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A8 UBOULYUIA D = 67.5 mm Hag L/D = 2.5 fasgniaeglunio
ELE-ADR2000 Tumsnageunsinagiga luuniifed (Uniaxial compressive
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a [ 1 4 1 4
Extension fractures mmgmgmumewumemqﬁﬁgﬁumﬁuaﬂmq D=67.5mm
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{ a a ' { 1 4
Shear failure AAIMMINA lunnuReIve IR UBOUNTIFUAIFUINA1 D = 67.5
Y
mm taz L/D = 2.5 Wuszuuveuanouiyuilszana 30° Auunuves
MUAIOBN

I a J A a = a o l
mitmmﬂugﬂﬂﬁ’w (Cone) 5119Q1/iu@aumﬂﬂmﬂmiﬂﬂiuuﬂumfJ:l UUAIDYN

Mdurgudna1e D = 67.5 mm uag L/D = 1.0

nad ldanmsnageuuvuusanalunufen (Uniaxial compressive strength test)
vosrusouINIIM InaszysnTdurIguana1uiiy 22.5 mm uazdl L/D ratio
Aal5910 0.25 D9 2.5 AMANUATUITINAZIAvEIHUIZANAY MHUTVUIAYT
d?} = dgl Y Yy s 9y o w
YUK30 L/D iU daaadliiiuateaumsenings
Han lanmsnageunUuLsIna luAURY) (Uniaxial compressive strength test)

a J [% @ § ] 4 1w =
YOINUBOUINIIHIAATZYT NI URIgUINA1NIND 38.5 mm tazll L/D ratio
AuL3910 0.25 09 2.5 AIANNATULTINAGIZAVDINUIZAADT T UTUUIA

dgl A dg’ @ Y s 9 o w
817U 130 L/D gy danaadldiiuatgaumsendias
Han lannmMIsnaaeunUuusIna AR Y) (Uniaxial compressive strength test)

a 1 o [V 1 ] 4 [
YOINUBOUNINIIMIAATZYS NI URIFUINA1NIND 54.0 mm tazll L/D ratio
AuL3910 0.25 09 2.5 AIANNATULTINAFIZAVDIRUIZTAART DT UTUUIA

dgl A d?’ @ Yy 3 9 o w
81U 130 L/D gy danaadldiiiuateaumseniias
naf laanmsnageuuuuusInaluLnUAe) (Uniaxial compressive strength test)
vosrusauINIIInaszys NdurIgUana1uiy 67.4 mm uazdl L/D ratio
AN)5910 0.25 09 2.5 MANURULTINAGIGAYOIHUIZAART MHUT VLA

d’z’ A d?l o Yy 3 9 o w
#1991 130 L/D gy aaasliiiuatgaumsenings
naf laanmsnageuuuuusInalunuAe) (Uniaxial compressive strength test)

a J [ (% { Y ] 4
YOIRUBOUNINTINIATTZYS N L/D ratio 11U 0.25 uazliduriguinasues
nIanszUenAuLsIN 22509674 mm
Haf lavinmsnageuuuuLsInalutnAe) (Uniaxial compressive strength test)

a J [ @ { 1w ] 4
YOIRUBOUNINTINIAATZYS NN L/D ratio M1 0.5 uazliduriguinaisuea
NINTTVONAULYSNN 22589674 mm
naf ldanmsnageuuuuusanalinuAe) (Uniaxial compressive strength test)
YOIRUBOUIINTIMIAATZYS N L/D ratio i 0.75 nazliduriguinaisues

NIINITZVONAULAITIIN 22.5 D9 67.4 mm
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414 wan ldnamsnageuuuunsina luuAUIREI (Uniaxial compressive strength test)
YOIRUBOUNINTIMTAATZYS N L/D ratio iy 1.0 naziidurigudnaraves

N3INTZURNAULLTIN 22.5 N 67.4 mm

415  wan ldnamnageuuuunsina luuAUIREI (Uniaxial compressive strength test)
YOIRUBOUINTIMIAATZYS N L/D ratio i 1.5 naziidurigudnaraves

N5INTEUONAULLTIIN 22.5 5\1 67.4 mm

¥ .. .
416  wanlavinmsnaaeuuuunsinalutnu@Aed (Uniaxial compressive strength test)
a v PRy P . " W Ay o o
YPINUBOUIINIINIATATEYT NI L/D ratio 1111 2.0 LagUIAUHIAUINA1UDI

N3INTTUONAULLTIIN 22.5 D9 67.4 mm

417  wanldnnminageunuunsanalunuAed (Uniaxial compressive strength test)

~

a J [% @ § 1 o ] 4
ﬂlﬂﬂﬁuﬂﬂumﬂﬂﬂﬁ’mﬁiguiﬁﬁ L/D ratio tN1NUY 2.5 LLﬁ%ﬁLﬁuWWﬁuﬂﬂﬁNﬂlﬂﬂ

N3INTTUONAULLTIIN 22.5 D9 67.4 mm

1w a 9 ) J v Y 1 J
4.18 MANYTLANTUOIANUAY o uﬁﬂllﬁﬂ\ﬂu’mQﬂ%uﬂl@\‘llﬁuWWﬂuﬂﬂﬁN (D)

<3 Y (=) v o A XY 1 [
%mu”lﬂ?n"laJuﬂmuﬁuwu‘ﬁmm%mzwanm o llag D

LY A 9 o d o 9 1 o
4.19 MaNYszansuoIn AL B U']il'lllﬁﬂ\‘lcluﬂQﬂ‘ﬁﬂﬂl@ﬂlﬁﬂﬂ?ﬂl&ﬂﬂﬁ?\? (D)

<3 PRl (=) v o A [ 1 [
%3WiuUlﬂ'J']UlllMﬂ')']?JﬁﬂJWH‘ﬁVILLuGUﬂﬁg‘ﬂ'NQﬂW B iuag D

=

1 o v 1 1 {
420  manuduusInagege Wnuaasluilsnduves LD Tuuaag LD laldaunde

= v A AR @ 3 Y v o &
Tlﬂﬂﬁﬂﬂvlﬂﬁ]”lﬂﬁunﬂﬁlllﬂﬂ (nﬂlﬁuWTﬂuﬂﬂﬁN) %mu”lmwmmauwu‘ﬁ

[

4 H ]
(‘H?i’)ﬁ'llﬂi%ﬁ‘ﬂ‘ﬁ%f’]ﬁﬂ’ﬂlllﬁEJ’J-Lﬁi’N) VONTUNITYNNIAITEHINAT 6 NUA1 L/D
c

ISUAl ddgj A = v A =2 A
umavuiemeuugn 47 egl4o
v v 4
421 @108V UBOUDNAIWNTYIAA Y 16 L/D AR 0.5 gniam3suauy
INONMINATO VLUV IFA

422 wudmedngminnldlunienamonadeunsfegagauuuusIFa Huszgnna
1 -4 v a ;I a < '
aunundurgudnanunsziiuiutanuazuenoenannuiluaesdiu
423 vuEuvesiuded luaevuiade ldnadeunuuuiiga udrudaed
] 4
Imsuanauuurduiigudnas uioawuwamsna
d' Y = a Y ] a 1 d’d 9 ] 4
424 waN lMINMINATOULIRWUVUITIFaU0IAIE 1A LB UNTIFUHIFUINDS
1 @ ' 9 =2 o J o
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4.38

in309ionadey SBEL PLT-75 19 lumsnaaeugana liusinagagaig

4

75,000 Uoua

4
ﬂ”l’iTlﬂﬁ’@‘]JQﬂﬂﬂLLiJiJﬁlﬂlmJ (Conventional point load testing) A108 19N UDOU
sinsanszuengnna LI eIAT0 SBELPLT-75
o ] a J A 1 Y Y 9 Yan
AIDINAUBOUNNANUHUIANNY HasaIngnnadel Taemsna lviuan Taals3s
A
WNAUVUAUAN

P
v A 1w o Y
HWaINNIINATOUYIANALUUUAUAY ﬂ?ﬂﬂ)’ﬁﬂqﬂﬂ@@lﬂﬂ1u3miﬂ816}fﬁ3\lﬂ1i

I, = Ph

I, = PAD.t)
MIUAN3 1UDIAIBI 1R UBIUNANUAUADNTO (5,) 1AL 3000 psi VD9

Sample No. MB-26-12-TR-3

v
a v o 7 1 1 % 1
LLW’HQ11Llﬁﬂ\‘lﬂ’J13JﬁiJWl!‘ﬁiVH’JNﬂWﬂ’JHJéﬁMLLNﬂﬂcluuu’m\‘lllﬁ$ﬂ1ﬂ’ﬂﬂgﬁu

A
HINNOU

Y v
WS eNe VT INALLUAUAY (Conventional) NUHINALLVUS VA8 (Modified)

A Y [ 4 1w o % o A I
NUTUAIFUINANININD 5 mm 4ag 10 mm Wavesananuulsulasueziily
v v A

nInALIIU

o A A A EX [ A a o 1
panllsznevveunieslonlFlumsnadeuyanaunulsunlasy Hudiediagll
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=
—9
=
)}
=
on
=
po}
o
[«0)
=
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o 1 a 1 = I A a Y o
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£ Y < 1T a = . .

ganaad IR NMNTULANIDVANNNAN B Y (Compressive shear failure) Tu
M0e1H U UFUMHUAIMAILYIAAT 9 HAIVINNATDUAIBYANALLLY
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g}

Y o A Y v v a v v A
wah laninmsnadeuyanauuulsunlasuTaglddredninseugiununani
sandvesAanumGaduRguinalveiinaiaiu idunsludaa

o o 4 ~ 9 [ 1 A Aa
ANuAUITUSIRIZHAN 1A91Nd10819 AT D/d = 6.74

wah laninmanadeuganauuulsvnlaonlaglddredsiusougiuiummaoy
N o 1

{ Y 1 9 ] 4 o o Y] 1
ﬁll m5wmuﬂlmmmmnmmumﬁuanmwmw’m@ﬁmmu UAAZYIAVDN
9y
U

< @ 1 ! a o [ Qy
aya%mﬂumgmummﬁﬂﬂjawum@ﬂn 5 ¥U

MINATOULTIADLNUNIU AIDINAUBDUYANAM MU AT UAIFUINAI
f0INAUBOUIULNLMIUTMTUARMIU AT UAFUENaIHToMULLINA
mimaamziqﬁmuumiﬂﬂ?ﬁm (Four-point bending test) A10819H U8 ULUL
L!,W'ugﬂﬂﬂﬁ@ﬂﬁjﬂﬂlﬂémﬂﬂiﬂEJPJ'11!!LNGI13J§ﬂﬂﬂ°ﬁQé Faratuszim 8 cm.__
FregniunuAuHaIMINATeUTinsThMuILIDS AR InaaHY

Ay v [ A Y v 1 a ~
wah ldvninmsnadeuyanauuulSunlaeulaeld@odesiuuaszys

IS 1

{ 1 1 4 o
Eﬂ‘ﬂﬁ\‘lﬂ‘izﬂﬂﬂ“ﬁll ﬁi%’f')u“ll@\?ﬂ'ﬂﬂﬁuwmlig{}uﬂ1ﬂuﬂﬂﬁNEU’FJ\‘ﬂ’T'Jﬂﬂ

wah laninminageuyanauuulsulaoulaolddedeiulunaylnni

[ !

{ J [} 4 @
Eﬂ‘ﬂﬁ\‘] Irregular Shape i ﬂﬁ’]ﬁﬂusll@\iﬂ'ni]ﬁu']ﬁ@Lﬁuw1ﬂuﬂﬂa1\‘]m@\1ﬁjﬂﬂ

Ay v o A Y o v a
Na‘ﬂhlﬂﬁ]"lﬂﬂTﬁﬂﬂﬁﬂllﬂﬂﬂﬂu‘ﬂ‘ﬂﬂi‘]J!,‘ﬂaEJ‘L!I@]ﬂﬂl%@?@ﬂﬁﬁuﬂiiﬂjﬂﬂﬂﬁﬁﬂ

[ [

{ 1 1 4 @
31359 Irregular Shape NHidAT1@IUVBIANUHINADIGURIFUINA VDI INA
o A s y 2 A = o £
HUVTIADINNABVHANBIYNAT NUUNBANBININIZDIBAIVBIANAY 11
AumeggUnsanszuenmeldyanauuulsulasu iesnnliunuauias
4 Yy v

Tunaazuuey Misiaesdiuiies /4 d1uveaiuaoe19anezy
v v oA o a o J
dyanvalnldlumsdwnasiduanldag) Blugdide

~ 9 dgl d‘ a 4 o 9 a @ 1 ~ 9
Mesh N 1RUNDNIUATILHMINTZDBAIVRIANUAL TuHUAIDE19N 14
lumsnagenyananuuilsunlasu (Model No. 1) ANUHUIVBINUAIDE19QN
Amua I9TiANIAY 2.5 mm wie vd=05mas D/A=15______

A 9 4%1 A a 4 @ Y a o ' Aq ¥
Mesh N 1RUUNONIUATITHMINTZDIBAIVDIANUAL TuAUA D19 14
lumsnagevyanauuulsunlasu (Model No. 2) AUHUIVDIHUAIDEYN

Snualduauniiy 5.0 mm %30 t/d = 0.5 1az D/d =15
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54

5.5

5.6

5.7

5.8

59

5.10

5.11

5.12

5.13

~ 9 d?l d‘i a 4 o 9 a @ 1 ~ 9
Mesh N3 19YUNONTAATIZHATNTLIEAIVIANMAY TUH LA D197 19
lumsnagevyanauuulsunlasu (Model No. 3) AUHUIVDIHUAIDEI YN

Snual@uaunminy 10 mm %50 t/d = 0.5 tag D/d = 15

v

d' 9 42/ d“ a 4 LY Y a [ ] =
Mesh NASNVUNONTAATIEHNITNTLAOAIVBIANWAY IUH WA 08190 1%

e

lumsnagovyanauuulsunlasy (Model No. 4) AUHUIVBIHUAIDYYN
Mrualdiaumiy 15 mm u3e vd=0.5wag D/A=15
Ay d?l A a 4 @ Y a % ] Aq ¥
Mesh N3 19YUINONTANTIZHATNTLIEAIVIANMAY TUH LA 98199 19
Tumsnagevganauuulsunlasu (Model No. 5) A1UHUIVBIHUAIDYI YN
AMrualiiAnIAY 20 mm ¥3e vd=0.5uay DIA=15___
A 9 d%} A a I'd @ 9 a @ 1 ~ 9
Mesh N5 19IUNONTAATIEHANTNTLIIAIVOIANAY TUTHUAIDE 19N 1%
Tumsnaaeuganauuul§ur/asy (Model No. 6) AMNHUIVBIHNUAIBENYN
AMrualiiA Ay 30 mm ¥Se vd=0.5uay D/A=15____
A 9 d?l A a 4 @ 9 a @ 1 ~ Y
Mesh N5 1WIUNONTAATIEHNTNTLIOAIVDIANUAU TUTUAIDE 19N 1%
lumsnaaeuganauuulsu/asy (Model No. 7) AMNHUIVBINUAIDEIYN
AMrualiiA NNy 40 mm ¥3e vd=0.5way D/A=15
A k) d? A a o Y] 9 a o 1 A 9
Mesh N3 19YUNONTAATIZHATNTLIUAIVDIAIAY TUTHUAIDE 19N 19
lumsnaaeuganauuul§un/asy (Model No. 8) AMNHUIVBINUAIDEYN
fMnualiia iy 100 mm wSe vd=0.5uaz DA=15_____
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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 results. Described herein are methods

and results of the investigation.
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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 preparation 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 performed 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 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. (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 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 (G,), and
are plotted as a function of t/d and D/d. 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.

5. 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 5 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 strength 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 . . . . . .
Compressive |deviation |prediction | prediction| tensile |prediction
Strength, G strength, o,
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 S hot
180 SOMmpPAo 432 2230 | 1248 48.4 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 results
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 electric 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 2 Configurations of modified point load testing.



Figure 3 Some marble specimens prepared for Testing.

Figure 4 Test arrangement for MPL testing.
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Figure 7 Uniaxial compressive strength of Suraburi marble.
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Figure 9 Distribution of the minimum principal stresses along the loaded axis of MPL specimens.
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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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67.2 mm M3517 4.1 ldaglinnuvesiudiedien ldadawmioudmsumanagouuuuusanalu
9 9
uNWAL) RuA98193 119U 280 Fu lagniamssudmsumsnadeuil Taomniz
am Yo Aa Ay ¥ 4
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M99 4.1 vinauazjivesiudledIndamI sndmsumsnage UL INalumafed

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 22.2 1.00 10

333 1.50 10

44.4 2.00 10

55.5 2.50 10

9.6 0.25 10

19.3 0.50 10

28.9 0.75 10

38.5 38.5 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

33.6 0.50 10

50.4 0.75 10

67.2 67.2 1.00 10

100.8 1.50 10

134.4 2.00 10

168.0 2.50 10
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M13197 4.2 Naﬂﬁ‘lﬂﬂﬁﬁ)'ﬂlmﬂfﬂiﬂﬂl,!,ﬂutafJ’JLﬁ@'H1Naﬂi%%ﬂﬂ]ﬂﬂﬂlu1ﬂlla$§,ﬂi‘1\ﬁl’ﬂﬂ

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

(mm) (mm) (g/cc) (MPa) (%)

22.64 5.46 0.24 10 2.58 184.85 +23.42
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 +47.05
22.51 44.26 1.97 10 2.67 45.01 +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 +53.61
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 +46.79
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 3542 +19.89
53.94 54.39 1.01 10 2.70 4291 +22.00
53.94 81.07 1.50 10 2.50 50.04 +32.29
53.95 100.99 1.87 10 2.69 51.05 +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 +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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s 42 dredniiugeuliving D=67.5 mm uag L/D =2.5 Maigniaegluniod ELE-ADR2000

lumsnageuusanagagalunnu@sd (Uniaxial compressive strength test)
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Extension fractures
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31U 4.3 198199091 UBOUTYUIA D = 67.5 mm Hag L/D = 2.5 gANAMINLLILAUIULAN
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1111 Extension Failure
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L/D=2.0
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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

350 -0.6850
- G, = 61.967(L/D)
I 2
I R = 0.7060
300
E L
250
2 |
@) L
b |-
) I
on
£ 200
b [
2 |
%)
Z -
A L
S 150
E L
(=]
g |
= |
g i
2100 +
D |-
50 -
0 | | | | | |
0.0 0.5 1.0 15 2.0 25 3.0

L/D

¥ .. .
4.7 wanlavinmsnaaeuuuunsinaluunu@ed (Uniaxial compressive strength test) U84

9 [ J

AUBUNINIIM IR T2 I NFUAIAUENA1UNIAY 22.5 mm 1@zl L/D ratio Autal591n

4
1 9 a 9 a
0.25 ﬁ\i 2.5 AMANUATULITINATITAUDI UITAAA mwuﬁmummﬁu W?E] L/D (O

u Q

d?l @ Jy 3 Y o w
VYU ﬂ\ulﬁﬂ\iiwqu@’gﬂﬁllﬂ’liﬂﬂﬂ’laq
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Uniaxial Compressive Strength of Saraburi Marble

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

350 + -0.7427
I G = 82.713(L/D)
r 2
I R” = 0.5541
300 |
= L
E 250
s I
o) i
£ i
2 200 |
-5
2 |
7] L
%)
Z -
2 L
g 150
2 .
(=] L
U |-
=
C I
S 100 -+
=
£ .
50 |
0 | | | | | |
0.0 0.5 1.0 15 2.0 25 3.0

L/D

¥ .. .
4.8 wanlavinmsnaaeuuuunsinaluunu@Aed (Uniaxial compressive strength test) U84

9 [ J

AUBUINIIM IR T2 I NFUAIAUENA1UNIAY 38.5 mm 1zl L/D ratio HuL1l591n

4
1 9 a 9 a
0.25 ﬁ\i 2.5 AMANUATULITINATITAUDI UITAAA mwuﬁmummﬁu W?E] L/D (O

u Q

d?l @ Jy 3 Y o w
VYU ﬂ\ulﬁﬂ\iiwqu@’gﬂﬁllﬂ’liﬂﬂﬂ’laq
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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
I O, = 51.943(L/D)
i 2
- R = 0.1250
300 |
E L
250 |
2 .
@) L
b |-
) I
on
£ 200
b [
70} L
%)
Z -
2 I
S 150
E L
(=]
S I
= e
» [ *
g 100+ ¢
&
- : ? * * * >
¢ .
I . f
i (X °
50 —+ * ‘ 0‘ *
| : * : . ry
I . ! o
0 | | | | | |
0.0 0.5 1.0 15 2.0 25 3.0

L/D

¥ .. .
4.9 wanlavinmsnaaeuuuunsinaluunu@Aed (Uniaxial compressive strength test) U84

9 [ J

AUBUNINIIM IR T2 I NFUAIAUINA1UNIAY 54.0 mm 1@zl L/D ratio HuLal591n

4
1 9 a 9 a
0.25 ﬁ\i 2.5 AMANUATULITINATITAUDI UITAAA mwuﬁmummﬁu W?E] L/D (O

u Q

d?l @ Jy 3 Y o w
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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 —
-0.6045
I G = 62.374(L/D)

. R’ = 0.5631
300

250
200
150 +
100 +

50 +

0.0 0.5 1.0 1.5 2.0 25 3.0

L/D

waf laninmInageuuuulsana luiAUIAEI (Uniaxial compressive strength test) U9

a 1 [ 1Y dd‘d 9 ] o Y = . v

HUBDUIINWHIATTSYINUEAURIFUINATUNIND 67.4 mm LAY L/D ratio A5
4

910 0.25 ’ﬁ\‘l 2.5 ﬂWﬂQWN&IWHLLiQﬂ@q\iQQﬂJ@QW‘Lli]%flﬂﬁ\i 51ﬁuﬁmummﬁu W?f] L/D

d?l @ Yy a3 Y o w
/E:INSU‘L! ﬂ\ulﬁﬂ\iiwlﬂu@’)ﬂﬁllﬂ’liﬂﬂﬂ’laq
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Uniaxial Compressive Strength of Saraburi Marble

D =225, 38.5, 54.0, 67.4 mm, L/D =0.25
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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, G (MPa)
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Uniaxial Compressive Strength of Saraburi Marble

D =225, 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 =225,38.5,54.0,67.4 mm,L/D=1.5
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Uniaxial Compressive Strength, G (MPa)

350

300

250

200

150

100

50

49

Uniaxial Compressive Strength of Saraburi Marble

D =225, 38.5,54.0,67.4 mm, L/D=2.0
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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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[

M3 4.3 vanazilsnvesiudIdniitani suienadoUA A LIS IANIER

UUVUS ¥ (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 33.5 0.5 10
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M50 4.4 wal lAnINMINAdO UL IRIGIZALILUIITA

Average Disk| Average L/D Number Average Mean Tensile Standard
Diameter Thickness of Samples | Density Strength, o, Deviation
(mm) (mm) (g/cc) (MPa) (%)
2243 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 +21.56
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Brazilian Tensile Strength, G, (MPa)
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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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M [ 9
MmN 4.5 wah lAninmsnagouyanaUUALAY (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 I;=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 1589 | 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 | 0.45 10 2.70 9.93 +17.52 4.47 +21.07
67.39 39.38 0.58 10 2.69 7.35 +14.70 4.29 +13.74
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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

2
Iy =P/t
L -1.0301
i I = 318.58 (t)
3 2
T ‘0‘ R =0.9513
i Il Il Il Il | Il Il Il Il i Il Il Il Il i Il Il Il Il i Il Il Il Il i Il Il Il Il i Il Il Il Il i Il Il Il Il i Il Il Il Il i Il Il Il Il i
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0

Distance between two loading points, t (mm)

v 9
v a Y o Y
5UN 428 wannmInadouyanALDUAUAY AAsIganagnaIIn laelsauns 1 = P4’
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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 |
g 14t
E B
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w12 +
%] L
= r
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£ r
: | -
S 10 -+
: | -
2 - I = -0.0057(t) + 4.5119
) [
72! L
= 8 | 2
g B R’ =0.0093
J |-
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4 & < LS M *
L hod . *» « &
i * % e % *
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0 -+ { { { { |
0.0 10.0 20.0 30.0 40.0 50.0

Distance between two loading points, t (mm)

v 9
v a Y o Y
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M35199 4.6 HANITNATDUUITINA IUANLNY

Sample No. Diameter Length Load at Confining | Axial Stress at
Failure Pressure, o, | Failure, 0,
(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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Morh's Diagram
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Normal Stress, O | (MPa)
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Conventional Modified
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M519N 4.7 AuaNYUZVeIRIRINTUIUULRUTMAsNIaz AT IdeInMInadeUgana

wuuySundey
Average | Average | t/d | D/ MPL | Number | Average | Mean MPL | Standard
Diameter | Thickness Diameter of Density | Strength, ©,,,, | Deviation

(mm) (mm) (mm) | Samples | (g/cc) (MPa) (%)

23.20 18.19 | 3.64 | 4.64 5 5 2.82 348.36 18.44
48.00 18.19 | 3.64 | 9.60 5 5 2.77 394.20 18.74
74.40 18.19 | 3.64 | 14.88 5 5 2.27 556.15 12.37
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 2.65 675.33 126.60
150.00 18.19 | 3.64 |30.00 5 5 2.57 653.94 +14.07
16.23 17.94 | 246 | 2.23 7.28 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 | 245 | 4.95 7.28 5 2.62 283.48 13.11

50.51 18.08 | 2.48 | 6.94 7.28 10 2.64 309.26 120.11
70.90 18.23 2.50 | 9.74 7.28 5 2.74 310.87 122.97
99.10 18.10 | 2.49 | 13.61 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 19.06
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 19.32
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 86.01 120.67
48.00 18.19 | 091 | 2.40 20 5 2.72 93.46 126.57
73.00 18.19 | 091 | 3.65 20 5 2.71 114.59 +18.64
99.00 18.19 | 091 | 4.95 20 5 2.71 87.22 +27.07
127.80 18.19 | 0.91 | 6.39 20 5 2.95 96.89 124.10
150.40 18.19 | 091 | 7.52 20 5 2.65 136.56 +33.27
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M519 4.8 AUANYUZVBIRIPINHULUULAUNANIEZNAT Id9INMINATELYANA

wunuden

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

Diameter | Thickness Diameter | of Samples | Density | Strength, 5, | Deviation
(mm) (mm) (mm) (g/ce) (MPa) (%)
67.44 40.12 4.01 6.74 10 10 2.46 294.24 +29.93
67.39 29.88 2.99 6.74 10 10 2.67 227.02 +19.25
67.45 20.16 2.02 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
67.39 39.34 3.93 6.74 10 9 2.71 320.88 +19.95
67.40 39.43 2.63 4.49 15 10 2.68 168.72 +17.48
67.40 39.18 1.96 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 1.29 2.25 30 6 2.68 41.99 +13.76
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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 —

400

L 0.4789

D/d = 6.74 P = 135.67(t/d)
V'd

P (MPa)

2
300 + R =0.8937

200 —+

100 —

t/d
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Modified Point Load Strength of Saraburi Marble

t/d=0.91, 1.82, 2.5, 3.64

900 —
800 - |
L
L
L
700 — :
- o t/d = 3.64
i ©
L P =186.57 In (D/d) + 33.467
600 | | ,
I : R’ =0.9365
L
L
_ 500 + !
. L
E - : t/d=2.5
- L P =118.93 In (D/d) + 62.936
& 400 - | :
L R’ =0.9467
L
L
- t/d =1.82
300 |
L P =83.58 In (D/d) + 54.817
I : ;
| R’=0.8246
200 + :
L
C t/d = 0.91
100 + | P =16.036 In (D/d) + 81.726
I 2
i R'=0.3341
0 | | | | | | |
0 5 10 15 20 25 30 35

D/d
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an dyQ 9 ] -4 Y A A d? 1 A
ITNITNATDUUNUILYNNAATULUITUNITUINANAIYLIINANENNUUDYNNAIN
v o 1 a ] 4 { o )
0.5-0.7 MPa/min QUﬂiZﬂQQQQGWQﬁuL!ﬁﬂﬂﬂﬂﬂ?ﬂ!t”?!ﬁﬂﬂ?ﬂﬂﬂﬂﬁ"lﬁ LLﬁQﬂﬂQ’QZ’!ﬂﬁ’Jﬂul??IIHWNW
9
AUV WITIAIGIFA TUIUIAININAVUUING

aumsihunldieduamas@egegannuIaIv (Ripperger and Davids,

A
1947) Av
G, =2PK/nDt 4.9
Tagh G, = ANUAULIIRWVUINHIY
P = UsNAgIgangaltia
o s 9 v
K = dulszansanududuueiveinnuiy

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

1 4 LY L] a
D = duiIguINaINueIRI0g 1Y
t =  ANUHUIUBIAI0819NY
r =  sanausainelunesalnieuen (1.0 > >0.1)

Ay v v Y = = = &
Wﬁﬂ]’lﬂéﬂ'lﬂﬂTi‘ﬂﬂﬁ@‘UUlﬂ’ffiqﬂ”hﬁluﬁ'liN‘ﬂ 4.9 qﬁj‘lh/] 4.41 4gAINITNATDULUIIAILD VI IUB
Y 1 a 1 1 4 v a QBJJ o !
@]'J@fJNWu@ﬂugﬂlliﬂﬂﬂ@ﬂﬂ\lLLI!'JL/E%}L!N"Ifjf“flﬂa'l\‘]ﬂuﬂi%‘ﬂﬁﬁuuull@m@@ﬂ‘mﬂﬂu Eﬂﬁ 4.42 Lo

Mo iuraImInageuFuiamMIuanLUUMIAW LU IEURgInaueINIng

4.3.2 ﬂ'Ii‘ﬂﬂﬁﬂ‘ﬂ!!i\‘ia\‘l!lﬂUﬂ]ﬁﬂﬂ?ﬁ;ﬂ
= A . . Yo a A 9
NINATDULUIIAILUUNATYA (Four-point bending test) Ulﬂﬂ“uuﬂ1ilW'€]Tﬂﬂ31Nﬁ1u
= a 1 ~ 4 A o = ~ o < A 9
Lﬁ\?@]ﬂﬁ\iﬁ;ﬂm@\‘]ﬁu@ﬂuﬁ'izuﬁiugﬂllﬂﬂﬂlﬂﬂﬂ151ﬂﬂﬂﬂ ngw\l'ﬂunﬂlﬂifJ‘]Jﬁ/lEJTJﬂ‘]J!LiQﬂQT]hlﬂ
o A o 1 a Ao A o 1< ]
i]1ﬂﬂ1'§1/lﬂﬁﬂﬂﬁ)‘ﬂﬂﬂuﬁﬁﬂiﬁlﬂaﬂu TﬂElmamwu‘nummﬂﬁaumaﬂyngﬂuuwu YU 100X

Y 9
350x18 mm’ ITUIUNIAU 10 20814

Y 1
v A

a Y 1 Y 1 a Y {
’J%ﬂ1i%ﬂﬁﬂﬂﬁlmuﬁ’)ﬂﬂ1ﬂﬁ‘L!i]%gﬂﬂ@Wnll!,L‘Ll’Ji}ﬂﬂﬂﬂ\?ﬁi}ﬂﬂﬁﬂui\‘lﬂﬂﬂﬂﬁ 0.5-0.7

Q

. Y 1 1 1 [ { 1 [ 1 a u'.: [ ]
MPa/min I@]EJGlWSZEJzWNi%W’JNﬂﬂﬂQﬁ 8 cm (mgﬂﬁ 4.43) NAUHUAIDINNHUIUNTENIAIDYN

a @ { o Y o o 1
UUNNAN L!,i\'lﬂﬂ@:ﬂ’q@ﬁﬂ]@]l@]HWM'lﬂ'lu’JmWWﬂ'lllﬁﬂﬁﬂtz\?q@]

A

{ o ¥y A o ' {
’tffllﬂ’liﬁu’lll’l‘lclﬂﬁ@ﬂ']ujmﬂ1ﬂ'lllﬁqﬁ\CIQ'\iq@LLUUﬂ'liﬂﬂﬁﬂﬂ o

q

G. . =3Fl/2bh’ (4.10)

bending
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M319N 4.9 wami1/1@aamﬂﬁdqqqmmmmmu

Sample No. Ex. Diameter, D, | Int. Diameter, D, | Thickness, t Load, P Oy
(mm) (mm) (mm) (kKN) (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-5 923 30.9 47.9 9.2 13.6

Average 9.7 14.5

S.D. 0.77 0.88
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Taodi Coonting = mmé’muaaﬁqqnqmmumﬁﬂﬂ?@ﬂ
F = UIINAGIGA
1 = JTYLUNITNINLADLYANA
b - anundevesdiedeiy
h = ANUNUIVOIAIDENHY

= =3

= a o ) %
Wﬁ%']ﬂﬂ']ﬁ‘ﬂﬂﬁ@llL!ﬁ\iﬂ\‘]LL‘]J‘Uﬂ']jﬂﬂﬁﬂﬂmﬁﬁﬂﬂ]lﬂﬁiqﬂHhGLUQ'ﬁ'N‘ﬂ 4.10 TIJW 4.43

u

=h.

) [ Y
uaassediuseugnminnlalunieuneimsnaden lasivazgnaarunedyn 317 4.44

HEAAIAID A UNAINTNAADUFUNANTHNUTUNAIILHY

A A d a2y a A A
4.4  MINATOUNONGIUNGHYMIBHUTHUADY
% & o YA @ a
yailszaenveanmsnageiorduenauaz i Isngaiuas e UMUNGBRVBINT
nadouganauuuliunlaoy  Tasmanaaoud10dNHUTIADY 9 NUDNUTDIINAIDE1HY
[ ~ A Ao Y @ 1 a ~ Y 1 a 4
gouaszls  Wuminnmadeviszneualedtedniuuaszys  dedriuifunau I
TInTaanys tazA10dHUNI181ATNNIIN 1HIAUAIIITAN Tagaziinmsnadouusinalu
A

UNWALY MINATOUUTIAWUVDIIFA MINATOUIANAUUUAUAN  HAZMTNATOUYANALLIY
Y

1 1 Y
Ysuuldeu wuwRoaiumsnageudledeiudouaszys  Iasnahn lANauaINMINAanINg

o a o = ~ A
mngﬂummmwmngﬂiﬂumauwaiuumw 6

4.4.1 MInAaaUNIINAlULNIALD
= . . . AN o ¢ A

MINaToULsINA luLNuAY? (Uniaxial Compressive Strength Test) N?@!ﬂﬁxﬁﬂﬂl‘l"lﬂ

wimaNuAuLTINaggaluunuAsIvesdledniuuAaziaiy  aziietiwansnaae L
= ~ o Y = v o o =
WSeuifieunumanudiuusanageganm ldnannmsnadeuyauuulSunldsunaz iy
Y 1
auay Mminadouusinaluunw@en ldgndutiums lamuiasgiu ASTM D2938 dadaod1e
AulvIa L/D ratio (1A 2.5 wazdmiudlederiuildnaaey 7-10 Aedeluunazsiiaiu
. L

NANATOLAIATOINATDUUTINANOATIANMSIAGNA (Constant loading rate) AIMLUIIALIY

a

NTZNUAAMIIA NUIUAIEHY YUIA LmzWﬁﬁll{z]jmﬂﬂﬁ“I/Iﬂﬁf]‘]JﬂﬁﬂﬂnluLLﬂu!’aEJ’JGU’ENg]J?I
v

9 v
pg1ariuiNg 3 via laagd 1 luarsed 4.11

4.4.2 MINATBUUTIAWUVUIITA

a o p 1
MSNATOUUTIANUUUIIFA (Brazilian Tensile Strength Test) Uinlszaeniiion

a

AMANUAUFIGAVDINIAWUV DI FaVOIAI0e A UIAAZFUATY  tazoHanmsnaaou

~ A o Y = A Y o a
11’]11/]ElUlﬂEl\'iﬂ‘]Jﬂ’]ﬂ'J’liJﬁWulLﬁ\WNEZNqﬂﬂ?‘i1[1@151]'lﬂﬂTﬁWﬂﬁ@ﬂﬂqﬂﬂﬂllﬂﬂﬂiﬂlﬂﬁﬂu NTINATDU
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M3197 4.10 WAMINATOVUTIAIGIGALDUMINATYA

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

(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 1.42 491
MB-4-BD-4 101.0 17.9 300 80.0 2.27 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 7.53
S.D. 0.27 1.09
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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

Sanstone
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HSIAUDUTIFA lAgNANTUNMTANLIATIIU ASTM D3967-81 1NN TIAUDIHUAIDE1 TAY
o 1 . . [ [ 4 a [ 1 1 [ Y
1MMuAA1 L/D ratio ANIAND 0.5 1dUrIgUINaNuesiu@108 1A mnInD 54 mm  uazil
Y
ANUHU 27 mm 1AgRINTNAT0U 5-10 $20819 IULABLAIBENTUNY 3 FUA IUIUAIDE
Aa d' 9 =S a [ 1 a 09/1 =) Y Y
WU e uazead lAnINMINATOULTIAWDUUIIFaveIRI0iune 3 atalaagl 131y

AN 4.12

4.43 MINAADUIANAUVUAUAN
A Y
MINATDUYIANAUUVAUAY (Conventional Point Load Test) VDIAIDEWHUNG 3
a d! Y [ ] a ~ LY (] a 4 Y 1 a
wila  Falsznoulidredredniuifudszyi  ArednnruluaiauIanitazaediaiungie
= ¢ A A ' Y Ay 9 o oA
Tasnnsa Taeligaiszasdmanadondo o imianuduusinagagad lannanatigana
(Point Load Index) wagtiorwai laulseuioununaildannmsnadeuyanauuuilsy
nldey ulsndediuimihunmagenll 2 dnvazae uuVzUNTINIZUEN (Cylinder) VDI
T a @ 1 { ] a 4 Y 1
pe19HUNTI8TATANIIA HazAI06197 iTiginsanendiamans (Irregular Shape) VY94A10619

a a 4 o A Aa o
AntjuaszFuazavifunanInmd msnagou laduiumsawiTuasgiu ASTM D5731 @7

=

PINAUUAALFUAYANANATDUNYANINANAWHUIVIINHING  IUNTLIIAIBINAULANDONIIN

Q
Y v

k4
AU $IUIULAZVUIAVDIRIDENHUINT 3 Fiia tazrah |A1INMINATOUYANAULUAUANVDIA

Y 1
peariuna 3 aia ldagyl 1A lumsen 4.13

4.4.4 masnagevgananuuliunlasy
o A . . =) s A 1
manageuyanauuVlTun/asy (Modified Point Load Test) Hyaiszeaafineriin
9 = -ay A o 1 = =1 [ 1
ANUATULTINAUASUIIAIGIZANINMINAT UL 11T waziiiorha lulseuendua
Y Y 4 a A Y} v A
ANUAIULTINAGIga IdaInnanmsnageuusana lunnui@eanazimanziu ldninaaiigana
Y 1
puUAuAN 31T emed UM IMado Dl 2 AnyazAe HUVFUNTINTZVEN (Cylinder) VOIA)
[l a ~ o [l a o 1 ~ (=} a 4
PN UY UATETHZAIDINHUNI B TATNNIIA uazAed 1 hilljunsimundamedas
a o o [ 1 1 A A o
(Irregular Shape) Yaariuijuan Inwl Tagiinsnadon 20-30 Aro81 luunassiaiy 314U
Y] 1 a d' 9y (% d’ [ 1 a 3 a 9
AEHU Ve uazHa lannmsnageuyanauuulSulasuresitediesiune 3 wtia’ld

Y ~ 1 [ - Py % [
agl I lumsnen 414 vazuaassmamsnagevanauuulsulasuluilsnduvesdasidiu

=

1 [} 4 Y {1 @ % 1 a Qa: a P
YDIANWUUIADIAUAIFUINANVDIHINANANAY Vo I0819HUNS 3 atialugilhn 4.45 Dagll
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Rock Type Average | Average | L/D |Number | Average |Mean Brazilian| Standard
Diameter | Thickness of Density Tensile Deviation
Samples Strength, o,
(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 2.31 1.44 0.33
Sanstone
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M k4 9
M3199 4.13 HANINAADUYANALUVAAANVDIAIDENAUNG 3 FTiA

Rock Type Average | Average | L/D | Number | Mean Point | Standard | Prediction of
Diameter | Thickness of |Load Index,| Deviation | Compressive
Samples | [ =P/Dt Strength,
o =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 23.5
Sanstone
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v H Y
M3191 4.14 wansnaaeUYANALLVTDI/Asnv0IRI8E19H NI 3 Fila

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 57.49 111 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 5 301.25 105.90
67.05 25.50 6.71 2.55 4 311.31 114.42
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 2 179.21 137.37
91.30 35.85 7.26 2.87 2 211.82 42.62
101.20 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 27.23 5.41 2.72 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
450

R’ = 0.9814
400 -

350

300 —

250 —

P (MPa)
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Modfied Point Load Strength on Irregular Shape

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

P =62.717 In(D/d) + 48.356

R’ = 0.5005

D/d

51 4.46 waRldnnmsnaaeuganauuliunfasuTaslddedraiufuanan Tnani jnsa
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Iy ] [ ] 4 v . 1Y
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Modfied Point Load Strength

of Krok Kruat Sandstone (t/d=2.5)

200
180 —

P = 13.06(D/d) - 2.9562

160 - R’ = 0.943
140 4

120

100

P (MPa)
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MIANHIN NN UNGHS

J § (%

9AU32AIAUDIMIANBIMNATUNYBHNOAIUINNINTNTZIIBAIVDIAIWAY
Tudredsriumelamsnaaeuyanauuuliunlasy (MPL) iesnnanyaizvesilymimiediu

S 1 A o 9 < Y o A y
nasaasyuiiaNususoululssiduvesveuvaLaz Yo i IMUAN AR NS LAY

- o 9 .. 0 < A 0 Y= (=Y o =

159AAATUAY (Boundary conditions) aumsduiaguiziiunldnedull duiumsnulu

a v A D] o A o Y ax . A o
manguvaiuldinsldmsd @i 1evae7F Finite element method Tu5unsuiitimn
4
1970 T1/51n5 GEO (Serata and Fuenkajorn, 1992) s1gagideaaunmeaniinveslusunsuil

am1309 lAnnena138198a9na

5.1 AMANHATVBINVUTIALA
= L 9 Sy v ° 2 A =
Tumsanurdesduil ldadrunudiass 57 uUDAIU (Computer models) tWOAAYN
HANTZNUVDIANUHULBZANUNINVOIRIDENHY  WANTENUATUAMAVTAVDIRUIDILAZ
HansznUMIUANUFsAMUYIRIdUATIZ I INAn UM gL a1seh 5.1 laag
Y ¥
AMANTAVODUT1009919 57 UDY (Finite element mesh) 1110991NUUUS1ADITUUITUNIAT
Y v I 1
(Symmetry planes) 2 443 A9 THUUIAINLAUVBINTINTEUBN tazluiueuiaTIvila
Y
YDIANUNUIVDIAIDINTY  S1TU ATI1A0IANUAUYDIANNIAT EATINUNBWA 1/4 U9
@ 1 a ng Qy o Y I A 9 o 09/’ u’J} o =
AUy daaadlvimulugln 5.1 lumsaiauuiaesianuaiy nuudlaezl
[} 1 1 ] 4 LY Y
SaTIdIUANUHIRUAFUAIFUINAIUDITINA (Vd) A5 05, 1, 2, 3, 4, 5, 6, 8,
1Y 1 ] 4 Y 1 a 1 ] J
10, 15 au'l1da 20 wazlidasdmvesvinadurguinandodeiuae VA URIUINA1
YOINAIHNA (D/d) Fualsann 1,2, 3, 5, 10, 15 91 194 20
TumsAn¥HanIznUYeIANUHIIazANUN I NYBIdIegY  Tdd muald
A a A d' d' ag Y1 oo a z{ A ] 6 .
AaauavoInulanm Tasnauualnmdulseanivesnnusangu E = 1.5 x 10° psi 1oy
1 . . 7 8 A oA ady 1= 1 a 4
A Poisson’s ratio v = 0.25 Mduszanivesnnudanguiauuatioz lilinanemsinizw
A a ¢ ¥ a o Y 99w - =
Tundl mszmsinszvazniu limsnsznedivesanuauldiinag vazaz liinsanm
= o A ' o " A
menumsrlasuuilasgilsnvesdiediaiu
A UMIANYINANTENUYD Poisson’s ratio AOMILUNTNIZBUBIANUAY &
frualiauvewUUTae9limAN vd = 4 (Model No. 5) taza v gnauulsan 0.0 T
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Ms1eN 5.1 AuanbazvewuUiiaee 57 uuy #l¥lumsAnywansznuvesviug

idurngudnaraay AN IIYeIR 108191

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 2 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 5
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 = Horizontal distance from loading point

y = Vertical distance from loading point

d' o a 4 9 d?’ A = @ 9 a o
E‘IJ‘YI 5.1 LL‘]J‘IJ{IJ'1af]\1°VlNﬂﬂﬂJW?Lﬁ@iQﬂﬁiNﬂlHLWﬂﬁﬂE”Iﬂﬁﬂigéﬂﬁl@n‘ll@ﬂﬂ’]"mmualuﬁu@l’J
1 Y 1 L:' d’ = OSJ}
@fJNg‘]J“VIﬁ\‘lﬂﬁ%ﬂ’ﬂﬂﬂ?ﬂﬁl@ﬂqﬂﬂﬂl!ﬁll‘]_lﬂi‘]_ll‘l]ﬁﬂu HO9INNLAUFNNIAT THLUIAT

o KX o A 1 [l a Y] ] ng Qy @ @ P 9
UAZHUIUDU NITITADIWNUNYN A AIUVOINUAIDYNINNITU ﬁmuaﬂymﬂﬂu

E4
msfuadeiua ldasl 1 Tuglidae
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o o ] 4 @ 1 [ Y

msasuuuieesIddmualiidurigudnanueuinaliaumny 5 mm uay

Lﬂ' 1 = = Y v 1 1 Y 1 [ 1
eANuazaINdoMsAnyIvlsdlsvesvinatazglinan o Iveglugildasiaiuves

@ g/} { o a @ : ' <] 1
D/d, ¥d, y/d fariu wanmuia lddeaunsodneade lldaiinanivinamilanld Tuaivves
= 4 = 1 o d' 1 Yy A Y 2 1Y P
PAUA (Element) H30%RIV0INIAIMIMN0IMydnTo Indinsanuganaszgneanuuy v
<3 A = @ ' Y a dy A 9N 4 o '
yina@an esnnimanusvesmanuauluninuiigs tazme W Idmndamssiuimnm
) A 1 o 1 ] o A 1 @ Y ld?
anuAuiuiug  divesvesmsfiuraiieg Inasen linininaszgneenuuuli vy

dil a @ ] a dyd @ 9 0 Y o = Aa A
s zieuAIog N T nUlNanIENUNNINAtes  uazszilimsmuuilszansnm
A a ad A = v Yy d = 0 o

uazszanimafau 31U 5.2 89 5.9 Tduaasldmudwundiaes 8 nuulumssiaogausn

« =2 dy 1 KR o
(Model No. 1-8) 1u31ve4 Finite element mesh msn¥lugausnivzsdInadns luaeg
< o ' a { J
Usziaune HansznuveIANUHIvEIRI0geHY Inelinuniensi taznansznuveIm
Poisson’s ratio 317 5.10 14 5.16 ueraanUTIe9 7 nudlugandosveIMsANE1 (Model No.
9-15)  Fazajawaans lUAransEnuveInUNANUeIRI0dNTNABNTNTZIIORIVBIAIIY

H 4
wuldiinalaelinnuvuini uazuuuiiassagaiie (Model No. 16-57) gnasaiuunly

Y 4

AnpiiamansznunInNurUILazAunINUesdlegeiueou Tavazidea  wazdaiaulids
MIANHIHANIZNDVDIANUTIANMIUUDIAITURATZHINHINANUAIDI A UADNITNTZNY

g Y Y v
fvosnnunulaning

5.2 HANIENUUDINININHUN

JU7 5.17 HAAIHAMIAUIVUNAIUVBINANITNUVBIANUHUIVBIAIDE T

{ 1 @ 9 [ a ¢ o Y
NiApMINIZAVIANUAUNGNGIGA (o) Awuuaganalunuias  dedwaalden

° o Y ' Y . = '
m3ssraesly 8 unuusn Taena lianudugagaszodnioldniiuna (Compression) H49z0Y
Aa 9 @ Ja o o 1 Aa o [l <3 P
Tuusnalndifesnugana  Aelndmiduddszninganauaziudiednn  szwiulaiinms
@ 4 dy A v Y KX v Y a @ [ =
NTZIYAIVOIANNIAUMINLUIFANAHITUANHULAAIIAAIAUDINUAIBE1NANUNU

1 19 a 9 1 1 o
5ENIN 10-100 mm (t/d = 2-20) UADIANUNUIVOIHUNUDENIN 19U IMIAY 5 mm (¢¥d = 1)

Y] 9y dy =% [
miﬂﬁszmammmmmummaﬂymzmqa@ﬂ”lﬂ

5UN 518 LAANDINANIENUVYDIANNHUIVEIAIDENHUADNITNTLIIWAIVD

u

9 (% o' a' Q‘J [ L =Y (% 1 = 1
ANUAUTANAEa (o) muuuaanaluuwias Taena 1 ldiudedeeziinnumuunila

Y G Y . A a Y
ﬂ'3111LﬂusluLLu'Ju@1!9’]'liJLLu'J’Qﬂﬂﬂu%guﬂ']q@qﬂﬂ'lﬂalﬁﬂfl']uﬂﬂ (Compression) ﬂﬂil’)ﬁﬂﬂﬁ
= v A o o 1 o dy a Y dy 1 < I =~
GINUNITURTIESHINYANANUVLIUD VU ANMUAUHIZAAIDENTIAUT AL NAT ULLTIA

. a 1 1 9 ] -4 @ ddyd Y
(Tension) Tuusnuszezying 1 IMUDUTUNIFUINAWNUDININA Tunsaliine y/d innuy 1.0 Tu

a

a dy =< a d? & I A 9 zﬂy a Y = Ao
UTIUUUTINGIFAIINAUY m%mﬂuqmsmummmmmﬂﬁlumeﬂumﬂﬁlmsﬂm UUNY

' E '
= =1 o ~

=1 = [l A Ao = = [ sldy
ANVUNUINITULIIANNIN  FIUNUNUANUHUIRSULTIAINIAUIAININAIAY Wﬁ“l/lllﬂu
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SNENN
VN

1.25
mm

€
=2
=h.
n
(¥}

O
O
O

v 1O

~ 9 42’ d' a 4 Y] 9 a [ [l ~ 9
Mesh NA3NYNDNMINATIEHNINTZDIBAIV0IANWAY U UGN 15 UM
nagouyanauuuUSUL/asy (Model No. 1) AnunuIvesiudodugnimuali

ANNINY 2.5 mm W30 t/d = 0.5 Ay D/d = 15
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—> 2.5 mm

2.5 mm ‘ ‘

37.5 mm

A

~ a4 g 2 A a P o v A o 1 Aqu
3UN 53 Mesh NATNVNDNMIVATIEHNINTZDIBAIV0IANMAU U UAIDEN 15 UM
nageuyanauuUliunlasu (Model No. 2) ANHUIIEIHUA 081N LA 14T

ANNINU 5.0 mm W30 t/d = 1 1Az D/d = 15
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¢
| P
—> <« 2.5 mm
T -
5 Tm : |
'@ :
@ D 0 0 ol
37.5 mm

~ a4 g 2 A a P o v A o 1 Aqu
3UN 5.4 Mesh NATNVNDNMIVATIZHNNINTZNBA0IANMAY U UAIDEN 1T UM
nageuyanauuulsunlasu (Model No. 3) ANuHUIEIHUA 081N LA 1T

ANNINY 10 mm 130 t/d = 2 11ag D/d =15
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o
P
—> 2.5 mm
7.5 mm ————————————————————————————%J
@ @) 0 0 0

37.5 mm >

a A v 4 A a s o Y} A o 1 Aq Y
3UN 55 Mesh NAITNVWNDNMIVATIEHNINTZNIBAIV0IANWAY TUHUAIDEN 15U
nagouganatuuUSU/asy (Model No. 4) ANunUIveIiUfI0d 19N muali

ANNINY 15 mm W30 t/d =3 1ag D/d = 15
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—>f <-2.5 mm

ANDERPERPERPERPERPENDEND RN AN ENpENPE

O
O
O
O
O

- 37.5 mm >

Y

A Ay & A a ¢ o Y, A o 1 A
51N 5.6 Mesh NE31VUNONITUATILHATNTLINAIVDIANUAU U UAI08190 1% 1UNS

U

Y { a o [l o 9.
nadouyanauuUlsunlasy (Model No. 5) ANURUIVBIHUAIDINYNAIHUATHT

ANNINY 20 mm 130 t/d =4 1ag D/d = 15



111

—> 2.5 mm

15 mm

o @ @ o o ¢

« 37.5mm >

a a4 g 2 A a P o v A o 1 Aqu
3UN 5.7 Mesh NATNVNDMNMIVATIEHNINTZNBAI0IANMAY U UAIDEN 1T UM
nageuyanauuUliunlasu (Model No. 6) ANuHUINEIHUA 081N LA 1A

ANNINY 30 mm 130 t/d = 6 11ag D/d = 15
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¢
P
—> 2.5 mm
2 : ‘
]
]
]
20 mm : \
<
]
a
4 I
[@) [@) [@) [@) [@)
« 37.2.5 mm >
~ T a ¢ o ) A o 1 Aqu
E‘IJTI 5.8 Mesh 1/]ZT'D'NGUL!LWﬂﬂWi’JLﬂ51$“ﬁﬂTiﬂi%%?fm’Jﬂlﬂ\iﬂ'ﬂiﬂﬂuﬁlu‘ﬁu@]’JfJEJNT]GlGD'GIUﬂWi

nageuyanauuUliunlasu (Model No. 7) ANunUIveIRUA 10819 HLA 141

ANNINY 40 mm 130 t/d = 8 1Az D/d = 15



113

—> 2.5 mm

50 mm \

e

< 37.5 mm >

d‘ ~ 9 42’ A a 4 Y] 9 a [ [l ~ 9
E‘IJ‘VI 5.9 Mesh ‘V]ﬁiNGUULW’EJﬂ'Ii’JLﬂ§1$Wﬂﬁf‘ligiﬂﬂ@’JGU’E'Nﬂ’JHJLﬂuGl,uWHGI’J’EJ‘(’JNV]GlGHGluﬂ1i
Y A Y ' ° Y
maauqﬂﬂmmuﬂimﬂaau (Model No. 8) mmwmmawumamqgﬂmwuﬂiwu

AN 100 mm ¥30 t/d = 20 tiag D/d = 15
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¢
P (Load)
—> <« 2.5 mm
6.25 mm

@)

4 i1
= A

a A v a 7 o M a o v Ag Y
sUN 510 Mesh  NasvvwiemsasIzrmInszneaIvesnnuAn luruateganldly
[ { o 1 4 a
msnagouyanauuulsulasu (Model No. 9) Tagimuaidurigudnaisvesiu

§19819 19 UA UMY 5 mm 130 t/d=2.5 uag D/d =1
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0
P (Load)
—» <« 2.5 mm
6.25 mm
«—5.0 mm—»|

9

1 { 4 a 4 @ a o 1 {
N 511 Mesh  Naddumiemsinsizimanszaedvesanuduluiudedian 14y
[ : o 1 J
msnadeuanauuulsulasy (Model No. 10) Tasfmuaidurigudnacves

Aud10613190AUNITY 10 mm W50 t/d = 2.5 1Ay D/d =2
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¢

P (Load)

<«2.5 mm

e

6.25 mm

——7.5 mm——|

9

1 { 4 a 4 @ a o 1 :
N 512 Mesh  Naddumiemsinszimanszaedvesanuduluiudodian 14y
[ : o 1 J
msnadeuanauuulsulasy (Model No. 11) Tasfmuaidurigudnaraves

AuA10613190AUNITY 15 mm W30 t/d = 2.5 1ay D/d =3
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¢
P (Load)
> < 2.5 mm
6.25 mm
@ ot
«—12.5 mm

H { 4 4 a Jd o a Y 1 H
5U15.13 Mesh  Nadvuion A IzimMInszaesvesnnuau luiudisgan el

U

o { o Y 1 4
MnaaeuanauuulSU/asn  (Model No. 12) Tagimuaidurigudnaiaves

a @ 1 Y. ' [
wumamﬂwﬁmmmu 25 mm W%!@ t/d=2.5ua¢ D/d=5
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¢

P (Load)

—> <« 2.5 mm

6.25 mm :

4 { 9 4 4 a 4 o 9 a @ ] ~ Y
51N 5.14 Mesh  NAFNTUINOMTNATIZHAMINTZA1v9n MR U Iuriudeg19n 19 1y

U

minadeuanauuulsulaou  (Model No. 13) Tasfmuaiduriiguinaiaves

AuF10619 13 0AUNITY 50 mm W30 t/d = 2.5 1az D/d = 10
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¢

P (Load)

-~ <« 2.5 mm

6.25 mm : \

< 37.5 mm

9

~ A v & A a ¢ o v A o 1 Aqu
31]‘" 5.15 Mesh ﬂﬁiNﬂJuLwamiamﬁz‘ﬁmiﬂizm&@]asummmmucluwumafminmlsﬂu
o { o 1 4
ﬂ1§ﬂﬂﬁﬂﬂﬂﬂﬂﬂllﬂ‘ﬂﬂﬁﬂlﬂaﬂu (Model No. 14) Tﬂﬂmﬁumﬁumg{uﬂﬂmwm

Aud10613 19 0AUNITY 75 mm W30 t/d = 2.5 1Ay D/d = 15
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P (Load)

—> <« 2.5 mm

25 mm

“ 50.0 mm

Y { 3 4 a L4 o a @ 1 {
UM 5.16 Mesh  Nadreduiemsimsiziminszaedrvosanuauluiudediahldlu

Y { o Y 1 4
MinaaeuanauUuUSU/asn (Model No. 15) Tasimuaidurigudnaiaves

Aud10613 19 0AUNITY 100 mm U39 tvd = 2.5 uag D/d = 20




y/d

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

121

td=6 d = Diameter of loading point

y = Vertical distance from loading point
vd=8 P = Applied pressure
| t = Thickness of specimen

6,= Maximum principal stress (vertical stress)

| t/d =20
A/

MINTZNERVBIANNAUNENIINGA (o) lunuIfsuesiuiiogesniinaumun

1 Y] 9 9 (Y dy 9 1Y d' =

® a4 9 numegldanuaunaminy P luuuiusinall AnuauManiuIngaazll
4 3 9

Awmnuanudulunaaiues samssiauil ldnannuuuiiaes Model No.

2 94 8 Avdl t/d Fulsan 1,2, 3, 4, 6, 8 D4 20 uazll D/ AN 15
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d = Diameter of loading point
t/d=6
4.0 N y = Vertical distance from loading point
i t/d=8 P = Applied pressure
2 50
> t = Thickness of specimen
60 | G,= Minimum principal stress (horizontal stress)
7.0 4
8.0 4
9.0 4+
10.0 -+

U 5.18 mInsznedvennudunanivosga (o) TunuinwwesiudIednlin ML
1 o Y Y Vo g Y o Ay =
(0 a1 9 pumelaanuaunaminu P luuuiusanall anuAurantosgaazll
4 Y
awmnuanudulunuiueuiues  wamssuui ldunnuuuiiaes Model

No. 2 84 8 Aol t/d Auualsn 1, 2, 3, 4, 6, 8 84 20 uazll D/d AINININY 15
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o aov { o 1 % I~ I [ % 1 a
aoandeanunuiden 1dm 1A lualszmea Fadudodunadunitanmssanvosriumeld

=

= ng a s}a' a dgl d' d! a Y] (] (] a d? 1 Y A
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NUINAgANANIaeIats (Uutaza)
A = = 1 ] 1 Y Y o = [ =
L‘W@L‘}JifmmmemamqswaNmmmuqﬂqmmzmmmu@1qﬂmmmﬂﬂ agy
@ 1 { U v U d o @ 1
msnszneaedels 37 5.19 lauaasi (o, - o,) Tegluilanduvesnnuminvesdiiedie
a @ a <3 Yo 1 1 9 a a 9
ﬁuu‘]J‘Nﬂ’LliL’Jﬂ!ﬂﬂﬂﬂaﬁvlﬂ %zmu"lmwmwamqswanmmmuqqqﬂ%mﬂiumnmﬂlﬂa
= [ d! = ] d! d! 9 ] 4 LY d'dyd
NYINUVIANA mmwzmm@ﬂ“lﬂﬂixmmmwuwmmumquaﬂmwmmm Glu‘ﬂuﬂ’f] y/d
(Y U 1 dy ] [ 1Y d'd dy a 9y o = [ d! A
miny 0.5 mwammﬂzaﬂaqaawqauwauiummzmaﬂaQ"lﬂiuLuaﬁu VDAIUNNDNDUNUIAD

v A Yya o 1 o oy 1 v = A v
ﬂ')WllLﬂ‘Ll‘V]ilgtvnblﬁﬂu@]?ﬂfﬂx‘luull@]ﬂa\illﬂllll’ﬂﬁlxuﬁﬂﬂ?ﬂi@]uiﬂﬂﬂﬁiﬂﬂTﬂi@]!ﬁﬂﬂﬂﬂﬂiﬂ%

a a dy a d‘ Y A Y v
naluysnamenunlndimesnuiing

5.3 WanIZNUVD4 Poisson’s ratio
{ =] 1
517 520 uaz 521 lauaasldiudinansznuveen1 Poisson’s ratio  1ag 1A%
o a S A % [ !
M3ITaInAoNNIResINoIAAININTZIBAIVBIANUIRUHANTDegatazInga (U0
Y Y11 . . A 1 ] o Y
520 uaz 5.21) wah lao19agllaan Poisson’s ratio dziimansznuaeANUIRUHANTDOEA

9 ] 3 1 = 1 FY [ Y A
(mmmuiuuuasm) IMUU Lmﬁ]zulamWaﬂixmummmmuﬁaﬂqwgﬂ (mmmuclu!,mam)

dld 1 9 s 9 U v a dl Y 3
nansenuninenuAn Ut Ivzlaeut AUt lagmnizluusnananuaulued

U

=

Y =X 9 . . 1 9 Y Y = s A a v a o
ﬂTEJGI,@'IL!JQﬂQﬂ”I Poisson’s ratio UATUDY mmmumeﬂ@mmwzumqqmﬂmﬂmuwm/m

a vaa 1

. . =& = Y A c: 1 < [ =
Poisson’s ratio g FeUAN AU T UUUIAIA ’t’JEJN“l'iﬂ@l”lllslu‘ﬂNﬂgU@ﬁua’)uiﬁﬂ]ﬂﬁ]gﬁﬂﬂT

] ] 9 v
Poisson’s ratio 8g3¥1319 0.2-0.3 nazliaundeeg 0.25 Tugstimanuduiaiuiidesuin

d! a ava Y = 9 aA agqg Y . . = T oW us.z}
Gﬁﬂlut‘]ﬂﬂﬂaﬂmm’ﬂUﬂﬁﬂﬂH11/]1%]1“‘1/]@]15!@]1/]?1’%%@114 Poisson’s ratio ¥AUNINY 0.25 UUDI

a2 lida ldananuesunlain

d
5.4 WANIZTNUVDATUHIGUENAL (ANNNIN)

= o ) o A A &
JUN 5.22 naAIMINTEEAveIANNAUKENINNTgA (o)) TuuuIAs Fuiluwa
A 9 o o A <3 Y A o A A dgj

#ldmnnmadnavewuuiiees 7 uuulugaides azmiulainiodns1 D/ launuau

[ 4 ] [ a A [ [ ] J Y] [

Wiodurgudnanuesileg i uEuveeIvanIndurigudnanuewsiing manuaY o,
{ % Y] ] a [ I~ ] Y] ] [

N9ANINANYDIANUHIIVBIA B NHIZIAAnay  MIaaassziuldiudalugiesyning
D/d=1034D/d =5 ualus1a D/d 32119 5 B3 20 manuAuranunuay lunsalasuuilas
1 =S 1 LY d! d' % Ll a dd’ = =) v
1 6,/P AN HEZAINAaAANNHINYBIAI9E 1YY TUnsaiN D/d = 1 ¥iFonadNIiY
1#19A21UNIAVDI Uniaxial compression test 04 317 5.23 UAAININTZNBAIVBIAY

Y o Y A A Y Y o A a o o A A Y 1
Lﬂu'ﬂﬁﬂuaﬂ‘ﬂfﬁ] (02) mammmuiuumimimWmﬂ ﬂﬂﬂ@@ﬂﬁﬂ?ﬂﬂﬂi@‘ﬂ y/d HU8NI1 0.5



0.0

1.0

2.0

3.0

4.0

5.0

y/d

6.0
7.0
8.0
9.0

10.0

s 5.19
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(0,-0,)/2P

0.0 0.1 0.2 0.3 0.4 0.5 0.6
L } i L I \‘ I } T T T T } T T }
i } — t/d=1
\ td=2

i d = Diameter of loading point
i \ vd=38 y = Vertical distance from loading point

T P = Applied pressure
i t = Thickness of specimen
| O ,= Maximum principal stress (vertical stress)

Bl 6,= Minimum principal stress (horizontal stress)
I / t/d =20

MINTZIYAIVOINAANTZNINANUAUNANGIGA uazANMAUNANDoga

(0, - 6,) MULIAIVBIRUAIBENNTALNU (1) a1 9 Aumelaanudunam
iU P waanngegavzedluusnalndifesiuiing namssiuinlduen Model

No. 2-8
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[
l d = Diameter of loading point
- /J y = Vertical distance from loading point
= 1.0
> .
P = Applied pressure
1.4l t = Thickness of specimen = 20 mm
B 6,= Minimum principle stress (horizontal stress)
1.4l
1.0[fiH
1.8+
20 +

3 @ Y v 9 Y { o a
Eﬂﬁ 5.20 miﬂiszm’mlmmmmuwaﬂuaﬂﬁmw%mmmuimm’mauﬁmu’gmmmﬂwu

'
a0 .

A10819011iA1 Poisson’s ratio Auulso1n 0 lilauda 0.5 Audredvegnslani
Wunainy P 193109 Model No. 5 Taglinnunuuminy 20 mm (vd = 4)
1 4 1w < 1 @
pazTirdurgudnauniny 76.5 mm (D/d = 15) sziu la1msnszaearvesndm

Y
9 ! . .
U U ueutiazINanILNULIINAT Poisson’s ratio
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o,/P
-0.2  -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
}\\\\}\Q-O\ \\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}
0.2 +
0.4 -+
0.6 +
0.8 + v=0,0.1,0.2,0.25,0.3,0.4, 0.5
S, 10 d = Diameter of loading point
I y = Vertical distance from loading point
1.2 +
P = Applied pressure
14 L t = Thickness of specimen = 20 mm
- 6,= Maximum principle stress (vertical stress)
1.6 +
1.8 +
20 +
U521 msnszaedrvesanuAundnnnga  nieanuduluuuiasisiuianniu

(% 1 d‘d 1 . . [ = a (% 1 1 9
A19819NHA1 Poisson’s ratio AuL5910 0 Tilauds 0.5 Hudredegn1eldn
Wunamny P 1Fuuudias Model No. 5 TaslinnuyunIny 20 mm (vd = 4)
1 4 [ I~ [ [
uaziidurgudna1uniny 76.5 mm (D/d = 15) vzwiu 1dMsnszaea1vean

v Y
wuluuunaeiieg lulinansgnuuIINaAT Poisson’s ratio
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G,/P
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0 | | | | | 1
- d = Diameter of loading point
0.2 4+ y = Vertical distance from loading point
. P = Applied pressure
|t = Thickness of specimen
04 —+
| O, = Maximum principal stress
: (vertical stress)
06 t/d=2.5
- L
= 0.8 +
1.0 +
1.2 +
i D/d=10, 15, 2
14 —+ f
| D/d=5 D/d=3 D/d=1
16 -

UM 522 msnszaeivesnnuAUaniuINga (o,) TunufswesiiedsiuniionsdIu

vo3nNuIaTuMeldanudunaminy P madiuia ldu1a1n Model No. 9-15
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d = Diameter of loading point

y = Vertical distance from loading point

P = Applied pressure
t = Thickness of specimen
E G, = Minimum principal stress (horizontal stress)
t/d=2.5
.0
D/d=2\ 5 |
‘\
14\ D/d=1
D/d=3 I
D/d=5

- D/d=10, 15, 20
16 -+

[

d' % 9 Y] As} A @ 1 A Aa
s1Un 5.23 N1INITSINYAIVDIANUAUNANNUDYTA (62) TuunAvesdIed 9 HUNNOA T

Y

aruveannunIaiuneldnnunaduminy P manmsaiuan1duinin Model

No. 9-15
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4 1 ¥ I~ H @ [ ] [ LY
1o D/d Tamnnuy laune D/d =20 Wunidunnilueg193zra1e D/ mdu 5 94 20

' 4 =< dy ] a
mmmmu“luuﬁqmmmmz”lmﬂaﬂuuﬂm

5.5 HanIznNuvey t/d az D/d ﬂ'ﬂ P/c,
o 14 o dy 9 Y
mﬂwaﬂlmmimuamﬂUEJLL‘U‘Uﬁ)”m’eNGlu’dmﬂgmziﬂﬁ1u1ﬁaﬁ§ﬂ1uL‘1Jaﬁﬁu'1ﬂa1
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HazANUIALAINNTENERIRRANUANIINUIdUFRIgUInaveiIna lUsudeninasves
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ANUHUIVBAIDENHY  uazANuALAY (o) Hesnidluiladediaglumsilniuuan
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Y 1 o a o A o a 4 o o
M99 5.2 maudszans A uaz B INMIMUIUTIA AV IAsnDNNINDS IuHanFu

V93 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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199 D/d

No Friction
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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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NNMINATOURUFUAAN )

Uniaxial Compressive Strength (MPa) Tensile Strength
(MPa)
Rock Type Actual 6. | Standard CPL MPL Brazilian MPL
from UCS | deviation |prediction | prediction| tensile |prediction
testing 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 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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Ms1ai 6.2 MsfSeuiounaueImIANURIUITIAGIGATDIR 108N UBOURTZYS

TeITMINAFOUNIUTIAWULAIN )

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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Total operation time
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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



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 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.



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).



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/c; 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 (calculated 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



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

= Minimum principal stress

= Specimen diameter

= Point load diameter

Applied stress for MPL testing
Specimen thickness

Horizontal distance from loading point
Vertical distance from loading point
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Figure 2 Configurations of modified point load testing.



Figure 3 Some marble specimens prepared for testing.

Figure 4 Test arrangement for MPL testing.
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Figure 5 MPL test results for various t/d ratios.
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Figure 7 Uniaxial compressive strengths of Saraburi marble.
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Figure 9 Distribution of the minimum principal stresses along the loaded axis of MPL specimens.
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Figure 10 Normalized failure stress as a function of D/d, obtained from numerical analysis.
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Figure 11 Normalized failure stress as a function of t/d, obtained from numerical analysis.
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