL-16 54.52 53.66 2.85 9.6 
And-01-03-CPL-17 55.30 53.66 2.83 8.7 
And-01-03-CPL-18 53.13 53.66 2.83 9.0 
And-01-04-CPL-19 54.65 53.66 2.84 5.6 
And-01-04-CPL-20 55.72 53.66 2.83 9.7 

Average 8.1±1.2 
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Table A-2  Results of conventional point load strength index test on silicified 

tuffaceous sand stone. 

Sample No. Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

Point Load 
Strength Index 
Test, Is (MPa) 

SST-02-03-CPL-01 53.73 53.66 2.68 12.5 
SST-06-04-CPL-02 54.69 53.66 2.68 7.0 
SST-02-07-CPL-03 55.05 53.66 2.69 7.0 
SST-02-06-CPL-04 55.18 53.66 2.67 13.0 
SST-02-04-CPL-05 56.26 53.66 2.67 12.5 
SST-02-03-CPL-06 51.39 53.66 2.70 13.2 
SST-02-03-CPL-07 54.83 53.66 2.71 7.1 
SST-02-05-CPL-08 53.40 53.66 2.66 12.5 
SST-02-05-CPL-09 53.99 53.66 2.65 7.0 
SST-07-05-CPL-10 56.43 53.66 2.63 9.9 
SST-07-05-CPL-11 53.81 53.66 2.66 10.6 
SST-05-02-CPL-12 54.39 53.66 2.74 10.4 
SST-05-02-CPL-13 54.91 53.66 2.71 10.4 
SST-03-04-CPL-14 54.30 53.66 2.63 11.3 
SST-03-04-CPL-15 55.56 53.66 2.63 10.6 
SST-09-03-CPL-16 54.91 53.66 2.72 12.5 
SST-09-03-CPL-17 57.03 53.66 2.71 12.5 
SST-01-01-CPL-18 57.05 53.66 2.67 13.2 
SST-02-07-CPL-19 55.96 53.66 2.69 11.1 
SST-02-07-CPL-20 55.27 53.66 2.71 11.8 

Average 10.8±2.2 
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Table A-3  Results of conventional point load strength index test on tuffaceous sand 

stone. 

Sample No. Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

Point Load 
Strength Index 
Test, Is (MPa) 

TST-06-05-CPL-01 56.57 53.66 2.63 12.5 
TST-06-05-CPL-02 57.81 53.66 2.64 10.9 
TST-02-05-CPL-03 56.86 53.66 2.63 10.6 
TST-02-05-CPL-04 57.47 53.66 2.64 8.0 
TST-08-03-CPL-05 56.06 53.66 2.68 11.5 
TST-08-03-CPL-06 55.74 53.66 2.66 11.8 
TST-08-01-CPL-07 54.91 53.66 2.68 11.1 
TST-08-01-CPL-08 54.78 53.66 2.68 11.5 
TST-04-02-CPL-09 54.22 53.66 2.63 10.3 
TST-04-02-CPL-10 53.87 53.66 2.64 11.1 
TST-08-04-CPL-11 53.71 53.66 2.67 11.5 
TST-08-04-CPL-12 54.63 53.66 2.67 11.3 
TST-06-07-CPL-13 55.45 53.66 2.67 10.8 
TST-04-01-CPL-14 57.29 53.66 2.61 5.9 
TST-06-06-CPL-15 54.57 53.66 2.61 9.9 
TST-06-06-CPL-16 54.69 53.66 2.63 10.9 
TST-06-06-CPL-17 54.97 53.66 2.66 12.2 
TST-04-03-CPL-18 55.50 53.66 2.61 8.7 
TST-04-03-CPL-19 55.21 53.66 2.62 5.2 
TST-04-05-CPL-20 54.77 53.66 2.64 8.7 

Average 10.2±2.0 
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Table A-4  Results of uniaxial compressive strength tests and elastic modulus 

measurements on porphyritic andesite. 

Sample No. Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

σc           
(MPa) 

E        
(GPa) 

And-02-02-UCS-01 134.86 53.66 2.82 132.7 45.1 
And -06-03-UCS-02 134.94 53.66 2.83 110.6 39.7 
And -02-01-UCS-03 134.85 53.66 2.80 106.1 47.0 
And -08-03-UCS-04 134.17 53.66 2.84 128.2 39.2 
And -04-04-UCS-05 134.64 53.66 2.85 97.3 43.8 

Average 115±15.0 43.0±3.4 
 

Table A-5  Results of uniaxial compressive strength tests and elastic modulus 

measurements on silicified tuffaceous sandstone. 

Sample No. Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

σc           
(MPa)          

E        
(GPa) 

SST-02-01-UCS-01 133.09 53.66 2.71 119.4 65.69 
SST-07-01-UCS-02 135.47 53.66 2.67 93.0 63.2 
SST-07-03-UCS-03 130.95 53.66 2.68 119.4 50.3 
SST-02-06-UCS-04 134.75 53.66 2.69 161.4 66.1 
SST-06-02-UCS-05 135.77 53.66 2.70 110.6 71.3 

Average 120.7±25.2 63.3±8.0 
 

Table A-6  Results of uniaxial compressive strength tests and elastic modulus 

measurements on tuffaceous sandstone. 

Sample No. Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

σc           
(MPa) 

E        
(GPa) 

TST-08-02-UCS-01 138.10 53.66 2.66 101.7 53.8 
TST-01-02-UCS-02 132.36 53.66 2.68 123.8 54.5 
TST-02-04-UCS-03 135.58 53.66 2.64 97.3 44.1 
TST-06-09-UCS-04 135.15 53.66 2.67 145.9 47.5 
TST-02-02-UCS-05 137.45 53.66 2.63 88.4 56.6 

Average 111.4±23.3 51.3±5.3 
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Table A-7  Results of Brazilian tensile strength tests on porphyritic andesite. 

Sample No. Thickness 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

Failure 
Load (kN) 

σB         
(MPa) 

And-04-03-BZ-01 26.28 53.66 2.81 39.5 17.8 
And-04-03-BZ-02 25.51 53.66 2.79 35.0 16.3 
And-04-03-BZ-03 27.55 53.66 2.85 38.0 16.4 
And-04-03-BZ-04 26.69 53.66 2.79 41.5 18.4 
And-04-06-BZ-05 26.86 53.66 2.80 32.0 14.1 
And-04-06-BZ-06 26.99 53.66 2.86 41.5 18.2 
And-04-06-BZ-07 26.49 53.66 2.82 39.5 17.7 
And-04-06-BZ-08 26.42 53.66 2.86 34.0 15.3 
And-06-01-BZ-09 26.78 53.66 2.86 43.5 19.3 
And-06-01-BZ-10 27.58 53.66 2.85 38.5 16.6 

Average 17.0±1.6 
 

Table A-8  Results of Brazilian tensile strength tests on silicified tuffaceous 

sandstone. 

Sample No. Thickness 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

Failure 
Load (kN) 

σB         
(MPa) 

SST-02-02-BZ-01 25.07 53.66 2.65 45.0 21.3 
SST-01-06-BZ-02 26.64 53.66 2.64 52.0 23.2 
SST-01-02-BZ-03 25.95 53.66 2.62 40.0 18.3 
SST-01-02-BZ-04 25.93 53.66 2.61 32.0 14.6 
SST-01-02-BZ-05 26.08 53.66 2.66 50.0 22.8 
SST-02-01-BZ-06 27.10 53.66 2.66 50.0 22.0 
SST-02-01-BZ-07 26.54 53.66 2.62 45.0 20.1 
SST-01-05-BZ-08 27.78 53.66 2.68 35.0 15.0 
SST-01-05-BZ-09 27.93 53.66 2.66 40.0 17.0 
SST-01-05-BZ-10 27.95 53.66 2.66 40.0 17.0 

Average 19.1±3.2 
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Table A-9  esults of Brazilian tensile strength tests on tuffaceous sandstone. 

Sample No. Thickness 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

Failure 
Load (kN) 

σB        
(MPa) 

TST-02-03-BZ-01 28.11 53.66 2.60 36.0 15.2 
TST-02-03-BZ-02 27.57 53.66 2.60 25.5 11.0 
TST-02-03-BZ-03 27.39 53.66 2.62 32.5 14.1 
TST-02-03-BZ-04 26.88 53.66 2.63 17.5 7.7 
TST-06-04-BZ-05 27.65 53.66 2.66 45.0 19.3 
TST-06-04-BZ-06 27.29 53.66 2.64 28.0 12.2 
TST-06-04-BZ-07 27.30 53.66 2.60 23.0 10.0 
TST-06-02-BZ-08 27.48 53.66 2.64 28.5 12.3 
TST-06-02-BZ-09 27.43 53.66 2.61 29.0 12.5 
TST-06-02-BZ-10 26.58 53.66 2.65 37.0 16.5 

Average 13.1±3.3 
 

Table A-10  esults of triaxial compressive strength tests on porphyritic andesite. 

Sample No. Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

σ3           
(MPa)          

σ1         
(MPa 

And-02-02-UCS-01 134.86 53.66 2.82 132.7 45.1 
And -06-03-UCS-02 134.94 53.66 2.83 110.6 39.7 
And -02-01-UCS-03 134.85 53.66 2.80 106.1 47.0 
And -08-03-UCS-04 134.17 53.66 2.84 128.2 39.2 
And -04-04-UCS-05 134.64 53.66 2.85 97.3 43.8 

Average 115±15.0 43.0±3.4 
 

Table A-11 Results of triaxial compressive strength tests on silicified tuffaceous 

sandstone. 

Sample No. Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

σ3           
(MPa)          

σ1         
(MPa 

SST-02-01-UCS-01 133.09 53.66 2.71 119.4 65.69 
SST-07-01-UCS-02 135.47 53.66 2.67 93.0 63.2 
SST-07-03-UCS-03 130.95 53.66 2.68 119.4 50.3 
SST-02-06-UCS-04 134.75 53.66 2.69 161.4 66.1 
SST-06-02-UCS-05 135.77 53.66 2.70 110.6 71.3 

Average 120.7±25.2 63.3±8.0 
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Table A-12  Results of triaxial compressive strength tests on tuffaceous sandstone. 

Sample No. Length 
(mm) 

Diameter 
(mm) 

Density 
(g/cc) 

σ3           
(MPa) 

σ1         
(MPa 

TST-08-02-UCS-01 138.10 53.66 2.66 101.7 53.8 
TST-01-02-UCS-02 132.36 53.66 2.68 123.8 54.5 
TST-02-04-UCS-03 135.58 53.66 2.64 97.3 44.1 
TST-06-09-UCS-04 135.15 53.66 2.67 145.9 47.5 
TST-02-02-UCS-05 137.45 53.66 2.63 88.4 56.6 

Average 111.4±23.3 51.3±5.3 
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Figure B.1 Applied stress (P) as a function of displacement (δ) for specimen no. And-

MPL-01. 
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Figure B.2 Applied stress (P) as a function of displacement (δ) for specimen no. And-

MPL-02. 
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Figure B.3 Applied stress (P) as a function of displacement (δ) for specimen no. And-

MPL-03. 
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Figure B.4 Applied stress (P) as a function of displacement (δ) for specimen no. And-

MPL-04. 
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Figure B.5 Applied stress (P) as a function of displacement (δ) for specimen no. And-

MPL-05. 

And-MPL-06

0.0

50.0

100.0

150.0

200.0

250.0

300.0

350.0

400.0

0.00 0.05 0.10 0.15 0.20 0.25

Displacement (mm)

St
re

ss
, P

 (M
Pa

)

ΔP/Δδ = 1.82 GPa/mm

 

Figure B.6 Applied stress (P) as a function of displacement (δ) for specimen no. And-

MPL-06. 
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Figure B.7 Applied stress (P) as a function of displacement (δ) for specimen no. And-

MPL-07. 
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Figure B.8 Applied stress (P) as a function of displacement (δ) for specimen no. And-

MPL-08. 
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Figure B.9 Applied stress (P) as a function of displacement (δ) for specimen no. And-

MPL-09. 
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Figure B.10 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-10. 
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Figure B.11 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-11. 
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Figure B.12 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-12. 
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Figure B.13 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-13. 
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Figure B.14 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-14. 
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Figure B.15 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-15. 
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Figure B.16 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-16. 
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Figure B.17 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-17. 
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Figure B.18 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-18. 
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Figure B.19 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-19. 
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Figure B.20 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-20. 
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Figure B.21 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-21. 
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Figure B.22 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-22. 
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Figure B.23 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-23. 
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Figure B.24 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-24. 

 

 



 128

And-MPL-25

0.0
50.0

100.0
150.0
200.0
250.0
300.0
350.0
400.0
450.0
500.0

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Displacement (mm)

St
re

ss
, P

 (M
Pa

)

ΔP/Δδ = 5.85 GPa/mm

 

Figure B.25 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-25. 
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Figure B.26 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-26. 
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Figure B.27 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-27. 
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Figure B.28 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-28. 
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Figure B.29 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-29. 
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Figure B.30 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-30. 
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Figure B.31 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-31. 
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Figure B.32 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-32. 
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Figure B.33 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-33. 
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Figure B.34 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-34. 
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Figure B.35 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-35. 
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Figure B.36 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-36 
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Figure B.37 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-37 
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Figure B.38 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-38 
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Figure B.39 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-39. 
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Figure B.40 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-40. 
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Figure B.41 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-41. 
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Figure B.42 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-42. 
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And-MPL-43
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Figure B.43 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-43. 
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Figure B.44 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-44. 
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Figure B.45 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-45. 
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Figure B.46 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-46. 
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Figure B.47 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-47. 

And-MPL-48
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Figure B.48 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-48. 



 140

And-MPL-49

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

0.00 0.05 0.10 0.15 0.20

Displacement (mm)

St
re

ss
, P

 (M
Pa

)

ΔP/Δδ = 0.57 GPa/mm

 

Figure B.49 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-49. 
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Figure B.50 Applied stress (P) as a function of displacement (δ) for specimen no. 

And-MPL-50. 
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Figure B.51 Applied stress (P) as a function of displacement (δ) for specimen no.   

SST-MPL-01. 
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Figure B.52 Applied stress (P) as a function of displacement (δ) for specimen no.  

SST-MPL-02. 
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Figure B.53 Applied stress (P) as a function of displacement (δ) for specimen no.  

SST-MPL-03. 
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Figure B.54 Applied stress (P) as a function of displacement (δ) for specimen no.  

SST-MPL-04. 
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Figure B.55 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-05. 

 

SST-MPL-06

0.0
50.0

100.0
150.0
200.0
250.0
300.0
350.0
400.0
450.0
500.0

0.00 0.05 0.10 0.15 0.20 0.25
Displacement (mm)

St
re

ss
, P

 (M
Pa

)

ΔP/Δδ = 2.73 GPa/mm

 

 

Figure B.56 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-06. 
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Figure B.57 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-07. 
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Figure B.58 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-08. 
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Figure B.59 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-09. 
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Figure B.60 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-10. 
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Figure B.61 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-11. 
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Figure B.62 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-12. 
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Figure B.63 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-13. 
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Figure B.64 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-14. 
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Figure B.65 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-15. 
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Figure B.66 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-16. 
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Figure B.67 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-17. 

 

SST-MPL-18

0.0

100.0

200.0

300.0

400.0

500.0

600.0

700.0

0.00 0.05 0.10 0.15 0.20 0.25

Displacement (mm)

St
re

ng
th

, P
 (M

Pa
)

ΔP/Δδ = 4.73 GPa/mm

 

 

Figure B.68 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-18. 
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Figure B.69 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-19. 
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Figure B.70 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-20. 
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Figure B.71 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-21. 
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Figure B.72 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-22. 
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Figure B.73 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-23. 
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Figure B.74 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-24. 
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Figure B.75 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-25. 
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Figure B.76 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-26. 
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Figure B.77 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-27. 
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Figure B.78 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-28. 
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Figure B.79 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-29. 
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Figure B.80 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-30. 
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Figure B.81 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-31. 
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Figure B.82 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-32. 
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Figure B.83 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-33. 
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Figure B.84 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-34. 
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Figure B.85 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-35. 
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Figure B.86 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-36. 
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Figure B.87 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-37. 
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Figure B.88 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-38. 
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Figure B.89 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-39. 
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Figure B.90 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-40. 
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Figure B.91 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-41. 
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Figure B.92 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-42. 
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Figure B.93 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-43. 
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Figure B.94 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-44. 
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Figure B.95 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-45. 
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Figure B.96 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-46. 
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Figure B.97 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-47. 
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Figure B.98 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-48. 
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Figure B.99 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-49. 

 

SST-MPL-50

0.0

100.0

200.0

300.0

400.0

500.0

600.0

0.00 0.05 0.10 0.15 0.20

Displacement (mm)

St
re

ss
, P

 (M
Pa

)

ΔP/Δδ = 3.60 GPa/mm

 

 

Figure B.100 Applied stress (P) as a function of displacement (δ) for specimen no. 

SST-MPL-50. 
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Figure B.101 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-01. 
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Figure B.102 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-02. 
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Figure B.103 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-03. 
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Figure B.104 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-04. 
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Figure B.105 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-05. 
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Figure B.106 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-06. 
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Figure B.107 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-07. 
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Figure B.108 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-08. 
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Figure B.109 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-09. 
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Figure B.110 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-10. 
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Figure B.111 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-11. 
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Figure B.112 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-12. 



 172

TST-MPL-13

0.0
50.0

100.0
150.0
200.0
250.0
300.0
350.0
400.0

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Displacement (mm)

St
re

ss
, P

 (M
Pa

)

ΔP/Δδ = 1.59 GPa/mm

 

Figure B.113 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-13. 
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Figure B.114 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-14. 
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Figure B.115 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-15. 
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Figure B.116 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-16. 
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Figure B.117 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-17. 

TST-MPL-18

0.0

20.0

40.0

60.0

80.0

100.0

120.0

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Displacement (mm)

St
re

ss
, P

 (M
Pa

)

ΔP/Δδ=0.73 GPa/mm

 

Figure B.118 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-18. 
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Figure B.119 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-19. 
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Figure B.120 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-20. 
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Figure B.121 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-21. 
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Figure B.122 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-22. 
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Figure B.123 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-23. 
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Figure B.124 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-24. 
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Figure B.125 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-25. 
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Figure B.126 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-26. 
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Figure B.127 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-27. 
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Figure B.128 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-28. 
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Figure B.129 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-29. 
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Figure B.130 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-30. 
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Figure B.131 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-31. 
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Figure B.132 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-32. 



 182

TST-MPL-33

0.0

50.0

100.0

150.0

200.0

250.0

300.0

350.0

0.00 0.05 0.10 0.15 0.20
Displacement (mm)

St
re

ss
, P

 (M
Pa

)

ΔP/Δδ = 1.30 GPa /mm 

 

Figure B.133 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-33. 

TST-MPL-34

0.0

50.0

100.0

150.0

200.0

250.0

300.0

350.0

400.0

0.00 0.05 0.10 0.15 0.20

Displacement (mm)

St
re

ss
, P

 (M
Pa

)

ΔP/Δδ = 2.60 GPa/mm

 

Figure B.134 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-34. 
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Figure B.135 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-35. 
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Figure B.136 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-36. 
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Figure B.137 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-37. 
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Figure B.138 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-38. 
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Figure B.139 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-39. 
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Figure B.140 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-40. 
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Figure B.141 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-41. 
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Figure B.142 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-42. 
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TST-MPL -43
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Figure B.143 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-43. 
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Figure B.144 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-44. 
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Figure B.145 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-45. 
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Figure B.146 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-46. 
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Figure B.147 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-47. 
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Figure B.148 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-48. 
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Figure B.149 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-49. 

TST-MPL-50
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Figure B.150 Applied stress (P) as a function of displacement (δ) for specimen no. 

TST-MPL-50. 
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