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Executive Summary

1. Introduction

Conventional point load (CPL) strength index has long been used as an indicator of
the uniaxial compressive strength of intact rock for nearly three decades. In 1995, the test has
become the ASTM standard test method (ASTM D5731). Several investigators have studied the
correlation between the CPL strength index and the compressive strength of various rock types
(Butenuth, 1997; Wijk, 1980; Forster, 1983, Brook, 1977, 1985, 1993; Bieniawski, 1974, 1975) in
an attempt at understanding the true mechanism of failure under point loads and the effects of
specimen sizes and shapes. The uncertainty of the relationship between CPL index and the
compressive strength remains. It has been found that the compressive strength of rocks can vary
from 6 to 105 times the CPL index, depending on the rock types (Chau and Wong, 1996; Wei et
al., 1999). The ASTM standard procedure defines that the compressive strength can be calculated
as 24 times the CPL strength index. This calculation is purely empirical, and hence often is not
adequate, particularly in term of the reliability, when used in the analysis and design of geological
structures. In addition the calculation of the CPL strength index does not have any theoretical
support, and does not allow a transition correlation between the CPL index and the compressive
or tensile strengths of the rock.

There is a drawback involving the CPL test configurations. The curved loading
points (platens) have a certain disadvantage. The contact loading area can increase as the load
increases (i.e., the spherical head sinking into the specimen surface). This is due to the
deformation of the rock matrix. The definition of a singular loading point as used in the principle
is therefore not strictly valid.

The objective of the present research is to develop a new testing technique, called
“modified point load (MPL) test” to obtain a better indicator of the compressive and tensile
strengths of intact rock. The effort involves laboratory tests and finite element analyses. A series
of MPL testing, CPL testing, uniaxial compression testing and Brazilian tension testing are
performed on cylindrical specimens with various sizes and shapes. Saraburi marble has been used
as rock samples. The finite element analyses determine the stress distribution along the loaded
axis of the MPL test specimens. Comparison is made between the predictive capability of the
compressive strength by the CPL index and by the MPL resuits. Described herein are methods

and results of the investigation.



2. Methods of Investigation

The research work is divided into seven tasks.

Task 1 Literature Review. Relevant literatures including those in journals,
proceedings,. and reports have been reviewed to disclose the state-of-the-art in point loading
testing. Special effort has been placed at evaluating the advantages and disadvantages of the
testing technique, assessing the validity of the test when correlating with the uniaxial compressive
strength of the rock, and determining the failure mechanism the specimens.

Task 2 Sample Collection and Preparation. Rock samples have been collected
from the site. The selection criteria are that the rock should be homogeneous as much as possible,
and that the sample collection should be convenient and repeatable. Saraburi marble has been
selected as a prime candidate for testing. Other rock samples used in the verification process
include Saraburi limestone, Khoa Sompoat limestone and Koak Kruat sandstone. Sample
preparation has been carried out in the laboratory, including coring, cutting and grinding.

Task 3 Theoretical Study. The theoretical work primarily involves numerical
analyses on the modified point load specimens under various sizes and shapes. The specific
objectives are to determine the distribution of the stresses along the loaded axis, and to analyze
the failure mechanism of the specimens. The simulation results have implied the solution that can
be used to correlate the MPL index with the uniaxial compressive strength and tensile strength of
the rock specimens.

Task 4 [Laboratory Experiments. The laboratory testing includes a series of the
conventional point load index tests, uniaxial compressive strength tests, triaxial compressive
strength test, Brazilian tensile strength tests, and modified point load tests. The conventional tests
yield data basis for use in the comparison. Saraburi marble has been used as main rock
specimens. Other rock types have been used to evaluate the predictive capability of the theory (or
equation) developed in task 3. All tests have been conducted on a variety of specimen sizes and
shapes. Size and shape effects on the strength results have been assessed.

Task 5 Analysis. The analytical and/or empirical solutions have been developed to
correlate the point load results with the uniaxial compressive strength and tensile strength of the
rock specimens. The predictability and discrepancy have been identified.

Task 6 Applications. The testing procedure and calculation methods have been
developed for the proposed modified point load test. The document is written for an ease of the

user. The testing process has been demonstrated to the funding organizations.



Task 7 Report Preparation. All aspects of the research project have been
documented and incorporated into the final report. The report is submitted to the Thailand

Research Fund at the end of the project.

3. Laboratory Testing
3.1 Modified Point Load Tests

The test configurations for the proposed MPL testing are similar to those of the
conventional point load test, except that the loading points are cut flat to have a circular cross-
sectional area instead of using a half-spherical shape. Several sizes of the loading point (platen)
have been built in this research, i.e., loading diameters varying from 5, 10, 15, 20, 25, to 30 mm.
Figure 1 compares the conventional loading point with the modified loading points having the
diameters of 5 and 10 mm. The primary objective of having a flat loading surface is to ensure
that the contact area between the steel platen and the rock surface remains constant as the load
increases. The new loading and boundary conditions also allow a continuous transition between
the uniaxial compressive strength test and the MPL results.

Saraburi marble has been selected for use as rock specimens due to its uniform
texture and availability. For this early stage of development, the MPL specimens are taken as a
circular disk. Figure 2 shows the loading and boundary conditions of the specimens. The
specimen thickness (t) is varied from 5 mm to 40 mm. The specimen diameter (D) varies from 20
mm to 100 mm. Some of the prepared specimens are shown in Figure 3. The load is applied
along the specimen axis, and is increased until the failure occurs. Figure 4 shows the arrangement
for the MPL test. Digital displacement gauges with a precision up to 0.001 mm are used to
monitor the deformation of the rock between the loading points as the load increases. Cyclic
loading is performed on some specimens in an attempt at separating the elastic with the plastic
deformation. This is primarily to detect the development of compressive failure (initiation of
micro-cracks) underneath the loading points, as well as the corresponding applied stress. The
failure stress (P) is calculated by dividing the failure load by the contact area. Post-failure
characteristics are observed and recorded.

Figures 5 and 6 show two sets of MPL results by plotting the failure stresses P as a
function of specimen diameter and thickness, respectively. To isolate the effect of the loading
diameter, the specimen diameter and thickness are normalized by the diameter of loading point

(d), as shown in the figures. The stress P increases exponentially as D/d increases, which can be



expressed by a power equation. The stress P tends to increase with the ratio t/d. The
mathematical relationship between P and t/d remains uncertain. Post-tested observations on the
specimens also suggest that shear failure is predominant when the specimen thickness is less than
twice the loading diameter while extension failure is predominant when the specimens are thicker
than three times the loading diameter. This implies that the MPL strength should 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. Analysis and applications of the MPL test results will be discussed in section 4.

3.2 Uniaxial Compression Tests.

A series of uniaxial compressive strength tests have been conducted on Saraburi
marble. The objective is to develop a data basis to compare with the MPL results via a new
governing equation, The sample prepardtion and test procedure follow the applicable ASTM
standard ASTM D2938 and ISRM suggested method (Brown, 1981), as much as practical. A
total of 280 specimens have been tested under various sizes and shapes. The specimen diameters
vary from 22.5, 38.5, 54.0, to 67.4 mm. The length-to-diameter ratio (L/D) varies from 0.25,
0.50, 0.75, 1.0, 1.5, 2.0, to 2.5. All specimens are loaded to failure under a constant loading rate.
Post-failure characteristics are observed.

Figure 7 plots the compressive strength as a function of L/D ratio. The results
clearly show the end effects of the specimen on the strength values. The strength decreases as the
L/D increases. The strength results have not shown the effect of the specimen size. This is
probably due to the fact that the size effect pronounces more in tensile failure than does in
compressive shear failure. Short specimens (L/D lower than two) tend to fail under the
compressive shear failure mode. Extension failure dominates when the L/D ratios are larger than
two. In general this finding agrees reasonably well with similar experiments obtained elsewhere

(Fuenkajorn and Daemen, 1991, 1992; Ghosh et al., 1995).

3.3 Brazilian Tension Tests
To determine the relationship between the MPL strength and the tensile strength, a
series of Brazilian (indirect) tension tests have been perférmed on the Saraburi marble. The
sample preparation and test procedure have followed the applicable ASTM standards

(ASTM 3967), as much as practical. Forty specimens have been tested. They have a constant



L/D ratio = 0.5, while the specimen diameters vary from 22.5, 38.5, 54.0, to 67.4 mm. The tensile
strength tends to decrease as the specimen size increases, and can be expressed by a power

equation (Figure 8). "This finding agrees with those obtained from similar experiment

(Fuenkajorn and Daemen, 1986).

3.4 Conventional Point Load Tests
The conventional point load (CPL) testing is performed on Saraburi marble to obtain
a base line information. The results will be compared in term of the predictive capability with
that of the MPL test. The test procedure follows the applicable ASTM standard (ASTM D5731).
The specimen diameter is maintained constant at 67.4 mm. The thickness varies from 5.0 to 40.0
mm. A total of 70 specimens have been tested. The CPL strength index is calculated by dividing
the failure load by the specimen thickness and diameter. It seems to be independent of the

specimen dimensions. The point load strength index is averaged as 4.5 MPa.

4. Finite Element Analyses

A series of finite element analyses have been carried out to compute the stress
distribution along the loaded axis of MPL specimens as affected by the specimen diameter and
thickness. The results will be used to correlate with the compressive and tensile strengths
obtained from the standard test methods. Due to the two symmetry planes, only one-fourth of
the specimen has been modeled (Figure 2). The analysis is made in axisymmetric, assuming that
the material is linearly elastic. A finite element code GEO (Serata and Fuenkajorn, 1992;
Fuenkajorn and Serata, 1993) is used in the simulations. For all models the elastic parameters of
the marble are maintained constant. They are obtained from the uniaxial compression test. The
elastic modulus is defined as 6.75 GPa, and the Poisson’s ratio as 0.25. The specimen diameter
(D) and thickness (t) have been varied within the range used in the laboratory experiment, and
subsequently their effects on the stress distribution can be assessed. To isolate the impact from
the size of loading point, D and t are normalized by the loading diameter (d).

Figure 9 plots the minimum principal stresses (G,) along the loaded axis for MPL
specimen models with a constant D/d ratio but t/d ratio varying from 1 to 20. These stresses are
normal to the loaded axis. It is clearly shown that the largést tensile stress is developed near the
loading area. This point should also be the point where the extension failure initiates. Similar

findings have been reported by Wei et al. (1999) for the CPL test specimens. For the t/d is equal



or larger than two the magnitude of the largest tensile stress decreases as increasing the t/d ratio.
For t/d equals one (very thin specimens), the largest tensile stress decreases. For this case most of
the stresses induced along the loaded axis are in compression. This indicates that thin specimens
tend to fail under compressive shear failure while thick specimens fail under extension failufe.
This also agrees with the post-failure observati;)ns on the MPL specimens.

The results obtained from two series of computer simulations are shown in Figures
10 and 11. The applied stress (P) is normalized by the largest values of the tensile stress (c,), and
are plotted as a function of ¢/d and D/d. The stress ratio P/c, increases logarithmically with v/d
and with D/d. These curves can be used to correlate the MPL results with the uniaxial

compressive strength and tensile strength of the rock.

3. Comparisons of the Strength Results

The predictive capability of the CPL and MPL test results can be assessed. The
results are used to determine the uniaxial compressive strength of the marble. The actual
compressive strength of the marble specimen for L/D ratio = 2.5 (satisfy both ASTM and ISRM)
can be calculated from Figure 7 as 46.8 MPa.

Using the ASTM recommended calculation, the CPL strength index determines the
uniaxial compressive strength of marble as 108 MPa (24 x 4.5 MPa).

Extrapolation of the MPL test result shown in Figure S for the failure stress at D/d =
1.0 (uniaxial test condition) yields the uniaxial compressive strength of the marble as 63 MPa.
This value can be compared with the uniaxial compressive strength at L/D = 2.5. The actual
compressive stfength at L/D = 2.5 is 46.8 MPa (calculated from Figure 7).

It can be clearly seen that the CPL test overestimates the actual strength by a factor
of 2.3 {(or 108/46.8). The MPL test overestimates the actual strength by a factor of 1.4 (or
63/46.8). Since the MPL prediction is based on the actual distribution of the strength data, it is
more reliable. The discrepancy is probably due to the non-uniformity of the mechanical response
among the marble specimens.

The CPL strength index can not determine the tensile strength. of the marble. The
MPL results can determine the rock tensile strength by using the relationship given in Figure 11.
At D/d = s the stress ratio -P/c, =52. The t/d =20 is selected because under this dimension ratio
the rock fails in tension mode. Extrapolation of the logarithmic curve in Figure 6 gives the value

of P from the experiment equals to 570 MPa. The o, value is calculated as 11 MPa. This is the



largest tensile stress induced in the specimen at failure, and hence represents the tensile strength
of the marble. The tensile strength predicted from MPL test can not be compared with the
Brazilian tensile strength because their loading configurations are different.

Intrinsic variability or the mechanical non-uniformity among the marble specimens
poses some difficulties, particularly in the correlation process. The standard deviations from
various tests are relatively high, e.g. 10-20%. Even though the rock appears to be uniform and
homogeneous, the variability might be caused by the relatively large grain (crystal) sizes of the
marble, as compared with the loading areas. This could cause the discrepancy between the
prediction and the actual strength results.

Verification of the proposed method has been made by performing additional tests
on different rock types. In the verification process, the MPL, CPL, UCS and Brazilian tests have
been carried out on Saraburi limestone, Khoa Somphot limestone and Koak Kruat sandstone.
Comparison of the strength results is given in Table 1. For the uniaxial compressive strength
results, it is clearly seen that the MPL method yields a better prediction of the UCS strength than
does the CPL method. The table also compares the tensile strengths obtained from the MPL
prediction with those from the Brazilian tension test. Notable discrepancies can be seen. This is
due to the fact that the tensile stress gradient induced along the incipient crack for the MPL
specimen is significantly higher than that for the Brazilian specimen. The effect of the stress
gradient on the strength has long been known for the tensile strength test techniques (Jaeger and

Cook, 1979).

Table 1 Comparison of the strength result.

Compressive Strength (MPa) Tensile Strength (MPa)
Uniaxial |Standard CPL MPL Brazilian MPL
Rock Type . . . . . s
Compressive |deviation |prediction | prediction| tensile |prediction
Strength, o strength, G
Saraburi Marble 46.8 17.96 108.0 63.0 4.0 11.0
Saraburi Limestone 47.5 15.16 76.8 30.9 7.4 17.9
Khao Somphot 432 2230 | 1248 | 484 7.8 8.9
Limestone
Krok Kruat Sanstone 21.8 6.84 23.5 10.1 1.5 1.3




6. Summary and Conclusions

The objective of the present research is to develop a new testing technique, called
“modified point load (MPL) test” to obtain a better indicator of the compressive and tensile
strengths of intact rock. The effort involves laboratory tests and finite element analyses. A series
of MPL testing, CPL testing, uniaxial compression testing and Brazilian tension testing are
performed on cylindrical specimens with various sizes and shapes. Saraburi marble has been used
as rock samples. The finite element analyses determine the stress distribution along the loaded
axis of the MPL test specimens. Comparison is made between the predictive capability of the
compressive strength by the CPL index and by the MPL results.

The uniaxial test results indicate that the strengths decrease with increasing length-
to-diameter ratio. A power law can be used to describe their relationship. The effect of specimen
size on the uniaxial compressive strength is obscured by the intrinsic variability of the marble.
The Brazilian tensile strengths also decrease as the specimen diameters increase. The results from
MPL test agree well with those from the finite element analyses. This confirms that the
logarithmic relations of stress and specimen shape derived by a series of numerical analyses can
be used to correlate the MPL strength with the uniaxial compressive strength of the intact rock.
Post-tested observations on the specimens also suggest that shear failure is predominant when the
specimen thickness is less than twice the loading diameter while extension failure (fracture) is
predominant when the specimens are thicker than three times the loading diameter. This 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. The MPL resuits
correlate with the uniaxial compressive strength of the rock better than does the CPL strength index.

The investment cost for the MPL testing is significantly lower than that of the
conventional UCS testing. This is because the expensive machines used in the sample preparation
and testing become unnecessary, particularly when the MPL test is performed on the irregular
shaped specimens. The investment cost for the UCS testing can be as high as 2.4 million bahts
while the MPL testing needs only the point load testing machine which may cost as less as
190,000 bahts. The MPL testing uses human power to operate the point load tester, and therefore
does not need electric power during the test. The electr{c power consumed by the complete

process of UCS testing (coring, cutting, grinding and testing) is normally about 800 watts per

tested sample.



In the long run, considering the investment cost and operating cost, the UCS testing
yields a unit cost of about 800 bahts per sample. The MPL testing yields a unit cost of about 400
bahts per sample (for testing disk specimens) and about 50 bahts per sample (for testing irregular

shaped specimens).
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Figure 4 Test arrangement for MPL testing.
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Figure 7 Uniaxial compressive strength of Suraburi marble.
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Abstract

A modified point load (MPL) testing technique is proposed to correlate the results
with the uniaxial compressive strength and tensile strength of intact rock. The primary objective
is to develop an inexpensive, quick and reliable rock testing method for use in the field and in the
laboratory. The MPL test apparatus is similar to that of the conventional point load (CPL), except
that the loading points are cut flat to have a circular cross-sectional area instead of using a half-
spherical shape. Diameters of the MPL loading point vary from 5, 10, 15, 20, 25, to 30 mm. This
results in a new loading and boundary conditions on the rock specimens that mathematically
allow correlating its results with those of the standard testing. To derive a new solution, finite
element analyses and laboratory experiments have been carried out. The simulation results
suggest that the applied stress required to fail the MPL specimen increases logarithmically as the
specimen thickness or diameter increases. The maximum tensile stress occurs directly below the
loading area with a distance approximately equal to the loading diameter. The MPL tests, CPL
tests, uniaxial compressive strength tests, and Brazilian tensile strength tests have been performed
on Saraburi marble under a variety of diameters and thickness (or length). Over 400 specimens
have been prepared and tested. The uniaxial test results indicate that the strengths decrease with
increasing length-to-diameter ratio. For the MPL testing the shear failure is predominant when
the specimen thickness is less than twice the loading diameter while extension failure is
predominant when the specimens are thicker than three times the loading diameter. This 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 has been assessed and compared. Extrapolation of the test results
suggests that the MPL results predict the uniaxial compressive strength of the marble and
limestone specimens better than does the CPL testing. The tensile strength predicted by the MPL

also agrees reasonably well with the Brazilian tensile strength of the rocks.
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4.1.1 MINATOVUIINATUUNURAEN

MINANDUNIINATUUAUIAYY (Uniaxial compression test) 13aquszasiofnyna
asenuvesvatazjlinvesiudde  aeminnuduusinagegaluunu@os  (Uniaxial
compressive strength) c‘fnLflumﬁﬂ:nnﬁ'ﬂiznﬂuﬁﬁﬁtyuamu%”uﬁ’ waf Idezrinnadeany
ﬁ'uﬁuEsﬁm%uiuaﬁnmmﬁ'musqnﬂ'?'x'lﬁmnnﬁmﬂﬂmmuwnﬂ lumsfnunansenuves
51519 185 unavesdensiuiiduiguinamsdunlsnn 22.2, 385, 54.0 ‘llaud 67.2 mm
Tuudazuun dadmvesnnusndeiduriguinais (Length-to-diameter ratio) W38iFuntde 4
L/D Auudls9n 0.25, 0.50, 0.75, 1.00, 1.50, 2.00 luouda 2.50 ;ﬂ‘v‘i 4.1 ARV IUVBINUAD
st i IAgniawSouiensnageunuuissnaluunuider lumsfnuimansenuvesng @

[ a { i v 4 as D=
agefiuzinsenszuenedl LD inshudselidurgudnanaiunlsnn 22.2, 38.5, 54.0 ldeuds
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67.2 mm #15199 4.1 dasUsnouvesiudeteh 1ddamioudmiummaneunuuusenaly
< = o Ui o Ay LY © [ g
unuAgY Hudlei1adau 280 suldgniamisudmsumsnadeudi Tasmme
ad Yo a o
Fmsnadou ldduiiumsamiagiu ASTM D2938 wadi ldvinminaaey'ld
o . . d"n o U 4
a3 lumsed 4.2 Tumsnaaeuiinuiiet 139z gnNARIINT BINAMUILINUYDINGS
nIzUBN YNAIBLIIEgANARILSATIAInING WY (Constant loading rate) NARIBETUIZYN
£ a Y ey P
nalvuannelu 5 i inFeiieN1dmaaeufio ELE-ADR2000 Hilinnuannselunisnagage
(VIFIL 2000 kN
U7 4.2 uansiienvesiugouMAgnNARILINUAILINTDS ELE-ADR2000
A w 1 J, 1 4 - ¥ 1 4 e
Auavg e ildurmguinae 67.5 mm uag L/D = 2.5 AuIzgnnAsNAiilpIsunsziedaus
A a 3 A o Y & a o o oo 1
nageganiwineznuld niedmisnilalimsunndavesiiu uwinmsuanfvesiiudiodrnn
Y =t L ﬂ ' A a e 4 : d" s 1 a A
Fuvzlinsasuaztiufindlunmeaty msuanii ldvinriudretnianuaiisziieg 3 vila fio ms
UANAINLMIYY  N3DISUNT Extension fracture (AI3UN 4.3 ae 4.4) msuanamuuuaiounl

ANUIAUGIGANUUALT (Shear failure) FevzvuiBueogfiuunuvosfiudietn Uil 4.5 e
Msuana L aiousey q Audette  Feesueaalfifuiiuziings (Cone) 2 §u Tvoawu
fuey (FegUit 4.6) mnmﬁms1:ﬁwuhﬁ'ﬂumzﬂ15nmnv‘ie‘hqﬁuf;ﬁwmiaﬁmsmﬂqeqmyjﬁ’w
AA1IAL AuA10619] L/D gend 1.5 damIugjazunnuuy Extension failure tages 1AL INAYS
qmﬁaui’m& Fugnet1afisl L/D #1115 AU INYITUANUVVHAUNAIUSZNIN Shear failure,
Cone Uy Extension failure uazﬂz?hwa‘lﬁ'dumanqQﬂﬁﬁmumllﬁ'ﬁthai'fu dnvazsuiina
Suiitosnnnnudvanusznheiuesuviung Suilwadednyuzmsuanyesiugieds (3o
13807 End effect) mm‘ﬂﬂf:%zﬁmwiamiﬂszmuﬁwmmwmﬁuiuﬁugﬂmaﬂsz‘uan W
nsgnuvesdsAiezinndiiudl LD d iazeriinarferdh LD fitgedu waagilves
msnaceuii 14 Inea I aeandesiunad 10nanidiolumalszme
waitldnnnmanaaeunnnisaaluunu@evesfiusou o Blumsed - 42
was Iinnueaslugtveamugd Tasusasmnuduusenagegaldeglugilyesd LD A
uﬁﬂa"lﬁ'&ﬁuiugﬂﬁ 4.7 82 4.10 ﬁm%’nﬁuﬁﬁst’r’umg{uﬁﬂmmﬁwﬁu 22.5,38.5, 54.0 1182 67.4 mm
audRy  seriu @ udazvuiavesfiudioiannudusinagege (o) exiimaansd LD

’ 3 ¥ R ey
fifgetu mnaasiannsoriulddataudzinsmlslsuvesguanifves
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sl 4.1 nnanazglivesiudeduiisamioudmsumsnaseunuuussnalumeies

Specimen Diameter (D) | Nominal Length (L) Nominal L/D Number of Samples

(mm) (mm) ,

5.6 0.25 10

11.1 0.50 10

16.7 0.75 10

22.2 222 1.00 10

333 1.50 10

444 2.00 10

55.5 2.50 10

9.6 0.25 10

19.3 0.50 10

28.9 0.75 i0

38.5 385 1.00 10

57.8 1.50 10

77.0 2.00 10

96.3 2.50 10

13.5 0.25 10

27.0 0.50 10

40.5 0.75 10

54.0 54.0 1.00 10

81.0 1.50 10

108.0 2.00 10

135.0 2.50 10

16.8 0.25 10

336 0.50 10

50.4 0.75 10

67.2 67.2 . 1.00 10

100.8 1.50 10

1344 2.00 10

168.0 2.50 10
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d' 1]
MINN 4.2 HAMSNAABLUVUMINALNUAEUNBYINA NIENVYDIVU muazgﬂhwm

Aud19819
Average Average L/D Number Average | Mean Compressive | Standard
Diameter Thickness of Samples | Density Strength, o Deviation

(mm) (mm) (g/co) (MPa) (%)

22.64 5.46 0.24 10 2.58 184.85 123.42
22.44 11.41 0.51 10 2.62 101.53 +25.55
22.43 16.89 0.75 10 2.65 81.69 +35.33
22.44 22.49 1.00 10 2.63 49.80 +28.60
22.39 33.29 1.49 10 2.68 52.08 147.05
22.51 44,26 1.97 10 2.67 45.01 1+26.08
22.59 54.69 242 10 2.68 36.50 +22.98
38.51 11.27 0.29 10 2.68 23791 +21.97
38.52 23.12 0.60 10 2.63 122.13 +27.76
38.51 35.86 0.93 10 2.62 62.15 153.61
38.51 49.02 1.27 10 2.64 89.23 +30.99
38.52 61.83 1.61 10 2.66 60.13 +33.53
38.54 77.92 2.02 10 2.69 83.62 146.79
38.55 96.46 2.50 10 2.69 36.79 +57.93
53.93 13.82 0.26 10 2.61 96.71 +12.87
53.93 28.02 0.52 10 2.67 61.71 +43.93
53.96 40.37 0.75 10 2.68 35.42 +19.89
53.94 54.39 1.01 10 2.70 42.91 +22.00
53.94 81.07 1.50 10 2.50 50.04 1+32.29
53.95 100.99 1.87 10 2.69 51.05 1+34.14
53.98 128.94 2.39 10 2.71 61.40 +20.36
67.43 17.71 0.26 10 2.66 227.57 +20.41
67.37 33.37 0.50 10 2.69 80.25 +17.32
67.48 50.36 0.75 10 2.69 45.15 +18.74
67.42 66.11 0.98 10 2.69 53.69 1+29.69
67.35 99.91 1.48 10 2.70 55.28 1+24.03
67.41 132,77 1.97 10 2.73 43.88 +29.42
67.44 166.78 2.47 10 2.73 52.45 £27.95
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Tumsnagaing INFGITR Tunnu@ed (Uniaxial compressive strength test)
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67.5 mm Uay L/D

2.5 QDDAMBIUIUNBIULIAN

1111 Extension Failure




317 4.4 Extension fractures @1AUILNUYBIRUA 10019 ATIAUAIGUINGI D = 67.5 mm 11ne
LD =2.0




51 4.5 Shear failure Mufiaanmanaluendvivesiudeouiidurhgudnais D = 67.5 mm

e LD = 2.5 fuszuinve s oui gt lszinm 307 Aunnumeaiude
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gt 4.6 msuaniligilngte (Cone) vasfivdauiiavInnisna luuniudes Hudisdial

W UAEUENE19 D = 67.5 mm way L/D = 1.0




Uniaxial Compressive Strength, G (MPa)

350

300

250

200

150

100

50 -}
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Uniaxial Compressive Strength of Saraburi Marble

D =22.5mm, L/D =0.25,0.5,0.75, 1.0, 1.5, 2.0, 2.5

3.0

T -0.6850
O, = 61.967(L/D)
- 2
R =0.7060
T *
|-
1 1 i il |l 1 | I 1. 1 1 1 i 1 1 1. i 1 1 4 3 i 1 1
0.0 0.5 1.0 1.5 20 2.5
L/D

71 4.7 waitldonmisnadevuuunsina lutnu@) (Uniaxial compressive strength test) Y89

AuseunnteninaseyS ilidurigudnarsniiiy 22.5 mm unedi L/D ratio Auuilson

b4
0.25 B4 2.5 MANudULTINATIgAYEIUIZanns riulivinanatu Mie LD g9

dy o vy oo
YU ﬂQL!ﬁﬂQiﬂlﬁuﬂ']Uﬂnﬂ']if]ﬂﬂ'm\'i
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Uniaxial Compressive Strength of Saraburi Marble

D =38.5 mm, L/D = 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5

350
L -0.7427
O = 82.713(L/D)
B 2
i R™ = 0.5541
300 +
E L
= 250 -+
o [
o] i
g I
2 200 +
S i
) i
5]
= -
] N
£ 150 +
E -
=] L.
O
= i
= i
2 100 +
=
B )
50 -
0 1 1 1 1 I 1 1 i I 1 1 1 ! i 1 1 1 { 1 L 1 i 1 1 1
0.0 0.5 1.0 15 2.0 2.5 3.0

L/D

71 4.8 wadi ldonmisnadeuuuuusanaluunifed (Uniaxial compressive strength test) U89
Augeunndaniaaszys lidurguinatauniifiy 38.5 mm wasil L/D ratio Autsnn

' a a 2
0.25 84 2.5 MArwdLsINAgIgATesiuszann divuiluiiag1ily vie LD g

5 [ gy o_ o
YU ﬂ\ulﬂﬂ\‘ﬂ'ﬂlﬂuﬁ"]ﬂﬁuﬂ'ﬁﬂﬂﬂ'\aq



Uniaxial Compressive Strength, G . (MPa)
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Uniaxial Compressive Strength of Saraburi Marble

D = 54.0 mm, L/D = 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5

350

-0.196
O = 51.943(L/D)

. 2
200 | R™ = 0.1250

250 +

200 -+

150 —+

100 —+

I X

oty o

50 -

0.0 0.5 1.0 1.5 2.0 2.5 3.0

L/D

1
£

s 49 wah ldonmisnaaeuuuuNsInATUUNUAYY (Uniaxial compressive strength test) U89

Aiugeunnianiaaszyintidumguinaiaitfi 54.0 mm uazli L/D ratio Auuasonn
1 a a .3’
0.25 B4 2.5 MANNAUUTINAYIFAVBIAUIZAAY FulivuIaglu ¥ie LD ¢u

é, o Y 9 o
YU ﬂ\n!ﬁﬂ\ﬂﬁlﬁuﬂ']f]ﬁﬂﬂ'ﬁUﬂﬂTLN
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Uniaxial Compressive Strength of Saraburi Marble

D =67.4mm, L/D=0.25,0.5,0.75, 1.0, 1.5, 2.0, 2.5

350
L -0.6045
O, = 62.374(L/D)
: R’ = 0.56
300 L = 0.5631
L *
i
£ o
50 -
= N
O L
b -
= .
= I
§ 200 —:
) i
[
2 —
2 I
£ 150 4
E -
(=]
S
=
E i
= 100 +
D L
50 4
0 1 1 1 1 JI 1 1 L i H i, L { 1 i 1 1 T . L 1 L I H i 1 1 ]
0.0 05 1.0 15 2.0 25 3.0

L/D

i 410 maitldninnisnaaeuuuunsinalunnwAed (Uniaxial compressive strength test) Y84
AusaunnimiaaszyFnldurguénaraniv 67.4 mm ol L/D ratio  Fuwls

- 1 9 -, - ! J &
210 0.25 84 2.5 MANNAULSTINAgIgAvEsiuIzanas SuTivinau1Iiu uie LD

3
ety s Ifitudsaumsentide
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I3 s 1 9 1 @ a [] 1 R R P o o . = 4
wuuategtn mdulseansanutanguuazat Poisson’s ratio ¥4aldvindaeteiuiifidu
] 4 ' o ' 1w °_ ¥

FIUUINAINUNINY 67.4 mm ﬁmumn‘u 37.7 GPa uag 0.19 aaiay

dl [ b 4

WonzesIeNsanatuen o, Hduavde LD fig 199 aumseniidaidgn
; .
[AUDYU AD

s,=awny’ 4.1)
Taofi o, e MANUAMUTINAGIGAVBIAU LD fip MSATIAIUTEHINANNEIR B U
quinaussiiudiein o Aemdudszanivesnudu ez B fe mdudseandvesguling
vosriudet /1 B eefinuduauaue msrznslvesnuduussnagegazanaaiie LD g9
1 M1 o uaz B %zi’fuﬁuﬂmﬁuﬁﬁmmﬁuuﬁax‘m‘iﬂ mdnlszAnsvesnruneuiles &Y vl
mAsuda V?Qﬁynﬁmﬁmﬁ1nmsﬁuuﬂwmamauﬁﬁmqﬁmnaﬁ1ﬂm§mmﬁudau Daudezdl
yuaiiuas LD nhidufaw waﬁ"lﬁ’ﬁi)“gﬂm"lﬂ%mswﬁnﬁmﬁmﬁ"emmmﬁuﬁuﬁswin
msmaﬂmgﬂummtm"lm1ﬂms‘nﬂaa~uq¢nnmmuﬂsmﬂaau

31 4.1 §1 4.17 werea o, Tuilaiduveudurguinansvesiuiesadmiv LD 7
fifen 025 &4 2.5 awdidy wafi Idiiswendmansznuvesing (riedurgudnate) veeda
etuitudem o tihidaon  wieernszyaldimansenuvesinavesiiuiifidurgud
na190g1ug29 22.5 mm 89 67.4 mm fifeenselifims edwlsAamiesninmsfiunisvene
ﬁuﬁﬁmw’fmnamﬁm{ﬂmﬁuéﬂuﬁﬁﬁwiaui’haqa Fro109zuatiHansENUVINIAYE Y
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edsamsfnyuiufuiwansenuvesnavesiudetniiidurhguinaily
¥2932MIN 22.5 mm 04 67.4 mm eiﬂmmﬁ'muﬁnﬂqaqmmﬁu&uﬁﬁaw%"hiﬁmﬂ A
Fulsz@Ant o uay B Wgminnuaasluflafduveadurguénas () Tugiff 4.18 woz 4.19
wngilimarfioziiu g luimmduius fuidassnimdulszansiaesfudurigud
naNa mmﬂsﬂsmvmmﬁyﬁwzsﬁﬂmnmsuﬂsﬂnwmqmﬁnﬁﬁwNﬁ'mﬂamaﬂ%’mmﬁmfu
WINATHIZAAYINHANSENUYBIVINAYBITIY

Turuufgiii anuduusinagagavesiiu (o) a2 liufunnavesiulugas
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Uniaxial Compressive Strength of Saraburi Marble

D =225, 38.5, 54.0, 67.4 mm, L/D = (.25
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Uniaxial Compressive Strength of Saraburi Marble

D =225,38.5,54.0,67.4 mm,L/D=0.5
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Uniaxial Compressive Strength of Saraburi Marble

D =22.5,38.5, 54.0, 67.4 mm, L/D = 0.75
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Uniaxial Compressive Strength of Saraburi Marble

D=225,38.5,54.0,67.4 mm, L/D=1.0
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Uniaxial Compressive Strength of Saraburi Marble

D=225,38.5,54.0,674mm,L/D=1.5
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Uniaxial Compressive Strength of Saraburi Marble

D =225,38.5, 54.0,67.4 mm, L/D =2.0
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AszuenfuMLlsNn 22.5 84 67.4 mm
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Uniaxial Compressive Strength of Saraburi Marble

D =225, 38.5,54.0,67.4 mm,L/D=2.5
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Uniaxial Compressive Strength of Saraburi Marble

L/D =0.25,0.5,0.75, 1.0, 1.5, 2.0, 2.5
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Weeuiuglh 4.7 Sagalh 4.10
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v v ¥ y
waf lAvInmsnadey wan ldiseriundnsied lnsazidvaluunde 1 ethugelumsadie

= 10 Qo o d’
nouf Imidmiumnaasuganauuinliunldou

4.1.2 mi‘nﬂawmme’ﬁmmﬁaamw51%

MINATBUANUAUUIRWULYTIFA (Brazilian Tensile Strength Test) 11 3ag1lszearad
ofnuINANTENLYeLNAYBTUR I ABMAT AU IR B (Tensile strength) Had
TRezlnnuddglumsiuninsizdsznoufunavssmsnageuganauuualfunlfoy dusm
gudnansvesfiudisgeezgniuntlsnn 222, 385, 540 laude 67.0 mm Tauiim L/D ratio
Wiitudnefiniiu 0.5 Tuudazunaeedfudet 10 $u Fuaaslfifiulunsed 43
Famsnadev ldduiiuananasgiu ASTM D3967 1umsmaauf§ﬁngnnamn
umtﬁ'uvhfgut‘fﬂaNﬁaausqnﬂﬁnﬁu%ﬂuﬁmﬂmﬁ fuvzgnnasunszRaaniazIEneene Ay
Lﬂuﬁmdaumuum;ﬁuwﬁqut‘fnmwmumﬂﬂ‘lfu ussdwanunagegaiialdesinnd o
mad I isgega iR Infuanavesiuiy  afildnnmananeudgaagy
Blunisedl 4.4 3uf 421 uaaslfifudredniuiigniawiouniemsnageuiuy Brazilian test

o L

a Yy d R o 1 ~ A ~ 3 1 o PR
U 4.22 uaasldmiubediedisiuluniosnanfdsgnnanuuaduiguinas g 4.23
o (] Y 3 o { & <
HEAAIAIBINAULNTIUARIINT IANATOUUET  FI0SEAITOMUIDIUANUUUNITAIN UL
[l s a 3
Fusigudnatsuesnsnanuiiy

aumsnhunldeodamannudiuusidegegavesiuaionis Ao

o, = 2P/(1.D.1) (4.2)
Tagh 6, = ANUATUUTIAIZIGAULLIVS T (Brazilian tensile strength)
t 4
P = usanagageanudurigudnans
D = dwihguinaevesiudietiy

ANNHUDIHUAIBEN

-t
It

H 1 ° 8 1
U 4.24 uarawaveIMINATBUAIAINALLTRIgIgA Tdgninnuaasliegly

o ! i ' ' Y =<
qilvesnsiuusveaduriquinas  wafilddewenfisnanssnuvesnnadennudiuusds
a °o_ o ° 4 o w v Y 1 4
yoeiin  aumsentmidsidgninnlfimeadsnnuduiussenhenaudnussdsdiudurigud

A
AN AD

o, = AD)" @.3)
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4 ' a o y { o A
Gnﬂ»i‘ﬁ 4.3 ‘Uu']ﬂ!lﬁzz‘ﬂi%ﬁlE]Q“uﬂ?ﬂﬁ']\jﬁ%ﬂlm‘;Ulea'"ﬂﬂeUﬂ'J]uﬁ"]uUSQﬁQQQQQ

UVVI1Fa (Brazilian Tensile Strength Test)

Core Diameter (D) Nominal Length (L) Nominal L/D Number of Samples
(mm) (mm) |
22.2 11.1 0.5 10
38.5 19.3 0.5 10
54.0 27.0 0.5 10
67.0 335 0.5 10
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m1fi 44 waitldnnmsneaeunssisgegauuuysida

Average Disk| Average L/D Number Average Mean Tensile Standardj
Diameter Thickness of Samples | Density Strength, o, Deviation
(mm) (mm) (g/cc) (MPa) (%)
22.43 11.19 0.50 10 2.64 5.11 +22.68
38.51 19.07 0.50 10 2.65 4.87 +21.26
53.96 27.48 0.51 10 2.65 3.57 +22.47
67.39 34.09 0.51 10 2.66 3.57 121.56
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Brazilian Tensile Strength of Saraburi Marble

D =225, 38.5, 54.0, 67.4 mm, L/D = 0.5
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i -0.3695
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Tﬂud' ~ t 9 =R ~ % [} o =Y - o P
#l o, fie Manud s sdsgega D Ao uriguinaisuesiu A uag B fie dnlszdnives
9 ] o o a & v oo a Q(y 13 LK = ]
anuAY tazsveadumiguinaawiny Fmduilss@nitlvluegiuguanifvesiuudas
= 1 ' o ! o § ltg ) i g o e o
¥ila woh lduddahunfivalngiusslinnudnussdsonns  wai ldiineandesiugdive
] ¥ []
81 9 lumalszne aunsenmidsiissgmbunlfiteadsnnuduiuiszniummagsuny
) g { 1 U = A’ d' 4 4
Brazilian test fun1snageuganauuuliunlasy mdulsznivesnnuinouiios ®%) #lden
ege 1 J ; A s QI
AINAABUUVY Brazilian test Tmmoudedr  dafluramnnmisiuulsvesnaeniiniedn
I3 = 1 a o EY LR - 1 1 3 ) Po
namaasyosiudouitiunly ptne lseumsanatvesdnnuduus iR sgegaluvaz it
a 1d do ] [ o { 3y ° 4
vinavesriulngiunfeannsomiu ldededanu  wahi ldsinminaaeuiiestinnldineadre

v o du 4 o 4 '
anuduiusiurah Menmsnareugananuuliuniasuivunde

4.1.3 MINATOUYANANVUAUAN

} 4 )
91l52ARYDIMINALDOUYANAUUURAUAN (Conventional point load test) AD 1D
augudeyauazioinnaSsudisudusan ldennisnareuganauuudionlasy Tums
Ag 4 o a W v de (= - d" , . 5; -
nagouidissdupuinyuzvesiudeswidanisun lumsnameuillAuaas 1 ilumand 45
durhgudnansvesiietuiiuseunndusygndmua Baciiiiy 67.4 mm dawmnnumin @
azQniunsnn 5.0, 7.5, 100, 15.0, 20.0, 30.0 Tuloufls 40.0 mm MsnacevznIzlasidis
; ' 4 Cw

11As§IU ASTM D5731 nSesilofildfe SBEL PLT-75 #wliussnagegaiirfiy 75,000 Youd
- @ 1 = { P 4 ™
(GUN 4.25) @edfiuszgnaaigAnINaRATLIUNUYBINTINIZLUDN (JUT 4.26) unsziie

o g 3 A { ’ ° o !
Fegariuriuuanuazinoeniiu 2-3 Fu (U7 4.27) Awsenagega (P) wwgniinfiuianin

fatigana (1) Tavld3imsdnn 2 35he
I = Pr (4.4)

Inag 1. = P/(D.4Y) 4.5)

H

4 1 o J { o a2 3 o [l a =)
Taofl L Al ddwiiyana P Avdusinagegaiindfiuuan tABfnNUMIIUBIRIBt1NHY (W30
1 ' ' ' o o U a
2azH195213199A0A) 1Az D AsANFUHIgUING1IYBIAIBI1IHY

° Y 3 g 4 A o o v aa
mssnnnTasldaumaniaoumuiifigalssasdmoinnlsouiivunavesdsiin

o 4 as 3 To b 4 Y 1 4
fnnald aunsit @) WgawanntiuTaghifidenna anunii viedumiguénaisves
o 1 o a a s .d ar 3 ° c,: o % ] 4
froeiiy Invazfioumsn @5) dwiiganaldgniWasnnaulasnihnisnnunuumsdaumgue

. .

) = 4 °© [ 3
aaatunfinsandis maed 45 apleaiidnamssnnuminadeuganaunuauinlaoly

AuNSN (4.4) uag (4.5)
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v v 1 4
M3 4.5 wad ldninminaa amﬂnmmuﬁasﬁn (Conventional Point Load Tests)

Average | Average | t/D | Number | Average | Mean Point|{ Standard | Mean Point | Standard
Disk Thickness of Density |Load Index,| Deviation | Load Index, |Deviation

Diameter Samples ' IS=P/t2 [=P/Dt
(mm) (mm) (g/cc) (MPa) (%) (MPa) (%)
67.36 5.69 0.08 10 2.61 53.71 +10.74 4.52 +12.47
67.44 7.88 0.12 10 2.59 38.54 +19.06 4.51 +17.42
67.44 10.66 | 0.16 10 2.63 28.54 +15.27 4.50 +12.37
67.47 15.89 [0.24 10 2,61 19.13 £24.76 4.45 +20.31
67.40 19.63 | 0.29 10 2.69 14.26 +14.43 4.11 19.12
67.37 30.20 | 045 10 2.70 9.93 *+17.52 4.47 +21.07
67.39 39.38 1 0.58 10 2.69 7.35 +14.70 4.29 +13.74
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o Y o i o 4 !
U 4.28 uansmawtiganaluiladduves « Afnsaneinaumsi 4 sziuldn
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] 4 o Qs 1 ~ ] U y
v ludufivanumuvesdiediiu mdriiganalunsdilezegfitszana 4.5 MPa
k4
=) o

i ¥ o S a 4
rnaf ldnnmanaaeudsiiyananuududuiiszhunlfiitugudeyaitenson
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4.1.4 MINAABLUIINATHIHUAY

MINAROULTINATUA LAY (Triaxial compressive strength test) Hinguseaaniite
Annmmdesalusuunuvesiiusoudseys Famsnaaevifumsmageuiiudiediely
anmzanusudeseuieidugudeyalumsimseinaf Ifnnmsnageuganauuuyfy
vy TumsnaneI§1eteiusouaszyiginsinsruendninuiadu 5 dseti vum
Furguinane 54 mm uag L/D =2

S3manameyldduiumsanansasgiu ASTM D2664 uag ISTM (1981) in3esile
MAumsnacevlszneudas 1nsesna fﬁn'lﬂﬂsﬁﬂf‘ims"u“lﬁ’mmﬁuﬁ’amaumﬁiu WF
40070 wazlwad (Cell) UUY Hoek-Franklin nmelussiiaensadmsuiuileedufiegaiuan
msduveninilaTasdn fudetes1diuanududeusey (o) mnmssanamduTaviy
18 TasandlsnnuaY 250, 500, 1000, 2000 1AL 3000 psi VedariUAIBE HAWIINTNATEL
AL ILNUYBINTINTZUBNAIIA S INT DUNTERIEIRAITR  Fez Ikinnudmusana
Tusuannu (o,)

wa lgnnmsnageuusanaluaunuveafiuseu g Blumsed 46 Tums
nageunuuyIMsuaninvesiumeduiumsuanmunuanioudsinmidsiegfuunu

@ @ d

o u L) { o 3 v 9/
YoriuRI861 (3UT 4.30) azlumasalugdvesmugiinnuduiuissnhemnnuauuss
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Point Load Strength Index of Saraburi Marble

D = 67.4 mm, t =35.0, 7.5, 10.0, 15.0, 20.0, 30.0, 40.0 mm

2
I, = P/t
50

|

L

I = 31858 (t) "

45 - R’ = 0.9513

T T T 11T T T

LN I B

30

N I B S B N S N SR I NS SO SR AN E SN B T R CR N SR SN N SN B

25

|

20

15

Point Load Strength Index, I. (MPa)

10 -

Distance between two loading poeints, t (mm)

v b4
5N 428 wavinmInadeuyAnALUUALAL ARYTiganagndIu Taeldaums 1 =P’
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Point Load Strength Index of Saraburi Marble

D =67.4 mm,t =5.0, 7.5, 10.0, 15.0, 20.0, 30.0, 40.0 mm

I, = P/Dt

20 -

18 -

16 |
ﬂg 14 4
o i
w124
"] L
=
= L
ot L
: -
T 10 +
s -
E ] Is = -0.0057(t) + 4.511
1% L
-] 8 4+ 2
g - R =0.0093
oud
- L
g - .
e °7 o

I YR .o .
- * $e ‘s
" * ho 4 “. — L 4
4 — o % e o * I
r . % Do % o4 ¢
2 L
O N 1 1 1 i 1 1 1 1 : | | i | L ] I L 1 1
0.0 10.0 20.0 30.0 40.0 50.0

Distance between two loading points, t (mm)

1 ¥
51 429 wavnmsnedsuyAnALLLARY AdFTiganagniuan Tasldauns 1 = PAD.Y
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Sample No.

Diameter

Length Load at Confining |Axial Stress at
Failure Pressure, ¢, | Failure, G,
(mm) (mm) (kN) (MPa) (MPa)
MB-25-8-TR-6 53.9 100.7 174 1.7 76.2
MB-26-11-TR-1 53.9 100.8 250 34 109.5
MB-26-7-TR-4 54.1 100.1 274 6.9 119.8
MB-25-10-TR-5 54.0 102.8 284 13.8 124.4
MB-26-12-TR-3 54.0 100.3 386 20.7 169.1
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guUfl 430 msuanivesiied1siug

Januaudeusey (o,) 1HIH1L 3000 psi 194 Sample

Mo, ME-26-12-TR-3
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Morh's Diagram

-10

N

0

| 5
LN L N N O B A B HE B R | LI LA AL ML LA R (R BN I B N BN I B B BN S S |

10 20 30 40 50 60

70 80 90 100 110 120 130 140 150 160 170 180 190 200
Normal Stress, O'n (MPa)

1 3 \J
i 431 usugilinaasnnuduiussendndnnuduusinauwwadaasmanudiuus uieu



72

¥ o dJdY [y © v ]
VNATNTNRUTTRAAINSIRIDAMIA U RIAMY (0) uazmAdy
gadia (c) TAMAY 40 9981 BY 14 MPa mNEIRY

4.2  mInaaeuganauuudTunaey

= o as .

3 ] 1
el ldlinsdssavinanuulsundanuiedmnldlunmaaeu e

o Wy o~ o = Q/ S { ar Q) ' o -4 = 3 ] )
Ugdams anwnfandnvesindSedssms IRiAufidudassniainaueudeniuiiad 1
1] -4 o \J o Ul o q’/’ Y §
Tuifeuszlimudeunieuduiivala niennegnisldussnmnadesdioeln §udu wanad

v 4 ]

pnifunlfswssiiuiadauuueziiftuiimhdaiiugranau urigudnanvewinauy
ﬂw 1_]“' uléu'; o A

VAU IATIMYUNT 7 YU AB 5 mm, 7.5 mm, 10 mm, 15 mm, 20 mm, 25 mm Uag 30 mm
Y ::ic.ly ﬂ 4 d ' Y o & o o 1 oS
mgnisesithumanuidmumuremsnanislanudugs msdeheiuliugdsiiimun 7
% Taogdit 432 TnfSeudiovianauuunliunfey (Modifie) #ifvinaduriguénats s mm

E 4 [] ] 1
Laz 10 mm AUMINANLLAUAY (Conventional) #11duegiiall uazgilii 433 uamaiinauuy
[] b ]
Wunfasuniuanlivnadumgunanafuusnn 5 mm Tousa 30 mm
] 1 4
nmsnaTeuyanauuliundey nieFundu 91 MPL awnsouisesmiiu 2 ngu

Tngimudnyaemasnndinusadiedeiivesy nquusnezlddudedudiugiluriunay dau
nguiiaeszldiudedailuguiudmausysa

IS4 v

Meteiunriunavszlidurigudnas (D) asfl iy 67.4 mm uafinamn @
Auual5910 0.5 em, 0.75 cm, 1.0 em, 1.5 cm, 2.0 em, 3.0 cm 1ouds 4.0 cm Taeanafi e ilidu
AIEUENATS (d) Auulsen 0.5 cm, 1.0 em, 1.5 em, 2.0 cm, 2.5 cm lloude 3.0 cm

fetuiurudminsysasslaommn () afeihdy 18 mm udezinmn
(819) Aui)3970 24 mm, 48mm, 73 mm, 98 mm, 124 mm ‘leuEs 150 mm TaeWanafi 19eeTidy
AIgUENa18 (&) Auils97n 5 mm, 10 mm 1aouds 20 mm

msiildvnauazglivesiietuiunazve sinanannanomuiifie 1418
Fanmuduiusvesnnauaz g iudemanudusinauazad s ivesiaeseiv

710 434 uaaunFesiiofldlunsmadeuiuy MPL fretrruglurunauezgn
paauaununaneuian Tasldin¥es SBEL PLT-75 Failaruaanselumsnagaganhiy
75,000 oud ussnafimlfiuuanselimstufinieFlumsfuom uasdufinnmdnuusses
uanorh 18 lumsdinnzyide’l 1R 435 uamamanadeunuy MPL #al§fugiluniud
waosyfa Taovznadiediefiufigannaevessiu 1Mt 436 S 438 uaasdnyazmsuAn
vosiumetund I Medniudulngsisesuamnnnimilises uAnnsesuanesiiumg
vufufianevesmsna Suiweniudusesuanuuuie (Tension) luuSnaidiinaiuee
uaniiiuginise Faufiu Compressive shear zone fifidurguinaaInajiiqaniiudurigud

v ]
nanveIiInaiu 9 (Asguh 4.37)
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Conventional Modified
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MINN 47 uaz 48 ueasglivesdiesnfiuuasnansAmaed 1d91nns
r ¥
nagouLuy MPL lufiimanuduuan (P) aunsosiuanldainmsiiausnauan (F) 15
9/ d’l a Y a o Y] 9/ v ;
AWNUNNUIAAVDININA AIFUNNTV19819%]

P = F/(n d/4) (4.7)

Taufi P AennuAunageqafiiamsia F de USINARITATIYATIIA oz d Ap @urigudnais
vouafildng

7117 4.39 UnE 4.40 UTAIHAYOIMINATOULIIY MPL Tugilvesns i Tasiid P oy
inaueluilaiduvesdasidin vd dwmiudediugdusiunay GUi 439) uaze P szth
wueluileifuvesdnnidiu Did dwmSudrewiugluiudmiouiia GUi 4.40) M
Wurguinmaveniang @) wulludmsiieRnsanimansenuvesnmumuumeeaiuniie
vaariuTas liflvinavesinauniindes

TumsnsanTaoiallidamait I8snmsnadoussyim p %zqafu f1dasrdu
t/d #50 D/d ﬁﬁ1qa€u iefvzaduamnuduiuilugdadamand dun1slugUves Logarithmic

Tl lumsefuemsnlfsunlasves p lugtlvesdnsrdiu Did e

P=Aln(D/d)+B (4.8)
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{ ] 4 1 o s 4 Py ° a «
Taoh A uaz B dlusmnsfivesudazdns vd daanlugili 440 mait ldilezgminniinsie

waznlSouieusiuwan 1ldnnnisdnyimedungui luuneela

=R \

43  MINATBUUTIAIVUAN
J £ o/ t =3 1 a 9/ v o = o
fussRegegRvesesiuseu ldninmsnadenlugtuuume q Aueglitlss Teand
o Qs 1 { - o o L4
TumshinnSsudlsusunusstsgegainageu ldnnnismaeuuuuusi¥a  wazhunins iz

"] H Qs Y A (-]

uaznfSoufoudunah ldnnmsnaasuganauuulSunlaey Favzununielumsitll
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Uszgad 1 lugdunnvemguiind Favzefurvazidealuundely

431 PIINATOUHTIAWLUIWNIU

o oS A
AINATOUUTIAWULIMNIU (Ring tensile strength test) Wingilszasnmonise
Fd = 4 L= A o =8 @ oA d’hlﬁ' ’Jw
Asgagaveiuseudsyys wazmoiwulioumsuiuussai lhnamimaaeuyanauuualiy
4 s v a ' o Y
waen  TaswSsudedisiiudiugihumiunsenssuen  vwaduriiguinatmeueniiiiy
¥
92.4 mm vinadurgudnaramolumiiy 30.5 mm waslinnuMUUMAY 464 mm §1unie
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d‘ @ Y 1 a ] { i 4
MINN 4.7 UaNYusYoIIRsHULIILHUTMAsuLaENa IAvinnimareuyana

wuuy§u/fen

Average | Average | t/d | D/ MPL | Number | Average | Mean MPL | Standard

. Diameter Thickness‘ Diameter of Density | Strength, G,,,, | Deviation
(mm) (mm) | {mm) Samples | (g/ce) (MPa) (%)
23.20 18.19 | 3.64 | 4.64 5 5 2.82 348.36 +8.44
48.00 18.19 3.64 | 9.60 5 5 277 394.20 18.74
74.40 18.19 3.64 | 14.88 | 5 5 2.27 556.15 +2.37
99.20 18.19 | 3.64 | 19.84 5 5 2.75 591.80 +7.61
135.00 18.19 | 3.64 | 27.00 5 5 2.65 675.33 +26.60
150.00 18.19 | 3.64 |30.00 5 5 2.57 653.94 +14.07
16.23 1794 | 246 | 2.23 7.2.8 5 2.51 127.81 +12.85
22.70 18.15 249 | 3.12 7.28 5 2.85 213.81 +17.19
36.04 17.87 | 2.45 | 4.95 7.28 5 2.62 283.48 +3.11
50.51 18.08 | 2.48 | 6.94 7.28 10 2.64 309.26 +20.11
70.90 18.23 2.50 | 9.74 7.28 5 2.74 310.87 +22.97
99.10 18.10 | 2.49 [13.6] 7.28 5 2.61 360.84 +16.77
151.80 18.16 2.49 | 20.85 7.28 5 2.57 428.11 +15.26
23.80 18.19 1.82 | 2.38 10 5 2.84 106.18 +9.06
48.20 18.19 1.82 | 4.82 10 5 2.71 202.94 +11.28

| 73.40 18.19 1.82 | 7.34 10 5 2.71 236.58 +11.97
98.20 18.19 1.82 | 9.82 10 5 2.76 281.38 +9.32
124.40 18.19 1.82 | 12.44 | 10 5 2.72 233.50 +10.69
150.40 18.19 1.82 | 15.04 10 5 2.80 267.12 +13.94
22.40 18.19 | 091 | 1.12 20 5 2.90 86.01 +20.67
48.00 18.19 | 091 | 240 20 5 2.72 93.46 +26.57
73.00 18.19 | 0.91 | 3.65 20 5 2.71 114.59 +18.64
99.00 18.19 | 0.91 | 4.95 20 5 ‘ 2.71 87.22 127.07
127.80 18.19 | 091 | 6.39 20 5 295 96.89 +24.10
150.40 18.19 | 091 | 7.52 20 5 2.65 136.56 +33.27
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MmN 4.8 fudnvuzve st RuILIUnauLazNa T Id91nnsnATBLYANa

suvlSunlfou

Average | Average | td D/d MPL | Number | Average | MeanMPL | Standard

Diameter | Thickness Diameter | of Samples | Density | Strength, o, | Deviation
(mm) (mm) (mm) (g/ce) (MPa) (%)
6744 | 4012 | 401 | 674 10 10 2.46 294.24 +29.93
67.39 29.88 2.99 6.74 10 10 2.67 227.02 +19.25
6745 | 2016 | 202 | 6.74 10 10 2.65 171.50 +22.41
67.47 15.06 1.51 6.75 10 10 2.65 144.51 +21.49
67.42 10.11 1.01 6.74 10 10 2.64 137.64 +30.63
67.44 7.42 0.74 6.74 10 10 2.62 143.88 +36.14
67.36 5.55 0.56 6.74 10 10 2.70 94.86 +25.79
67.42 39.01 7.80 13.48 5 7 2.69 666.06 +7.90
6739 | 3934 | 393 | 674 10 9 2.71 320.88 +19.95
6740 | 3943 | 263 | 449 15 10 2.68 168.72 +17.48
6740 | 39.18 196 | 3.37 20 8 2.69 87.78 +45.78
67.38 39.44 1.58 2,70 25 6 2.69 78.88 +29.05
67.38 | 38.84 129 | 225 30 6 2.68 41.99 +13.76




83

Modified Point Load Strength of Saraburi Marble
D/d=6.74,t/d =0.5,0.75, 1.0, 1.5, 2.0, 3.0, 4.0

700 -

- D/d = 13.48
600 —+

500 -+

L , Did = 6.74 P = 135-67(t/d)0'4789

P (MPa)

300 | R’ = 0.8937

200 —+

100 +

t/d

711439 wadildoinnisnaaeuganaunuilSuniew  Taslddednrudeugiusunayiil
sandiuvesnrumundeiduriguinanvesinaiideiy  idunsmluaanai

@ o

uRUSIRWITHan 1de1na0819unil D/d = 6.74
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Modified Point Load Strength of Saraburi Marble

t/d =0.91, 1.82, 2.5, 3.64

900
800 - i
T
I
1
700 - :
T o t/d = 3.64
o © _
1 P = 186.57 In (D/d) + 33.467
600 - |
A : R’ =0.9365
-
o
. 500 !
= _.|
& - t/d=25
2, |
- 1 P =118.93 In (D/d) + 62.936
S 400 - :
1 R’ =0.9467
{
{
o t/d=1.82
300 - |
: P =83.58 In (D/d) + 54.817
. : R’ =0.8246
200 - 1
t/d = 0.91
100 - N P =16.036 In (D/d) + 81.726
h 2
R =0.3341
0 1 L L I : I Lo el L
0 5 10 15 20 25 30 35

D/d
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aa y ' i a ' 4
'Jﬁﬂ']iﬂﬂﬁaUﬁﬁuﬂzQﬂﬂﬂﬁ'\uuu?lﬁyuN']ﬂugﬂﬁ'l\lﬂyaﬂlliqﬂﬂﬁlwnﬁugﬂ%ﬂﬂq:ﬁ
0.5-0.7 MPa/min 'imﬂSZﬁ’ﬁﬁ?ﬂtﬁNﬁﬂllﬂﬂBﬂﬂmmm'uﬁ’umﬂuﬂ'ﬂmﬂ lliaﬂﬂtﬁfmﬁ’fﬂ'lﬁﬁ”lm

' & o
mmmmmusaﬁaqaqﬂiuummmﬂnmmaﬂﬂ

{ o VA o J
aunsiihnlinesuam A s RegaganuLIuMIY (Ripperger and Davids,

1947) fio
= 2PK /Dt (4.9
Tauh Cp = AYWATUUTIAUUUINNIY
= UNNAGIANYAIIA
o a o ¥y 3 v
K = dulssnfanududuvesvesnnudy

(Stress concentration factor), K = 6 + 38 (r’)2

D = @udigudnarsvesdieduiiu
t = ANUNUIYBIAIBENHY
r = sandwuiaiineludesalinimuen (1.0>r > 0.1)

H ) l» 1 é

wadl ldonmsnaden Tl 13 umsei 4.9 307 4.41 uamamsnageuussAULIUMING
v ¥ ]

ArpgnHugougnusinaauadukgudnansunsziiuiuuaneenaIndu 317 4.42 ueas

ar L ~ Q A& =~ T
ﬂ'JElfJ’N‘H‘u‘Hﬁ\iﬂ"li‘ﬂﬂ’LT?J‘U“INLﬂﬂﬂ']ﬂmml‘]J‘Uﬂ”liﬁQﬂ'liJLLu’JLﬁuN'IfijﬂﬁNil@Qﬂ'liﬂﬂ

432 mInaTeUNIHuULMINATYA
MINATBULSIAUULNATYA (Four-point bending test) 1A uTuMsioninudm
useiagegavesiiuseuaszy lugpluvesns e waziotiumBouifsutuuseieitld
vInmsnadevgananuuliunasu Tasdesnfiuiinmaneufidnuaziiuuriu vuna 100
35018 mm’ $1IURIAY 10 Freghe
3’%msvmﬁ'euﬁyuviuﬁ'mthaﬁuwgﬂﬂﬂmnumﬁmﬂﬂﬁgﬁﬁﬂﬁ'wusanﬂﬂqﬁ 0.5-0.7
MPa/min Tavlszozveseniiegansii 8 om (Ragufl 4.43) naurudIedRuIUAsERIRIB
fuinas usanagegaitia tdinsnsmsusidgaga

A o YA o ' =2 o A
?filﬂ”liﬂu’lllﬂ‘lﬂﬂﬂﬂ'lu‘]ﬂ!ﬂ']ﬂ'luiﬂﬂﬁqqqﬂu‘lj‘ﬂﬂ'ﬁﬂﬂﬂi}ﬂ fio

O peniiog = 3F1/ 2bH° (4.10)
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MINTN 4.9 HAMINATOUNITIAIGIZAUULIWHNIY

Ex. Diameter, D,

Sample No. Int. Diameter, D, | Thickness, t Load, P O

| (m) (trim) (mm) (kN) (MPa)
MB-39-2-RT-1 92.5 30.9 45.7 9.1 14.1
MB-39-2-RT-2 92.6 30.1 46.4 9.5 14.1
MB-39-1-RT-3 92.4 30.4 45.2 9.8 15.2
MB-39-1-RT-4 92.4 29.9 48.1 11.0 15.8
MB-39-1-RT-5 92.3 309 479 9.2 13.6
Average 9.7 14.5
S.D. 0.77 0.88
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UHHA IO T

$UN 443 MINATBUES WBVVNINATYA (Four-point bending test) A10019H W B 1LY

ANMAABUAIONTBINA Tngr 115 I LgAnan Il Ferieruilizinm § em
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Taoii OCpenting = mméﬁuuiaﬁqqeqmmvmsnﬂﬁw
F = USINAGITA
1 = STUTMNITHINUABZYANA
b = Anwnieveiiegeiy
h = AMuNHveITIRteITY

] § ] »
HavINMINAdeLUsALMINadyaienua ey 13 lumsed 4.10 U 4.43
Y P ° ] 4 i o a . E AR '
uansetuengMinnldlunsouiteimnarey Tavfuszgnnariuiadgn 71/f 4.44
Y " A o 2 a ¥ o '
Ilﬂﬂ\iﬂ')ﬂfn\ﬁ’fu‘"aQﬂ’]iﬂﬂﬁﬂ‘Ucﬁuﬂﬂﬂ’liﬁﬂUinmﬂa’NUNu

& d 4
44  nMInATeLeRgINgU A eHuYiindY
o A ) a
Qﬂﬂszmﬂmmmsnﬂaamwamuﬂwauazumﬂ%’wqﬁuazﬂﬂwm‘nqyﬁumms
Qs 4 o L) =~ = A { ar ' =)
nageuyanauvuliunfaou  Tasmsvaneudetisiusiindn o Husnmilesindredieiiy
L ERATE Auihimagewlseneudumedafiuumseys Amtaniuyfwean Tnyd
Tndnanys uazdretnrunswlasnnme Smdauasssiin Tasveiinmsnadeunsenaly
¥
UNWIAEY MINATBULTIRWMLVLFa MInAreLANAUULS ARy HATMINATOLYANALULY
g 4' ] =i o o L = 1 -\ d' Q’: Q’:
Uiunldon  wuReidunsnadeudediuseuaszys Tasnai Idvanuasinnisnaaseie

° a o 2 = =
'Hllﬂi]zgﬂu’]ll']')!ﬂﬁ']gﬂuazlﬂﬁﬂUlﬂﬂUWﬂiuUﬂ‘n 6

4.4.1 MInaaBUNIINATUINMALD

NINATBUUTINA TUUAUIAY? (Uniaxial Compressive Strength Test) ¥nuseaadiie
wiinnudnusInagegaluunuBivesdietuiiundasiiniy  waziierimamsnadou
nJ?tJmﬁavﬁuﬁhﬂﬂm’fmmanﬂqaqwﬁm'lﬁﬁamnmswﬂﬁam]mmuﬂ%“uLﬂéﬂuua:uuu
S minageuusna luunuided ldgnduiiuns Taumasgu ASTM D2938 Fadeds
fiufivuin L/D ratio iy 2.5 uazdmaudeteiufildnadey 7-10 fetralusassiiadiu
NANAABLAILIATBINANBLISINATISNTIAIETINGR (Constant loading rate) AIMIUAUIY
nszviafiamsTiia snaudedniiu vuia uaskai ldnnmsnageumsnaluinu@eived

> <
ad1eriuna 3 vl ldag B lumseii 4.11

4.4.2 MINATOUUINMLVUNTa
oy . . (4 ¢ A
MINAABUUIIAWVVYIITD (Brazilian Tensile Strength Test) IgUszassinon
mAanudngegavesmsauuvundavesiieduiiundazriiafiu  uazifodwamimaey

wiisufeanumauA IS RIgegafiv lWnnmsnaaeuganauuulfunlaoy  msmadeu
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31971 4.10 HONMINATBULTIINGIANVLMINATYA

| Sample No. Width, b Thickness, | Length,L | Spacing, 1 Load O yending

(mm) h(mm) (mm) (mm) (kN) (MPa)
MB-1-BD-1 100.3 18.2 ' 320 80.0 1.97 7.09
MB-2-BD-2 101.4 18.6 310 80.0 2.12 7.24
MB-3-BD-3 102.3 18.4 290 80.0 1.42 4.91
MB-4-BD-4 101.0 17.9 300 80.0 227 8.43
MB-5-BD-5 100.5 18.2 305 80.0 2.17 7.80
MB-6-BD-6 102.0 18.4 300 80.0 2.15 7.50
MB-7-BD-7 101.4 17.3 305 80.0 1.97 7.82
MB-8-BD-8 101.6 18.2 300 80.0 2.15 7.71
MB-9-BD-9 99.8 18.1 300 80.0 2.47 9.09
MB-10-BD-10 100.4 18.0 302 80.0 2.17 7.68
Average 2.01 .‘i 7.53
S.D. 0.27 1.09
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Sanstone

Rock Type Average | Average| L/D | Number | Average Mean Standard
Diameter | Length of Density | Compressive | Deviation
Samples Strength, G
(mm) | (mm) (g/cc) (MPa) (MPa)
Saraburi 38.23 102.56 | 2.68 8 2.74 49.31 18.17
Limestone
Khoa Somphot 53.41 126.83 | 2.37 10 2.77 43.23 22.27
Limestone ’
Krok Kruat 53.80 127.40 | 2.36 7 2.35 21.80 6.84
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w3 R wUILTEa 18gnAuiiumsauanasg i ASTM D3967-81 iRonuseisvesiiuiedlas

fMUAAT L/D ratio AR 0.5 durguénasvesiudotnimeiniy s4 mm  wass
AN 27 mm Tasrimsnaroy 5-10 fresrelundazdiotiefiu 3 viln Snnugeg
Au va unzsad lnnnsmaeunssia Favesietiui 3 wiin legl 13y

A13199 4.12

443 MINATOUANAUVUE AN

msmﬁanqnnmmmfuﬁn (Conventional Point Load Test) UBIRI06WAUNG 3
¥ila éqﬂsznau'lﬂ%wﬁaadnﬁuﬂuﬂsm? At unau Innitasdreteiunsi
Ininnson Tnofigalszasdnsmanendie emmanudnusinagegaitldanidsiigana
(Point Load Index) uazsﬁaﬁmaﬁ'lﬁmnﬂ?umﬁuuﬁ’nwaﬁ‘lﬁ’mnmimﬁauqmmmmﬁu
e plindedeiuiidmageusl 2 davazde HUV3UNIINTEVBN (Cylinder) vBIA?
BU19HUNTI81ATNNT A uazﬁmEiwﬁhlﬁﬁgﬂmwnm‘immﬁﬂ{ (Irregular Shape) Y9IAIDHIS
wuifuaszyFuagiuuianTami msnadeuladuiummudtinasg ASTM D5731 2
sdsiudnzwiiagnnanareLfigatanaeIveniang  sunsEidIet euIANEDnIN

9/ [] &
U MUIULAZUVUIDVBIATIDYNUUNG 3 FUR uazwaﬁ%’mnmsmaaugﬂﬂmmuﬁ'ﬂmwaﬁ'z

1 4 [
ag19rua 3 wila laagy 13 luased 4.13

4.4.4 manameuganauuulTunlaen
a = . . = P t
n1snaaeUIAnALULYTLAEY (Modified Point Load Test) HyadszasdiNoninn
[4 ]
ANuAsInauazussAsgeganamsnarounuulnidl  uaziverhe lhiwSouisudua
¥ ]
ANUAIMLTINagega ldvinienisnadeuusena luunuidsuazimanziu ldvindsiiyana
3/ [] . o
suuAauAY JUiedet Ui mansull 2 AnyagAe LUUFUNTINTZUBA (Cylinder) Y8R
1 = o 1 = o 1 4 1 a o
ag iU uassysuasdiedeiunsielnsnnin uazded e hilijinsimendamans
- L4 o o ¥ 1 L P °
(irregular Shape) veariuyumaulnyd Tasinisnaaey 20-30 Arednluusazeiiady S1u9u
o ] a Yy ¥ ﬂw ﬂd' @ v < q’:‘ < ilél
A9019MU VA tagwafl lAvInmsnadeuyanauuuliunlasuvesdlstiariuny 3 wiia
{ ' o 4 Ia Y [
aglPBlumsian 414 uazuasssmanisnaasuganauuliunlasuluinsuvesdasidiu
] ] o @ sy o o ' = n’: = P -~ 1|d‘
yaenNuNUIRBIUNIgUENaYBIHINATIA Y YBdIBNAua 3 yiinlugilh 4.45 Dagan
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1 ¥
MI191 4.12 HANINATOUUTIAWUVVVIIFAVDIAIBE1HUN 3 %A

Rock Type Average | Average | L/D |Number| Average |Mean Brazilian| Standard
Diameter | Thickness of Density Tensile Deviation
Samples Strength, G,
(mm) (mm) (g/cc) (MPa) (MPa)

Saraburi 53.93 25.49 0.47 10 2.66 8.46 2.54
Limestone
Khoa Somphot | 53.89 25.68 0.48 10 2.68 7.81 1.04
Limestone
Krok Kruat 53.93 25.50 0.47 5 231 1.44 0.33
Sanstone
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H k4 k4
M3197 4.13 Nﬁﬂ'l‘iﬂﬂﬁﬂﬂQﬂﬂﬂl.l.‘lJ‘Uﬂ»ilﬂiJ‘UﬂWl']Bﬂ'l\?ﬂuﬁﬂ 3 ¥UA

Rock Type Average | Average | L/D | Number | Mean Point | Standard | Prediction of
Diameter | Thickness of |LoadIndex,| Deviation | Compressive
Samples| I=P/Dt Strength,
c.=241
(mm) {mm) (MPa) (MPa) (MPa)
Saraburi 61.75 28.28 0.33 30 3.20 1.52 76.8
Limestone
Khoa Somphot | 70.66 26.48 0.37 30 5.23 2.23 125.5
Limestone
Krok Kruat 53.84 25.13 0.47 5 0.98 0.49 235
Sanstone
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q‘ o dl Qs L] o Q’J‘ 2
131N 4.14 Nﬁﬂ'li‘ﬂﬂ’d'f)‘lmﬁﬂﬂSL‘U‘Uﬂi‘U!ﬂﬁU‘N‘U@QWJﬂUN‘H‘L!‘VN 3 ¥uUa

Rock Type Average | Average D/d t/d Number [Mean MPL| Standard
Diameter, | Thickness, of Samples | Strength, P| Deviation
D t
(mm) (mm) (MPa) (MPa)
Saraburi 2228 | 5749 111 2.87 4 59.13 12.48
Limestone
23.47 24.75 2.35 2.48 5 139.80 27.33
38.42 26.43 3.84 2.64 5 211.87 42.36
53.94 25.77 5.39 2.58 5 30125 | 105.90
67.05 25.50 6.71 2.55 4 31131 | 114.42
92.49 27.08 9.25 2.71 4 358.10 71.90
Khoa Somphot 50.76 52.61 2.54 2.63 2 96.78 31.97
Limestone
46.10 39.13 3.63 3.06 2 120.13 6.60
79.75 45.25 5.38 3.25 2 184.97 95.00
80.98 41.96 6.11 3.17 3 158.34 38.01
83.35 37.06 6.71 2.97 2 17921 | 137.37
91.30 35.85 726 2.87 2 211.82 42.62
10120 | 34.86 8.05 2.83 2 123.46 86.55
55.60 12.76 11.12 2.55 2 196.12 | 61.23
Krok Kruat 22.98 25.61 2.30 2.56 5 25.16 7.71
Sanstone '
54.09 2723 5.41 272 5 62.11 7.95
67.42 25.00 6.74 2,50 5 98.80 15.35
92.84 26.56 9.28 2.66 5 112.05 10.99
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Modfied Point Load Strength

of Saraburi Limestone (t/d=2.5)

500 —

P = 147.34 in(D/d) + 30.859
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Modfied Point Load Stréngth on Irregular Shape

of Khao Somphot Limestone (t/d=2.5-3)

500 -

T T T T

450 -
400 -

350
P =62.717 In(D/d) + 48.356

300 o R’ = 0.5005

250

P (MPa)

200 ~

Tt 1 7311 11t i1 F v 1 Ff 1 1. 171 T 17

160 -

’___

100 ~

ERANN RN B M B |

T T 01

D/d

3 y [y i o/ 9 a L4
g1t 4.46 woildvnmanareuganauuulSuniaou Taslddedreiuumnay nand gainss

i o v 3 ' o o o o
Irregular Shape ﬁﬁammau‘ummmﬁummﬁumquﬂﬂmwaw'mmflmqnu
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Modfied Point Load Strength

of Krok Kruat Sandstene (t/d=2.5)

; P = 13.06(D/d) - 2.9562
! R =0.943
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=S v (=
PFANHIN NN UNG Y

‘]_’ o o ﬁ ﬁ) - A A o Y Y
palsgasAveImsAny I IUMgEHINes UIBMmIMINTT A Ive AR Y
Tuiedniunwldmanaceuganauuudiunlou (MPL) iesnndnumzvesilymimedn
¢ 0o o Y < o a
namaasisutiianududeouluilssifuvssvemaauazdosmuanendamansuay
a q’: kY .. ) { ° 1 o 3
(59AUAYUAY (Boundary conditions) aumsduTegilfieziinnldtelisl dnfunsdnuly
4R 9 o ¥ 3 a o ad L, o
nunguvaniulunmslémsduiouseduavA2o33 Finite element method Tsunsufitin
1 4
19flo Tisunsu GEO (Serata and Fuenkajor, 1992) 1wazduadiunaiautiaveslusunsuil
o509 lMnwenasdeddinan

5.1 RUANHUZVBMULGIABY

Junsinuidiosduiildadnuunees 57wy (Computer models) tefNY
HANSENLYBIANUMLIAzANNN NYeIdIBd AL Nansenud R aIniAvesiueaLas
wansenuduaNuRsamuvesiiduirssnnainafufieiediy msui 5.1 18ag
ﬂmﬁnﬁﬁmmuwﬁmm%« 57 WUV (Finite element mesh) tHenInuuSiaeliuuIaumnsg
(Symmetry planes) 2 147 9 hunndsunuveamsanszuen taz uiuiuenfinsmii
VOIPIMIIRIR B0 ATy MatiansmduveIn IR sAT IR 1/4 veq
Fetheiiuiazy Fuaasdiiulugyda 5.1 lumsatauuaesionuaiy uuuiiaesssd
sandiunnuraevalduriguinavesiing (vd) Auualinn 0.5, 1, 2, 3, 4, 5, 6, 8,
10, 15 au'l1fdha 20 uazilidasdmvesnnadumguinasdisdniudevinadurigudna
Y¥2ana1NINA (D/d) Munsen 1,2, 3, 5, 10, 15 au lu/die 20

TumsAinymansenuveannunuazaunievesieteiu 1 muald
anauavesiudmnai Taofiaualiiidusz@nsvesmuiiangu E = 1.5 x 10° psi uag
fi1 Poisson’s ratio v = 0.25 fiﬁnﬂizﬁﬂ%‘:vmmmﬁﬂntjuﬁauuﬁffﬂz uflnademsdins ey
Wiis mremsdnngdeninllinsnsznedivennuduldiong wazes Lifinsdnmn
Rertumsnfsuilasgiinvesiaedeiiu

drulumsAnyINaNsINUYe Poisson’s ratio ABATUNIATEBUBIAAY 14
smualinnumnvesuuinesima vd = 4 (Model No. 5) tagsh v gafuinlsan 0.0 T

8405
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MmN 51 gudnvuzvewuuiiac 57 uuy AlFlumsdnymansenuvesvua

Y 1 4 LY ] a
mumquﬂﬂmauazmmﬁuwmmmmwu

Number of
Model No. Number of Nodes D/d t/d
Elements
1 201 158 15 0.5
2 350 306 15 1
3 662 612 15 2
4 972 917 15 3
5 1294 1232 15 4
6 1916 1843 15 6
7 2449 2366 15 8
8 2891 2801 15 20
9 264 230 1 2.5
10 504 460 2 2.5
11 744 690 3 2.5
12 1104 1035 5 2.5
13 1246 1170 10 2.5
14 1276 1196 15 2.5
15 1292 1208 20 2.5
16 231 230 1 2
17 341 300 1 3
18 561 500 1 5
19 649 577 1 10
20 694 613 1 15
21 742 637 1 20
22 441 100 2 2
23 651 600 2 3
24 1071 1000 2 5
25 1223 1144 2 10
26 1295 1207 15
27 1343 1249 2 20
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Number of
Model No. Number of Nodes D/d t/d
Elements
28 651 600 3 2
29 961 900 3 3
30 1581 1500 3 5
31 1795 1710 3 10
32 1894 1800 3 15
33 1960 1860 3 20
34 707 660 5 2
35 1044 991 5 3
36 1717 1652 5 5
37 1968 1905 5 10
38 2091 2022 5 15
39 2173 2100 5 20
40 722 670 10 2
41 1062 1005 10 3
42 1752 1682 10 5
43 2023 1955 10 10
44 2161 2087 10 15
45 2253 2175 10 20
46 731 676 15 2
47 1074 1014 15 3
48 1773 1700 15 5
49 2056 1985 15 10
50 2203 2126 15 15
51 2310 2220 15 20
52 738 681 20 2
53 1082 1020 20 3
54 1787 1712 20 3
55 2078 2005 20 10
56 2231 2152 20 15
57 2333 2250 20 20
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D = Specimen diameter

d = Point load diameter

P = Applied pressure

t = Specimen thickness

X = Hoﬁzontal distance from loading point

y = Vertical distance from loading point

“ o a g 4? A4 = o Y
511 5.1 nwudmemeneuiaumesgnad niumeRnyinsnsynedvesnuduludud
(] 9 [ a A = e’:
adngUnsanszuenmeldyananvudiunlasy e niiunuauines Tuuuad

'3 2 o A 1 1 A a t & & LY ol
uazuuIueu Mydiaesdaiufion Y4 diuvesiudiedniisiuy dydnuaflslu

msfnnadiaeyfag Bluglide
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nsadunuias ldsmualdiduiguinavesiinalinumiy 5 mm uas
renuazaIndensAnuTaldfunlsvosnnauazgilindn q Ieglugisasidiuves
D/d, ¥d, y/d fartu wandon ldsaansedhede lldenaifvnanilaild ludauves
oAU (Element) n3p¥oevssmsinnuiiogmoldvielndifissfuganaszgnesnuuy v
YWARA n‘jaw1ﬂﬁm$ﬁuuﬂsﬂlmfhmwmﬁu“luu?nmfqu wazie 1 1dnFensfiunae
A fiusiug fhm%awmmsﬁmmﬁﬂgﬂna%n”lﬂmnﬁqnngﬂeammu'lﬁ'imﬁu
mawieiumetnSnuiiinansmunininates tazeslinsinnadszaninm
tazUsy@nTnantu Ui 52 & 5.9 Tuandddifufumusions 8 uuvlumssaesyausn
(Model No. 1-8) 1131484 Finite element mesh miﬁnm‘lmgﬂusﬂf‘:ﬂquﬁmaﬁwﬁ"luﬁm
Ussifufe wansenuvesarmvesileseinlaslianuntunedl uagnansznuvesm
Poisson’s ratio g} 5.10 4 5.16 uaA§1a8s 7 uuuluyaiicesesmsfinm (Model No.
9-15)  Favzajeradntlufinansenuvesnimninvssiietuiudemsnszaiodivesany
uldiianaTaslfaammnaed uasiuudnesgagame (Model No. 16-57) gnadisiuinid
Anuamansenunamnuazanundvesiieiaiuseulavazden  uazfasaluis
MSANYIHANTENDYBIAMUTEANTUVBIRITURT TSI INARUAI8E A UABNIINTZY

o Y Y o
ﬁ')‘ﬂ@\iﬂ?'lllmuclﬂ‘ﬂ?ﬂﬂ

5.2 HaNITNUYDIANUTIUI

711 5.17 LAAIWAMIAUINYNATUVBINANTENUUDINNUNUIVBIAIBE Y

]
Y-

s as = = o
fifinemsnsznefivesnumdundngega (o) amuwganaluuuids  dedonldan
o Q" L) é )
mssiaeely 8 uuuusn Taom llanudugegaezegnivldnaung (Compression) F99z0Y
Tsnuindfesfugana  Aelndidduiaszninganauasiiudiedn  sufuldims
9
AsznwiIvesn R uMNIuIanaizlidnyasadionisiudifiudrenalinnumun
5eMI 10-100 mm (¥d = 2-20) uadanmuvesiulivesann 1wy 1Y 5 mm (vd = 1)
% d’l =S o 1
msnszneiivesnnuduiisslidnuuzaesn
U 518 AAITIHANTENUYBIANUNUIIBIRIBENHUABNTNTEIUAIVEY
anudundndga (o, auunyanalunnds Tasiy i hindudednezlinumuunila
Y { a
arunduuueuaaganaiivelimgegamoldanuna  (Compression) MuTulnd
a oo 1 [ ! a ¥ v d
Rustuiduiassuneganafuidediy  anuduiivzasnsedisaadunenmodiuussds
=y ¥ ] 9 [] o : ar aé’a " o
(Tension) TuuSnaszezH1e 1 weaduigudnanvesing lunsditife yd wirfu 1.0 Tu
o y o £ Py i a a 1ot
ummﬁusﬁqqaqmzmﬂﬁu Faszilugasuduvesmsuanluioiumeldusfa  Aund

=t =3 1 A~ da =4 a dy °o_ W 515:
ANUNRHINVSAULUTIAININ AIUNUNUANUAUIVSUUTIAINGAUAATIANUNAY - HaAN Lt
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3
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3
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A

1 ' E4 ] ]
51152 Mesh Airdreliuiensinnzimsnszniedivesnnuduluiudledenldlums
narouyanAULUYSUAsY (Model No. 1) AumUIvRIRUAIBEIgNiMUATHl

AUnU 2.5 mm M50 d = 0.5 4az D/id = 15
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¢
=]
—» 2,5 mm
¥ I ’
2.5 mm
v 40 [
@] @) @] @) 52
¢ 37.5 mm

-=‘l a 9/ d? :i (=3 r'd o kY I3 @ ] P )
sUA 5.3 Mesh Radnduivemsiasziminsznedvesnnunuluiudoinanldlums
nageuAnAUUULT ALY (Model No. 2) avumuwesiuAIsdngnimualdl

AUNIAU 5.0 mm Y50 t/d =1 uag D/d= 15
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¢
P
2.5 mm
*
| | |
5mm :
| ' ] |
y A : !
. & 9 D D oot
- 37.5 mm .
| i
< { 4 4 a o o a e 1 {
JUN 5.4 Mesh MadnvuiensTnnzinnsznemvetmuduluiudiedainldlums

nageuyAnAlUUlsIUdsy (Model No. 3) anunuvesiuasgegnimualdil

AUNINU 10 mm H30 t/d = 2 uag D/d =15
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—> F— 2.5 mm

e

!
7.5 mm ;
A 4
& D @ @ ®
37.5 mm >
1 [] ¥ ] v
51155 Mesh Tiafraduienisinsizimsnszaedvesnuduluiudredsildlums

naaeuanauuLLTUNIasU (Model No. 4) AvuwivesiuAIetsgnimualnd

AUNITY 15 mm Y58 t/d =3 uag D/d = 15
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—> 2.5 mm

-

10 mm

37.5 mm

'
O
O
O
e

M ] b4 ] i1
JUN 5.6 Mesh MadiiumsnisTinswimanszneiavesnruduluiudrodiafilFlums
nageuAnANLYLTUAABY (Model No. 5) AuMuwasiudIed19gaivua T

AUNINY 20 mm M50 td =4 uag D/d =15
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—» 2.5 mm

|
i
L |
15 mm j —
|
|

i

v 1O ==

JORN @) @)

37.5 mm

oG

H ] ¥ (] ]
i 5.7 Mesh fiafudutemsdinseinnsznsdesmnniduluiudednldlums

AUNIAY 30 mm %38 /d = 6 uaz D/d =15

nageugAnALLLLSulALY (Model No. 6) Arumuwesiiudstugaimualil
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¢
P
—» —2.5 mm
i 5| ]
=]
«
o
20 mm |
G
O :
-«
]
BN e T i
- @) (@] [@) [@] ,Ql
37.2.5 mm N
) "

v ] F4 ) H
7lfi58 Mesh Ardrdiuivemsiaszdnmanszneivesnrudulududiodeildlums
naaouyAnALLLLTUNASY (Model No. 7) Anuwuwesiudtegegnimua il

AUNINU 40 mm 138 v/d = 8 ylag D/d = 15
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- [ || 2.5 mm

50 mm |

j

)

foaum 03 0

37.5 mm

@)

@

4 § H 4 a 4 LYy a @ 1 o
159 Mesh HaaduitemsTinnedntsnszawdvesnnufuluiudiedieildluns

naaouganaLuLLSLILlauY (Model No. 8) AMMUBIAUAIBEegniMUA T

AUNIHL 100 mm W30 t/d = 20 L1ag D/d = 15



114

¢
P (Load)
> !*—2.5 mm
6.25 mm
-

H 1 E4 [ ]
qlfi510 Mesh  HadwdwiemsTnswimsnszaedivesnnunduluiudregehldly
mInageLyAnALLLLTUNIRoU (Model No. 9) Tasfmuaidusiigudnarvesiu

#1019 uAUNIAY S mmMSe vd=2.5 4z D/d =1
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¢

P (Load)
—> 2.5 mm
N
6.25 mm
5.0 mm»‘

4' c; i ng 4'1 = 4 Y 9/ = as 1 a Py
JUN 511 Mesh  AAINVWWBNITUATIZEMINTENIOM eI luiuAI8019 1911

msnageuyanauuulsunlaoy (Model No. 10) Tasfmuaidurgudnaisves

g

Hufe01 I IA NN 10 mm ¥58 vd =2.5 uaz D/d =2
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¢
P (Load)
—> <« 2.5 mm
6.25l mm
l 1o i o}
|¢'7.5 mm——»

v T t4 1 N
U512 Mesh  adnduiemsinszdmanseneiivesenuduluiiudiednldlu
msnaTeuyanAtULUTAlAsY (Model No. 11) lasdmuadurigudnarives

fuse19 i Ta NN 15 mm M58 vd=2.5 1lag D/d =3
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€

P (Load)
—> 2.5 mm
6.25 mm S
l i : ] o) ¢
12,5 mm

N [] t4 » []
qUifi513 Mesh  Hadndwienisimnzdnisnszaedvesnrudulududledieildiu
MINATELANANLLLS ALY (Model No. 12) Tasfmumduriguinaives

fiudee 13 1¥ AN 25 mm USe t¥d =25 uaz D/d =5
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¢

P (Load)
> < 2.5 mm
‘[ 10 : :
6.25 mm :
L i i 1 — } @
SEN) 11T 11
@]
l: 25.0 mm >

M [] 4 ) H

514 Mesh  fiedndufiemsinnzinisnisnsdavesnrufuluiudedanldiu
o B o ] '3

msnareuanauuULFunlAou  (Model No. 13) Tasdmuardumguinanves

Huae19 11 HA NS 50 mm W30 t/d = 2.5 tlag D/d = 10
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¢
P (Load)
> <- 2.5 mm
I } 1 T > | | |
l ‘ ]
@] S
37.5 mm si

v ] ¥ 3 (]
U515 Mesh  waduduiemsiinsgdmsnszawdivesnnuduluriudedunlily
msnageuyanALLUYSunlasy (Model No. 14) Tasdmuaduriguinatsves

fuded1a 1R A ImIAY 75 mm W38 t/d = 2.5 uag D/d = 15
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¢
P (Load)
—> - 2.5 mm

25 mm ; — ‘
|

l 1 T ! [

11 1 ) { ] 1 i 1 (
[@] @)
50.0 mm TJ{

I

JU7 5.16

] ¥ ) ]
Mesh  fadnlumemsiasizimsnseaedivesniuduluiudrodanidly
msnadeuyanauuLS Aoy (Model No. 15) Tastnuadurgudnaisues

fuA0oNIRLAUNIAU 100 mm W38 t/d = 2.5 uag D/d = 20
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c.,/P

0.0 0.1 02 03 04 05 06 07 08 0.9 1.0 1.1 1.2

| 1 { |
| I A O N Y O D A I

| {
LA TR I B N e

| N
LI B I B B

| | 1 {
LI N S B N N A N N A R I D B B

i \ t/d=6 d = Diameter of loading point
1 \ y = Vertical distance from loading point
1 vd=8 P = Applied pressure
L t = Thickness of specimen
T o,= Maximum principal stress (vertical stress)
msnszneivesnudundniinnga (o) luuuihvesfiudedisiiinaumin

¥ 1
© e 9 fumeldanudunaniiy P Tumausinail anudundninngasedl
13 ] 9
AsuaunduluuAaiues sanmsfinaadllAnenuuudiass Model No.

5 848 aefl vd fulsen 1,2, 3, 4, 6, 8 3 20 uazdl D/d AvhiAYL 15
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o,/P

d = Diameter of loading point

y = Vertical distance from loading point

P = Applied pressure
t = Thickness of specimen
60 1 0,= Minimum principal stress (horizontal stress)
7.0 +
8.0 4
9.0
t/d =20
10.0 1

i 518 msnszneivessfundniivesda (o) Tuwwwihesiiudieddilinanmu

9/

[ [ 9/ 9 1 @ d" v A =

(®) a4 q fumeldanudunawiiiy P luunusinail anuAunanniesgavzll
[ ¥

AuvsuanudulnNewiuee  amsfiail ldunenuuusiass  Model

No. 2 &4 8 fi9i} vd fuudlsan 1, 2, 3, 4, 6, 8 D19 20 uazli D/ AINIMIAY 15
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5.3 HanIsNUUDY Poisson’s ratio

= a4 J =

51# 520 way 521 Ruaasldiufawonsznuvesd Poisson’s ratio  1ag 1A

o a @ A o w {

mMsdavamensuiaumesienaasmsnsznedvonnudundndosgauazannga  (Jun
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Y94 t/d

No Friction

Full Friction

t/d
A B A B

2 3.928 9.365 3.691 9.964
2.5 5.219 10.778 5.161 11.468
3 6.474 13.041 6.435 13.586
5 12.928 13.157 13.397 12.387
10 24.665 3.615 25.738 1.881
15 29.862 -2.079 31.145 4.079
20 31.000 -2.821 32.385 4.987
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H 1 Qi - Q‘. Q (o) o/ = Q
MINN 5.3 mdulseans C uaz D MInMIsIIaTIdIaY TasnuRneT Tuileddy

Y84 D/d

No Friction

Full Friction

D/d
C D C D
2 2.834 11.394 2.247 12.439
3 6.046 11.486 5.432 12.502
5 13.809 11.307 13.226 11.986
10 26.455 1.905 26.729 1.935
15 30.118 1.242 29.482 -0.665
20 30.518 -1.538 29.587 -0.992
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Uniaxial Compressive Strength (MPa)

Tensile Strength

(MPa)
Rock Type Actual o. | Standard | CPL MPL Brazilian MPL
from UCS | deviation | prediction | prediction| tensile |prediction
testing strength, O,

Saraburi Marble 46.8 17.96 108.0 63.0 4.0 11.0
Saraburi Limestone 47.5 15.16 76.8 309 7.4 17.9
Khao Somphot 43.2 22.30 124.8 48.4 7.8 8.9
Limestone
Krok Kruat 21.8 6.84 23.5 10.1 1.5 1.3
Sandstone
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Tensile Strength
Test Method
(MPa)
Brazilian tensile strength test 4.0
Four-point bending test 7.5
Modified point load test 11.0
Ring tensile strength test 14.5
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COSTS
Testing Methods Uniaxial Compressive Strength Test Modified Point Load Test
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Sample
g preparation Cutting machine (540,000 Bahts) ]
g equipment Grinding machine ( 600,000 Bahts) - -
: 3
[
E Testing equipment Loading machine( 570,000 Bahts) Point load tester (190,000 Bahts)
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g Preparation 40 min/sample 20 min/sample | 2 min/sample
&
=
8 Testing 30 min/sample 5 min/sample 5 min/sample
fom
&0 Total operation time 70 min/sample 25 min/sample | 7 min/sample
O"- Electric power used 800 watts/sample 400 watts/sample| O watt/sample
2
Q
= 800 400 50
=
*E Bahts/Sample Bahts/Sample | Bahts/Sample
2
=
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(DRAFT PAPER)

MODIFIED POINT LOAD STRENGTHS OF SARABURI MARBLE

Abstract '

' A modified point load (MPL) testing technique is proposed to correlate the results
with the uniaxial compressive strength and tensile strength of intact rock. The test apparatus
is similar to that of the conventional point load (CPL), except that the loading points are cut
flat to have a circular cross-sectional area instead of using a half-spherical shape. Diameters
of the loading point vary from 5, 10, 15, 20, 25, to 30 mm. This results in a new loading and
boundary conditions on the rock specimens that mathematically allow correlating its results
with those of the standard testing. To derive a new solution, finite element analyses and
laboratory experiments have been carried out. For this early stage of development, the MPL
specimens and models are taken as a circular disk. The simulation results suggest that the
applied stress required to fail the MPL specimen increases logarithmically as the specimen
thickness or diameter increases. The maximum tensile stress occurs directly below the
loading area with a distance approximately equal to the loading diameter. The MPL tests,
CPL tests, uniaxial compressive strength tests and Brazilian tensile strength tests have been
performed. Over 400 specimens of Saraburi marble have been prepared and tested under a
variety of diameter and thickness (or length). The uniaxial test results indicate that the
strengths decrease with increasing length-to-diameter ratio. The Brazilian tensile strengths
also decrease as the specimen diameters increase. Post-failure observations on the specimens
also suggest that shear failure is predominant when the specimen thickness is less than twice
the loading diameter while extension failure is predominant when the specimens are thicker
than three times the loading diameter. This 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. Even though both MPL and CPL tests overestimate the
uniaxial compressive strength of the rock, the MPL results yield a better correlation than does
the CPL strength index. The rock tensile strength predicted by the MPL testing is about twice
the Brazilian tensile strength.

1. Introduction

Conventional point load (CPL) strength index has long been used as an indicator
of the uniaxial compressive strength of intact rock for nearly three decades. In 1995, the test
has become the ASTM standard test methods [1]. Several investigators have studied the
correlation between the CPL strength index and the compressive strength of various rock
types [2-12] in an attempt at understanding the true mechanism of failure under point loads
and the effects of specimen sizes and shapes. The uncertainty of the relationship between
CPL index and the compressive strength remains. It has been found that the compressive
strength of rocks can vary from 6 to 105 times the CPL index, depending on the rock types
[13, 14]. The ASTM standard procedure defines that the compressive strength can be
calculated as 24 times the CPL strength index. This calculation is purely empirical, and hence
often does not adequate, particularly in term of the reliability, when used in the analysis and
design of geological structures. In addition the calculation of the CPL strength index does not
have any theoretical support, and does not allow a transition correlation between the CPL
index and the compressive or tensile strengths of the rock.

There is a drawback involving the CPL test configurations. The curved loading
points (platens) have a certain disadvantage. The contact loading area can increase as the load
increases (i.e., the spherical head sinking into the specimen surface). This is due to the
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deformation of the rock matrix. The definition of a singular loading point as used in the
principle is therefore not strictly valid.

The objective of the present research is to develop a new testing technique, called
“modified point load (MPL) test” to obtain a better indicator of the compressive and tensile
strengths of intact rock. The effort involves laboratory tests and finite element analyses. A
series of MPL testing, CPL testing, uniaxial compression testing and Brazilian tension testing
are performed on cylindrical specimens with various sizes and shapes. Saraburi marble has
been used as rock samples. The finite element analyses determine the stress distribution along
the loaded axis of the MPL test specimens. Comparison is made between the predictive
capability of the compressive strength by the CPL index and by the MPL results. Described
herein are methods and results of the investigation.

2. Laboratory Testing
2.1 Modified Point Load Tests

The test configurations for the proposed MPL testing are similar to those of the
conventional point load test, except that the loading points are cut flat to have a circular cross-
sectional area instead of using a half-spherical shape. Several sizes of the loading point
(platen) have been built in this research, i.e., loading diameters varying from 5, 10, 15, 20, 25,
to 30 mm. Figure 1 compares the conventional loading point with the modified loading points
having the diameters of 5 and 10 mm. The primary objective of having a flat loading surface
is to ensure that the contact area between the steel platen and the rock surface remains
constant as the load increases. The new loading and boundary conditions also allow a
continuous transition between the uniaxial compressive strength test and the MPL results.

Saraburi marble has been selected for use as rock specimens due to its uniform
texture and availability. For this early stage of development, the MPL specimens are taken as
a circular disk. Figure 2 shows the loading and boundary conditions of the specimens. The
specimen thickness (t) is varied from 5 mm to 40 mm. The specimen diameter (D) varies
from 20 mm to 100 mm. Some of the prepared specimens are shown in Figure 3. The load is
applied along the specimen axis, and is increased until the failure occurs. Figure 4 shows the
arrangement for the MPL test. Digital displacement gauges with a precision up to 0.001 mm
are used to monitor the deformation of the rock between the loading points as the load
increases. Cyclic loading is performed on some specimens in an attempt at separating the
elastic with the plastic deformation. This is primarily. to detect the development of
compressive failure (initiation of micro-cracks) underneath the loading points, as well as the
corresponding applied stress [15]. The failure stress (P) is calculated by dividing the failure
load by the contact area. Post-failure characteristics are observed and recorded.

Figures 5 and 6 show two sets of MPL resuits by plotting the failure stresses P as
a function of specimen diameter and thickness, respectively. To isolate the effect of the
loading diameter, the specimen diameter and thickness are normalized by the diameter of
loading point (d), as shown in the figures. The stress P increases exponentially as D/d
increases, which can be expressed by a power equation. The stress P tends to increase with
the ratio t/d. The mathematical relationship between P and t/d remains uncertain. Post-tested
observations on the specimens also suggest that shear failure is predominant when the
specimen thickness is less than twice the loading diameter while extension failure ' is
predominant when the specimens are thicker than three times the loading diameter. This
implies that the MPL strength should 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. Analysis and
applications of the MPL test results will be discussed in section 4.



2.2 Uniaxial Compression Tests.

A series of uniaxial compressive strength tests have been conducted on Saraburi
marble. The objective is to develop a data basis to compare with the MPL results via a new
governing equation. The sample preparation and test procedure follow the applicable ASTM
standard [16] and ISRM suggested method [17], as much as practical. A total of 280
specimens have been tested under various sizes and shapes. The specimen diameters vary
from 22.5, 38.5, 54.0, to 67.4 mm. The length-to-diameter ratio (L/D) varies from 0.25, 0.50,
0.75, 1.0, 1.5, 2.0, to 2.5. All specimens are loaded to failure under a constant loading rate.
Post-failure characteristics are observed.

Figure 7 plots the compressive strength as a function of L/D ratio. The results
clearly show the end effects of the specimen on the strength values. The strength decreases as
the L/D increases. The strength results have not shown the effect of the specimen size. This
is probably due to the fact that the size effect pronounces more in tensile failure than does in
compressive shear failure. Short specimens (L/D lower than two) tend to fail under the
compressive shear failure mode. Extension failure dominates when the L/D ratios are larger
than two. In general this finding agrees reasonably well with similar experiments obtained
elsewhere [18-23].

2.3 Brazilian Tension Tests :

To determine the relationship between the MPL strength and the tensile strength,
a series of Brazilian (indirect) tension tests have been performed on the Saraburi marble. The
sample preparation and test procedure have followed the applicable ASTM standards [24],
as much as practical. Forty specimens have been tested. They have a constant L/D ratio =
0.5, while the specimen diameters vary from 22.5, 38.5, 54.0, to 67.4 mm. The tensile
strength tends to decrease as the specimen size increases, and can be expressed by a power
equation (Figure 8). This finding agrees with those obtained from similar experiment [25].

2.4 Conventional Point Load Tests

The conventional point load (CPL) testing is performed on Saraburi marble to
obtain a base line information. The results will be compared in term of the predictive
capability with that of the MPL test. The test procedure follows the applicable ASTM
standard [1]. The specimen diameter is maintained constant at 67.4 mm. The thickness varies
from 5.0 to 40.0 mm. A total of 70 specimens have been tested. The CPL strength index is
calculated by dividing the failure load by the specimen thickness and diameter. It seems to be
independent of the specimen dimensions. The point load strength index is averaged as 4.5
MPa.

3. Finite Element Analyses

A series of finite element analyses have been carried out to compute the stress
distribution along the loaded axis of MPL specimens as affected by the specimen diameter
and thickness. The results will be used to correlate with the compressive and tensile strengths
obtained from the standard test methods. Due to the two symmetry planes, only one-fourth
of the specimen has been modeled (Figure 2). The analysis is made in axisymmetric,
assuming that the material is linearly elastic. A finite element code GEO [26, 27] is used in
the simulations. For all models the elastic parameters of the marble are maintained constant.
They are obtained from the uniaxial compression test. The elastic modulus is defined as 6.75
GPa, and the Poisson’s ratio as 0.25. The specimen diameter (D) and thickness (t) have been
varied within the range used in the laboratory experiment, and subsequently their effects on
the stress distribution can be assessed. To isolate the impact from the size of loading point, D
and t are normalized by the loading diameter (d).



4

Figure 9 plots the minimum principal stresses (o) along the loaded axis for MPL
specimen models with a constant D/d ratio but t/d ratio varying from 1 to 20. These stresses
are normal to the loaded axis. It is clearly shown that the largest tensile stress is developed
near the loading area. This point should also be the point where the extension failure initiates.
Similar findings have been reported by Wei et al. [13] for the CPL test specimens. For the t/d
is equal or larger than two the magnitude of the largest tensile stress decreases as increasing
the t/d ratio. For t/d equals one (very thin specimens), the largest tensile stress decreases. For
this case most of the stresses induced along the loaded axis are in compression. This indicates
that thin specimens tend to fail under compressive shear failure while thick specimens fail
under extension failure. This also agrees with the post-failure observations on the MPL
specimens.

The results obtained from two series of computer simulations are shown in
Figures 10 and 11. The applied stress (P) is normalized by the largest values of the tensile
stress (02), and are plotted as a function of t/d and D/d. The P/o; ratio in Figure 10 is
obtained from a constant D/d = 15. The results shown in Figure 11 is obtained from the
simulations with a constant t/d = 2.5. The stress ratio P/o; increases logarithmically with t/d
and with D/d. These curves can be used to correlate the MPL results with the uniaxial
compressive strength and tensile strength of the rock.

4. Comparisons of the Strength Results

The predictive capability of the CPL and MPL test results can be assessed. The
results are used to determine the uniaxial compressive strength of the marble. The actual
compressive strength of the marble specimen for L/D ratio = 2.5 (satisfy both ASTM and
ISRM) can be calculated from Figure 7 as 41 MPa.

Using the ASTM recommended calculation, the CPL strength index determines
the uniaxial compressive strength of marble as 108 MPa (24 x 4.5 MPa).

Extrapolation of the MPL test result shown in Figure 5 for the failure stress at D/d
= 1.0 (uniaxial test condition) yields the uniaxial compressive strength of the marble as 83
MPa. This value can be compared with the uniaxial compressive strength at L/D = 1.8,
because the MPL results are from t/d = 1.8. The actual compressive strength at L/D = 1.8 is
48 MPa (caiculated from Figure 7).

It can be clearly seen that the CPL test overestimates the actual strength by a
factor of 2.6 (or 108/41). The MPL test overestimates the actual strength by a factor of 1.7 (or
83/48). Since the MPL prediction is based on the actual distribution of the strength data, it is
more reliable. The discrepancy is probably due to the non-uniformity of the mechanical
response among the marble specimens.

The CPL strength index can not determine the tensile strength of the marble. The
MPL results can determine the rock tensile strength by using the relationship given in Figure
11. At D/d = 10 the stress ratio P/, = 26.4. The D/d = 10 is selected because under this
dimension ratio the rock fails in tension mode. Extrapolation of the logarithmic curve in
Figure 5 gives the value of P from the experiment equals to 245 MPa. The o value is
calculated as 9.27 MPa. This is the largest tensile stress induced in the specimen at failure,
and hence represents the tensile strength of the marble. The tensile strength predicted from
MPL test can not be compared with the Brazilian tensile strength because their loading
configurations are different.

5. Discussions

Intrinsic variability or the mechanical non-uniformity among the marble
specimens poses some difficulties, particularly in the correlation process. The standard
deviations from various tests are relatively high, e.g. 10-20%. Even though the rock appears
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to be uniform and homogeneous, the variability might be caused by the relatively large grain
(crystal) sizes of the marble, as compared with the loading areas. This could cause the
discrepancy between the prediction and the actual strength results.

Despite the intrinsic variability of the marble, the proposed MPL test is a
promising method of predicting the compressive strength of the rock. More MPL test data are
needed to further define the effects of the specimen thickness (t/d) and diameter (D/d).
Additional computer simulations are desirable to obtain the variation of MPL results under a

wider range of specimen dimensions. Verification of the proposed concept with different
rock types is also desirable.

6. Conclusions

The objective of the present research is to develop a new testing technique, called
“modified point load (MPL) test” to obtain a better indicator of the compressive and tensile
strengths of intact rock. The effort involves laboratory tests and finite element analyses. A
series of MPL testing, CPL testing, uniaxial compression testing and Brazilian tension testing
are performed on cylindrical specimens with various sizes and shapes. Saraburi marble has
been used as rock samples. The finite element analyses determine the stress distribution along
the loaded axis of the MPL test specimens. Comparison is made between the predictive
capability of the compressive strength by the CPL index and by the MPL results.

The uniaxial test results indicate that the strengths decrease with increasing
length-to-diameter ratio. A power law can be used to describe their relationship. The effect
of specimen size on the uniaxial compressive strength is obscured by the intrinsic variability
of the marble. The Brazilian tensile strengths also decrease as the specimen diameters
increase. The results from MPL test agree well with those from the finite element analyses.
This confirms that the logarithmic relations of stress and specimen shape derived by a series
of numerical analyses can be used to correlate the MPL strength with the uniaxial
compressive strength of the intact rock. Post-tested observations on the specimens also
suggest that shear failure is predominant when the specimen thickness is less than twice the
loading diameter while extension failure (fracture) is predominant when the specimens are
thicker than three times the loading diameter. This 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. The MPL results correlate with the uniaxial
compressive strength of the rock better than does the CPL strength index. Discrepancy
remains between the predictions from both methods and the actual compressive strength data.
More MPL test data are needed to further redefine the effects of the specimen thickness (t/d)
and diameter (D/d). Additional computer simulations are desirable to obtain the variation of
MPL results under a wider range of specimen dimensions.

7. Nomenclature :
o> = Minimum principal stress
D = Specimen diameter

d = Point load diameter

P = Applied stress for MPL testing

t = Specimen thickness

x = Horizontal distance from loading point

y = Vertical distance from loading point
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Figure 5 MPL test results for various t/d ratios.
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Figure 6 MPL test results for D/d = 6.74.
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Figure 7 Uniaxial compressive strengths of Saraburi marble.
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d = Diameter of loading point

40 ,\Hd =6 y = Vertical distance from loading point
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E 5.0 I vd=8 t = Thickness of specimen
" o2 = Minimum principal stress (horizontal stress)
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Figure 9 Distribution of the minimum principal stresses along the loaded axis of MPL specimens.
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