98

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)

200 —

150 —

100

D/d

~
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v
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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

]
A

Iy ] [ ] 4 v . 1Y
Irregular Shape N mmaummmmwmmmﬁ'umg{uﬂﬂmwmmﬂﬂﬂmq-ﬂu
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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)

80 ~

60

40 |

20

D/d

51U 447 waildninmsnageuyananuuilsunlasu TaslddedisiunseTannsia ginsa

Y

nIzUeNNsRTIEIUUDIANUHIRDIAUAIFUINA VBT INANAIa



a
Unn s

= +% [
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

84905
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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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e

o
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<

()
U

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

Q
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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
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—> 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
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—> 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




120

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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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
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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
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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
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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
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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
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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
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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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= DId=15,20

D/d=5

D/d=2

Full Friction

No Friction
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- t/d=20

" Yd=15

- t/d=10

Full Friction

No Friction

D/d
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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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3 LY} a Q’ o a o a 4 U Y
M35199 5.3 MAulszans C uag D NAMIAUIAFIAUAY TAsADUNUADS JuTInFu

199 D/d

No Friction

Full Friction

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




134

Y v
wonnMiuLdIMIAuulsvemnNuAUae vd tay D/d daaeandoanunan la
Y a wva A SIdy o a 4 9y
ninmsnadevuludeclfiams  wa ldannsnir lihlsaduamanudugegalunuing

uazaNuRugage lunuafsuesdaedesiu 1 uazaziaueTuunas 11

=) =
5.6 WANITNVVBIANAEAMIUNYANA
Ay v o 3 Ay v 09/’ Al =
Hah 1anInUU$1a09e 57 HuUR lAl@ueNIMUAIZgNANNATIANUFIAN Y
1 o v A Aa A g 4 .. v 9 dy Y o o Yy XK
senININAnuAUlAlugud (No Friction) Turadeil lakimsdiasnnuauasgage
dy a LY L] a d‘d 1 [ ag Y = 1
luiiehy (o,) 91NAI0619HUNN D/d uaz vd 19 9 N Tagauudlinnudsanussning
o v o a a A1 g .. A a o &£ A o o Y
WananuaiulaA Ny 100% (Full Friction) ¥3owadntionilanenuuiiaeen 57 uuylagn
4 ) [ 1 d o !
asdunaziiwalugivesdnndiu Po, wuaasluiladduves vd wazves D/d Tugii 5.24
v 9

Y l Y = AaAa KX A ] J v
iuag 5.25 LlﬂzfﬁiﬂiE]ﬁ":!:ﬂllﬂ’ﬂﬂ"lﬂ’.l"lllmu(lulmﬁﬂ"liﬂ\1q\iEIﬂTllﬂﬂslluiJﬂ"llliJLLﬁﬂ@Niﬂﬂuﬂ

]
Y

o ) ~ =) ~ a Aa o A o 1 Ao 9 ' v =
ﬂ']_ILL‘UTJi]”Ia@\TVIulll3JﬂllTNLﬁﬂﬂV]Tuﬂilﬁmﬂﬁﬁuﬂﬂﬂﬂjﬂﬂ IﬂfJﬂTVIﬂTu’JmulﬂLmﬂﬁ"NﬂuLWﬂQ
1 09/1 I a 1 A o o o v 1 a day yxa =t =
2-5% 1MUY Llﬁgiuﬂ'ﬂlll'ﬂLli]i\ﬁ‘éﬂ’i7]1\‘1N’JﬁllNﬁﬁ?ﬂﬂﬂll@’Jf’)fﬂﬂWuﬂuulﬂll‘ﬂ’.l"llllﬁﬂﬂﬂ"lu‘ﬂﬂ
1 = ] 1 3 :JI A ) a S 9 9 a U
100% UAZUMTDYITSHIN 0-100% @Nuuﬂ1§1/li]gu"lNﬁﬂTi’JLﬂﬁT%WVl]lﬂll‘]J{lﬂfcluﬂ”lﬁﬂigmﬂl?n

ANuAUgIgAreIMIad mi Idaz liinaunmin lidnzdenuunlaldl¥iaw



UNN 6

a d a d
MIUAISHUASNIINGTIU

E2
A A

msaveil Iddseduanuansalunmsmanziuanud s inageganazaiy
AMuNTIRIgIgavein Tagldisnmsnageunuy CPL uag MPL ALNR939909A AU

9 =3 a 9 o = = Y] VA a 9
A ((SC) uazmmmuuﬁﬂmqqqm@wu‘lﬂgﬂumuﬂiaumﬂmmmﬂixmullﬂ

6.1 mydsziumanumunsinagage
mﬁﬂimﬁummmﬁmuﬁ@ﬂﬂqqui]1ﬂmimﬁamgﬂﬂmmuﬂ§’mﬂﬁﬂu (MPL)
vosnsnATeUfIeiniudeuassys  filvinasandiuanumdevinadurigudnaty
e (wd) asieidy 2.5 ieaunsafieuRssiumramsnagenanud s analuuny
{367 (Uniaxial compressive strength test 139 UCS testing)  18A51@IMAMMeIA0VLIAIE Y
HIgUENA19@I08 191N (L/D) MY 2.5 auAuuziiives ASTM uagimsnaaouduuls
sandmvesnnaduiguinaeiieiuiudevinadumgunmaiong (/) wadildih

a 1

v o 1 { a A
naduaudRusIEnINANUAUgIganiuan (P) uaz D/ Iimsdszdum o, A7

A o v Y 1 v o dY Y A & A dy v Ay ¥
MPL A9NINTA0LAU (Curve fit) UBIAANNUAUNUTUNAUAININ D/d = 1 6INIaual P 1/]“1@

q

a A o 1 9 = dy Y
%Nmmu@umm”mammumaﬂﬂqmﬂimmumEn (GC) Gl,umimﬂﬂz:l,uum%ﬁm”ﬁa%

dl 1 d‘ 9 Y 1T W
aumsnoeglugii 4.40 vz Idmanudunsinagegaming 63 MPa

6.2 mydsziumanuiunsinagga
mstsziiumanudiunssdsgeganinmsnaaeuganauuulsunlasy  (MPL)

asolsziuar1dannsnadoud108 19 uNIMIAULTVUIAEATIEIUANUH LA

] 4

Y o 1 1 v o d 1
muWﬂlﬁ'luN"lﬁuEJﬂﬂNﬁ’Jﬂﬂ (t/d) Iﬂﬂ‘ﬂWﬂﬁ@ﬂLé}u Curve fit UBIAIANUTUWUTITUINAINY

U
v

a { & o ! o3| [
Wugaganiunan (P) uag vd 1 vd = 20 Fuduanumnimsuandunoudnyuzveans
A4 (Extension)  91NMINATOUAIDINAUOOUATZYTWUIUNRIMINITAD Curve fit  V0IA1

v o Jdo J { 1 1w [
ANUAUITUTAINA 1T AU vd = 20 vzlimanudugege (P) 110U 570 MPa  Asuaaslu
A 9 o a P o = A
JUN 439 vagwamslduuuiiaeanineunuaes NIMsANYINANTEN VIR J1IN

v
1w 1 Y Y o ' Y
524 fM19ATIFIUUDN -P/('_Y2 MDY 52 ANUU ﬁ'lll'lii]ﬂ1u3mﬁ1ﬂ1ﬂ31ﬂ@]1ul!iﬂﬁﬂq\‘lQ'WU?N

[ 1 a 1 Y 1w
G]’J?JEJNWH?JE]uﬁiZugquﬂﬂ‘U 11 MPa



136

a d = =
6.3 ﬂ]ﬁWg%u!mZﬂ]‘i!ﬂﬁﬂﬂ!ﬂﬂU
4 v A A o Y a 4 =
@ﬂﬂizmﬂViaﬂﬂmwemuawauazumﬂwwqwuazﬁaumquygmmmi
[ a = 1 a 4 = =\ I 1 9
ﬂﬂﬁﬂﬂﬂﬂﬂﬂllﬂﬂﬂiﬂlﬂﬁﬂu WQ%%LLUQﬂTﬁWgﬁ]HLLﬁ&ﬂ?EJ‘]JWIEJU’E]i’)ﬂLl]u ATAITUATULIINA
qIEA 1AZAIANATULTIANGIEA MuTIoaziBeamsnagonluuni 4

MINATOUMDINAUYTADY 9 NupNMilonIndI0dNHUGIUAIZYS FTAVY

'
a a

) A Y 1 a [ Y o 1 a 4
Auminmaaeumuilszneudiededeiuluiimiaaszys aregrnuunan Inwd
Tdnanys uazdedriuniielanniie Janiauasswdu  Iaelszneudlomsnaaou

k4
usenaluunufe) MINATOUUTIAWVLUTIFA MINATOUIANALLUAUAN LAZMINATDL
yanauuulsunlaeu
9

mMsdsziliuanuango lumMImaazIuYeINSNATILYANALLLAYIAN 13D
CPL testing 97 Ingldmaaiivesmsnadouguaienined 24 musmuziiives ASTM @i
msnadeuanauuUliunlasunse MPL testing @10130A1AAZILAIANINAIULIINATIFA
awi ldnanunluiaden 6.1

A = ~ U . A Ay v

19NN 6.1 L“]JiEJ‘UmEliJﬂm’Jmﬂmjﬂf‘m (Compressive strength 1139 G) n1dan

MINATOVITI (210 UCS test) HagmIANNAMNAIUITINAgIgan laninmsmaaziulag CPL
<3 ' a A qs: a
testing 1Az MPL testing 921%u 1411m3manziuANNNAgIgaueIiud10359anauu s A
9 1 d! 1 d' 9y a a d! A 1A 1 9
vz Idmszana 2 MATIeImMNUNITeIHUFINoAANAIAIN AIUNIAIAAZIY G, AIY
misnadeuyanauuulsulasu (MPL) vz lamndifiesndt daudian MPL §alvian o, Aigend
1 a 3 a a 1 1 A < [ A a '
ANnsuworuuaziusou uawad lanazlndifesnua o, Auesannniimsmiaaziu
A28 CPL
9 = . Y A A

MIAAALIUANWATULITIADINWNAYDL MPL testing 92 Idnaniian1gananainm
Y, o A Y, = A o A Y,
Aunsseimadeu ldvninmsnadounsswuLUTIFa Uszum 30-50% Metio1vazeiuield
kY 1 @ Y @ 1 a . A Y
AIANNUANANVYBINITNIZDIIAIVOIANUAU TUAIBINHY  (Stress  gradient) N1 TUNS
NATOUUTIAWUVUTIF waglumsnadouyanauuulSunlaeu

A g A o = ~ ' Y = 9 =

meumsigaruazn/TsuMesunaueInIANNAIULTIAIAIENINATDULIIAY
HUUAN 9 FuenmieninamInageumanum U IAsgegatedn  ldkimsnadeu
AN 52 NEUAIINMTNATOULTIAWVLIUHIY LAZMINATOUUTIAWLUMINATYIA 1ag
T¥dedriusouaszyiiiesodiufer namsnagounuI MInadoUNIIAWLLILHIUTE
[ 9 = d' S d' 9 [ d'
MANUAUUIIRIGIgANINAIgA tazlinanaaionadounlgnsnaaauyanauuulsunlasy
MINATOVUTIAWUUMINATYA LAZMINATOUUTIAWUVUTIFaMNEIAY 1HDINNHANTZNL
YBIANUUANANIVDINITNTENIAIV0IANUAUTUAI08197 Y (Stress gradient)  Tuupazdd
msnadey awaadlua1sni 6.2 FANuFUY0IANUAY (Stress gradient) vz Tim1gad1msy
MINATOVUTIAWULNUNIU tazdzlinnanadud sy MPL wazmsasuuunadya lagi

MINATOULTIAWVVUTIFarzlinnudFuvesnnuduiiosnge



137
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M1519N 6.1 ﬂﬁl‘ﬂifJ‘]JL‘VIEJ‘]JNﬁ"‘l]ﬁ]x‘iﬂWﬂ’ﬂiJ@ﬂLlLLi\‘Iﬂmm%uﬁﬂﬂ@:ﬂq’ﬂ 531{?’313[3\!?11/]]1@]

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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(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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