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`HQt
V}=tR; |a=HDQ= pwOt |DNU pwOt |q=@ pmWQ}}eD |q=@ VvD C@Uv Ci=W pw] |tU= Q]k ẁv

h}OQSPT u}tR x}=B x}=B OL QO x}=B OL QO x}=B |Qeq x}=B x}=B |x}q
u}tR QO (ES) (EP ) (kP ) (�d) |L=Q] (qd) |L=Q] x}=B (Lt) (DP ) l =N
(Navg) (MPa) (MPa) (MN/m3) (mm) (kPa) (Lt=DP ) (m) (m) UCS

[10] 7 8 64 349 105 1 12 1 1267 8 2 63 2 40 0 914 ML 1
[10] 8 10 252 64 1 13 2 847 5 2 36 1 80 0 762 ML 2
[10] 16 19 7 199 94 2 11 6 1115 7 4 3 70 0 914 ML, SM 3
[10] 8 10 236 83 6 15 3 1275 5 2 76 2 10 0 762 ML, SM 4
[10] 10 12 6 190 83 1 12 9 1067 7 3 15 2 40 0 762 ML 5
[10] 10 12 6 304 83 9 8 7 727 8 3 15 2 40 0 762 CL, ML 6
[10] 10 12 6 153 103 7 11 1 1153 9 4 46 3 40 0 762 CL, ML 7
[10] 30 31 7 215 126 5 12 1 1533 8 3 15 2 40 0 762 ML, SM 8
[10] 14 17 5 150 80 9 16 1292 8 3 15 2 40 0 762 ML, SM 9
[10] 10 12 6 194 115 1 10 2 1168 3 3 94 3 0 762 ML, SM 10
[10] 5 5 84 208 49 9 12 598 5 4 16 3 80 0 914 ML 11
[10] 6 7 26 199 50 2 9 2 452 5 14 4 70 0 914 ML 12
[10] 7 8 64 201 58 6 11 6 694 3 3 72 3 40 0 914 ML 13
[10] 10 12 6 353 97 7 6 5 633 5 3 15 2 40 0 762 ML, SM 14
[10] 11 13 9 345 69 2 15 9 1101 2 3 94 3 0 762 SM, ML, CL 15
[10] 5 5 84 234 93 6 6 7 817 3 44 2 10 0 610 ML 16
[10] 3 2 9 206 56 2 11 5 646 4 3 54 2 70 0 762 ML 17
[10] 5 5 84 215 118 6 7 7 911 3 3 93 2 40 0 610 MH 18
[10] 9 11 3 115 102 6 12 6 1311 9 2 76 2 10 0 762 ML 19
[10] 3 2 9 176 80 3 15 7 1259 7 3 15 2 40 0 762 ML 20
[10] 6 7 26 230 96 7 6 746 9 3 15 2 40 0 762 ML 21
[10] 15 17 6 117 62 7 15 3 957 6 3 15 2 40 0 762 ML, SM 22
[10] 6 7 26 184 65 7 6 502 7 2 36 1 80 0 762 ML, SM 23
[10] 10 12 6 313 68 7 13 9 957 6 3 94 3 0 762 ML, SM 24
[9] 2 5 152 44 1 10 441 3 67 2 80 0 762 CL 25
[9] 2 5 193 43 2 13 562 6 69 5 10 0 762 CL 26
[6] 30 123 61 7 8 475 3 30 2 50 0 762 CL 27
[6] 30 220 102 12 5 1278 2 76 2 10 0 762 ML 28
[8] 4 6 197 16 12 2 415 3 60 2 70 0 762 CL 29
[8] 4 6 285 62 7 5 480 6 60 5 05 0 762 CL 30

94



95

Ovtw
Q}vu

ty@ "u=Q}= �QyWw@ QOv@� ?wvH QO xOW=QH= |D=k}kLD |xSwQB l} QO |W@wm |}xR} QovU |=yx}=B |Q=PoQ=@ V}=tR; G}=Dv w |UOvy C=YNWt "2 pwOH
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|DNU pwOt x}=B |q=@ pmWQ}}eD |Qeq C@Uv Ci=W pw] |tU= Q]k |x}q ẁv

h}OQ(kP ) x}=B (�d) |L=Q] OL QO x}=B (Lt) x}=B (DP ) x}=B l =N
(MN/m3) (mm) (Lt=DP ) (m) (m) UCS

[12w11'7] 164 9 7 2 60 0 35 0 135 ML 1
[12w11'7] 152 9 4 10 0 55 0 135 ML 2
[12w11'7] 211 10 2 5 20 0 70 0 135 ML 3
[12w11'7] 210 10 3 6 30 0 85 0 135 ML 4
[12w11'7] 359 10 8 7 41 1 0 135 ML, CL 5
[12w11'7] 165 12 8 8 89 1 20 0 135 ML, CL 6
[12w11'7] 268 9 30 10 1 35 0 135 ML, CL 7
[12w11'7] 231 11 11 11 1 5 0 135 ML, CL 8
[12w11'7] 347 7 2 9 50 1 0 105 ML 9
[12w11'7] 265 8 2 7 40 1 0 135 ML 10
[12w11'7] 215 12 6 6 45 1 0 155 ML 11
[12w11'7] 146 13 1 5 40 1 0 185 ML 12
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|ak=w T=}kt =@ |W@wm |}xR} QovU |=yx}=B |DNU pwOt C=Q}}eD "7 pmW
"=yx}=B pw] R= |a@=D CQwYx@

|ak=w T=}kt =@ |W@wm |}xR} QovU |=yx}=B |DNU pwOt C=Q}}eD "8 pmW
"=yx}=B |Qeq C@Uv R= |a@=D CQwYx@

T=}kt =@ |W@wm |}xR} QovU |=yx}=B |q=@ CUWv C=Q}}eD |xU}=kt "3 pmW
"=yx}=B pw] R= |a@=D CQwYx@ |L=Q] OL QO |ak=w

T=}kt =@ |W@wm |}xR} QovU |=yx}=B |q=@ CUWv C=Q}}eD |xU}=kt "4 pmW
"=yx}=B |Qeq C@Uv R= |a@=D CQwYx@ |L=Q] OL QO |ak=w
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ty@ |q=@ CUWv u}ov=}t R= u=wD|t =yx}=B |DNU pwOt |x}rw= u}tND |=Q@
pwOt G}=Dv |xU}=kt "OQm xO=iDU= �QDt|r}t 11 35� |W@ wm |}xR} QovU |=yx}=B
V}=tv 10 pmW QO |W@ wm |}xR} QovU |=yx}=B QO |ak=w w xOWx@U=Lt |DNU
u}ov=}t R= xO=iDU= =@ 'OwW|t xOy=Wt QwmPt pmW QO xm Qw]u=ty "CU= xOW xO=O
R Q=Okt 'x}=B |DNU pwOt |x@U=Lt |=Q@ |ak=w T=}kt =@ |=yx}=B |q=@ CUWv

"CU= xOt; CUOx@ 0 7060 Q@=Q@
|W@ wm |}xR} QovU |=yx}=B |DNU pwOt G}=Dv p}rLD 'VywSB u}= QO u}vJty
|x]@=Q =yx}=B u}= QO xm CU= xO=O u=Wv Q]k Q}}eD w C@=F pw] =@ \UwDt T=}kt =@

%CU= jO=Y 7 =} w 6
kP 1D2

P 1 = kP 2D2
P 2 (6)

%=}
kP 1=kP 2 = C(DP 2=DP 1)2 (7)

Q]k x@ x}=B |DNU pwOt kP 2 w DP 1 Q]k x@ x}=B |DNU pwOt kP 1 '=yu; QO xm
C=Q}}eD '11 pmW "CU= xOW pY=L C = 1 '|@=} RQ= u}= QO "OvDUy DP 2

|}xR} QovU |=yx}=B QO|ak=w w xOWx@U=Lt|DNU pwOt G}=Dv |xU}=kt "10 pmW
"|W@wm

=@ |=yx}=B |tU= Q]k swO u=wD w |DNU pwOt ?Q[pY=L C=Q}}eD "11 pmW
|=yQ]k w QDt|r}t 1000C@=F pw] =@ |=yx}=B|tU= Q]k?UL Q@\UwDt T=}kt

"QDt|r}t 185 w 155 '135 '105

'x}=B |q=@ VvD 'x}=B Q]k 'x}=B pw] 'OQivt |W@ wm |}xR} QovU |=yx}=B QO OvJ
QO QF-wt |=yQDt=Q=B xrtH R= x}=B |a=HDQ= pwOt w |]}Lt l =N |a=HDQ= pwOt
QwmPt |=yQDt=Q=B R= l} Qy x@ |yHwD|@ xm 'OvDUy =yx}=B |q=@ CUWv |x@U=Lt
Ov=wD|t 3 |xrO=at '=v@t u}= Q@ "OwW x@U=Lt |=]N u=R}t uDiQq=@ ?Hwt Ov=wD|t
OvtOwU |L=Q] OL QO |W@ wm |}xR} QovU |=yx}=B |q=@ CUWv |x@U=Lt QO
'CUWv |x@U=Lt QO QF-wt |=yQDt=Q=B ?=UDL= =@ 3 |xrO=at 'xar=]t u}= QO "OW=@
1 pwOH QO xOWx�=Q= |=yxO=O |wQ Q@ uw}UQoQ p}rLD R= pY=L G}=Dv T=U=Q@

%CU= xOt; CUOx@
�t = (qtLt=ES)IP (3)

ES 'x}=B |q=@ QO |r=ta= VvD qt 'x}=B |q=@ CUWv �t 'x}=B pw] Lt 'u; QO xm
|x@U=Lt |=Q@ "OvDUy CUWv Q}F-=D ?} Q[ IP w |]}Lt l =N |a=HDQ= pwOt

%OwW|t xO=iDU= 4 |xrO=at R= IP
IP = [C1 + C2(ES=EP ) + C3LN(Lt=DP )] (4)

|a=HDQ= pwOtEP 'x}=B |QeqC@UvLt=DP 'x}=B|tU= Q]kDP '|@=} RQ=u}= QO
C3 = �2 7� 10�4 w C2 = 9981� 10�4 'C1 = 3=46� 10�4 'x}=B
|q=@ QO |ak=w w xOWx@U=Lt |L=Q] OL CUWv G}=Dv |xU}=kt '9 pmW "OvDUy
xOy=Wt QwmPt pmW QO xm Qw]u=ty "OyO|t u=Wv =Q |W@ wm |}xR} QovU |=yx}=B
'|L=Q] OL QO =yx}=B |q=@CUWv |x@U=Lt |=Q@ 1 |xrO=at R= xO=iDU= =@ 'OwW|t
=Q |@ wN Q=}U@ j=@]v= OQwt u}= QO xm 'CU= xOt; CUOx@ 0 9609 Q@=Q@ R Q=Okt

"OyO|t u=Wv |ak=w G}=Dv w xOWx@U=Lt G}=Dv u}@
%OwW|t xO=iDU= 5 |xrO=at R= R}v (kP ) x}=B |DNU pwOt u}tND |=Q@

kP = qd=�t (5)

|L=Q] OL Q=@ Pd 'x}=B |q=@ QO |L=Q] OL VvD qd = Pd=AP 'u; QO xm
w Q=@ Q}O=kt CUQO u}tND '5 |xrO=at QO "CU= x}=B |tU= `]kt K]U AP w
|W@ wm |}xR} QovU |x}=B |DNU pwOt QDy@ u}tND ?Hwt |L=Q] OL CUWv

"OwW|t OQivt

|=yx}=B |q=@ QO |ak=w w xOWx@U=Lt |L=Q] OL CUWv G}=Dv |xU}=kt "9 pmW
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|q=@ CUWv |x@U=Lt |=Q@ 5-88 |xOwOLt QO u}tR |a=HDQ= pwOt x@ x}=B
|a=HDQ= pwOt 'x}=B |q=@ VvD 'x}=B Q]k 'x}=B pw] |=yQDt=Q=B ?UL Q@ x}=B
j=@]v= xm CU= xOt; CUOx@ |}xrO=at 'x}=B |a=HDQ= pwOt w |]}Lt l =N
u}tND u}= "OyO|t u=Wv |ak=w G}=Dv w xOWx@U=Lt G}=Dv u}@ =Q |@ wN Q=}U@
R= x}=B |q=@ CUWv xmv}= R= u=v}t]= w xO=U '|L=Q] |UQQ@ C=yH R= Ov=wD|t

"OW=@ OvtOwU 'OwQv QD=Qi R=Ht CUWv
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QO u}=Q@=v@ "OyO|t u=Wv =Q Q]k Q}}eD w C@=F pw] =@ |=yx}=B |tU= Q]k ?UL
CQwY QO u=Um} pw] =@ w pLtl} QO xOW=QH= OQivt |W@ wm |}xR} QovU |=yx}=B

"OQm u}}aD 6 |x]@=Q R= u=wD|t =Q x}=B |DNU pwOt 'x}=B Q]k Q}}eD
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|x}=B 30 |wQ Q@ |Q=PoQ=@ V}=tR; R= xOt;CUOx@ |=yxO=O 'VywSB u}= QO
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|}xR} QovU |x}=B 12 |wQ Q@ |Q=PoQ=@V}=tR; R= xOt;CUOx@ |=yxO=O R=|WN@ R}v
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