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G}=Dv |DWoQ@ p}rLD R= xO=iDU= =@ |ovU
%|OQwt |xar=]t� xLiY |Q=PoQ=@ V}=tR;

�|Q=}DN@ OU
�Q=}O=DU=� �|v=OR} OwtLt

�OWQ= T=vWQ� � |}=RQ}t Q=ta
TQOt C}@ QD x=oWv=O 'u=Qta |UOvyt |xOmWv=O

xRQO w Qm@ nvU pt=a wO x@ u=wD|t =Q |ovU |xOwD l} QO xOt;OwHwx@ |=ypmWQ}}eD
|v=Uty=v w |DNU Vy=m Ovv=t |tyt C=QF= 'xRQO |=y|oS} w x=oO}O u}= QO "OQm s}UkD
|x@U=Lt QO xm 'xRQO |WQ@ w s�=k |DNU u}@ u}= QO "OvQ=Po|t |ovU |xOwD Q=DiQ QO

u}= QO "OvQ=O |O=} R C}ty= |OOa |=y|R=UpOt QO 'OvwW|t xO=iDU= =ypmWQ}}eD
|=Q@ |Q=}DN@ OU QO xLiY |Q=PoQ=@ V}=tR; G}=Dv w |OOa VwQ j}irD R= VywSB
V}=tR; xU |R=Ux}@W w |DWoQ@ p}rLD =@ "CU= xOW xO=iDU= =y|DNU |x@U=Lt

xOW x@U=Lt hrDNt |xRQO xU |=Q@ |WQ@ w s�=k |DNU |OOa Q=Okt 'xLiY |Q=PoQ=@
|=yQ=Owtv w pmWQ}}eD pwOt Q=Okt |xU}=kt T=U=Q@ |DWoQ@ p}rLD |=]N Q=Okt "CU=
|}x]@=Q 'C}=yv QO "CU= xOW |UQQ@ |R=UpOt w V}=tR; u=}t |Q=PoQ=@ � pmWQ}}eD

"CU= xOW xOy=Wt =yv; |=y|DNU w =yxRQO |oOvvmQ)B ẁv u=}t

myazdani@modares.ac.ir
ammar.mirzayee@gmail.com

|DNU '|DWoQ@ p}rLD 'xLiY |Q=PoQ=@ V}=tR; 'nvU |xOwD %|O}rm u=oS=w
"|WQ@ w s�=k

xtOkt "1
w x=oCN=U QO |}=QLY V}=tR; OvJ G}=Dv R= xO=iDU= =@ xm CU= u; VywSB u}=
|=ynvU |xOwD p}rLD QO R=}vOQwt |rY= |=yQDt=Q=B R= |m} '|OOa |R=UpOt
xOW x@U=Lt ,=t}kDUt 'CU=y|oDUw}B=v |WQ@ w s�=k |=y|DNU u=ty xm 'Q=OxRQO

"CU=
|ovU |xOwD R= |DtUk Q@ xOQDUo Q=@ l} 'xLiY |Q=PoQ=@ V}=tR; QO
ISRM "OvwW|t |Q}oxR=Ov= |Q=PoQ=@ |xLiY Q} R |=ypmWQ}}eD w p=ta=
u}= "Ovm|t O=yvW}B pmWQ}}eD pwOt Q=Okt |x@U=Lt |=Q@ =Q |OQ=Ov=DU= \@=wQ
|]N Q=DiQ =@ w u=Uty 'uoty 'xDUw}B \}Lt l} =Q |ovU |xOwD \@=wQ
|=yVywSB QO p} w@ [2]"Ovm|t ZQi C}=yv|@ xt}v |=[i l} QO 1�CHILE�
R= ISRM |D=@U=Lt |=yVwQ x=Qty x@ C=}[Qi u}= xm CU= xO=O u=Wv OwN
|=y|Q}oxR=Ov= jta Q=Okt w C}=yv|@ xt}v |=[i 'uwU=wB ?} Q[ Ovv=t |OQ=wt
|DUQO x@ O}=@ xm ISRM C=}[Qi u} QDsyt R= |m} [3]"CU= Q}PB QF= =ypmWQ}}eD
nvU |xOwD Ca}@] "CU= |ovU |xOwD |v=Uty ZQi 'OwW xO=iDU= u; R=
pt=m |v=Uty =@ |O=} R Q=}U@ |xrY=i xQ=wty =y|oDUw}B=v OwHw p}rO x@

"OQ=O
|rY= pt=a wO C=YNWt x@ |rm CQwYx@ |ovU |xOwD Q=DiQ x=oO}O l} R=

|xOwD Q=DiQ QO |yHwD p@=k QF= 'nvU QO ha[ pt=a l} u=wvax@ =y|oDUw}B=v
QO u; |=y|oS} w |}=U=vW '|oDUw}B=v |a}@] C}y=t x@ xHwD =@ "OvQ=O nvU
=y|oS} w u}= R= |NQ@ [1]"CU= Q=wWO w Q@u=tR 'xv} RyQB Q=}U@ =HQO C=ar=]t
w C=ar=]t =@ =yxRQO |oOv@UJ w l =m]Y= |x} w=R '?}W w CyH |x} w=R Ovv=t
|DNU Ovv=t |}=yQDt=Q=B Q=Okt u}}aD |rw 'OvwW|t |}=U=vW pLt QO |=yV}=tR;

"CU= xOw@ wQ@ wQ |O=} R |=y|Q=wWO =@ xQ=wty |WQ@ w s�=k
Q=vm QO xm 'OvDUy =yxRQO |m}v=mt |=y|oS} w R= |DtUk '|WQ@ w s�=k |DNU
|oDUw}B=v QF= "OvyO|t Q=Qk OwN Q}F-=D CLD =Q |ovU |xOwD Q=DiQ '=y|oS} w Q}=U
u; |=ypmWQ}}eD Q=Okt w VvD `} RwD |xwLv pt=W xm '|ovU |xOwD Q=DiQ QO
u}= QO "OQ=O |vD@ |=yOU |=yx=ox}mD |L=Q] w p}rLD QO |O=} R C}ty= 'CU=
xDUO xU |WQ@ w s�=k |DNU Q=Okt 'nvU |xOwD Q=DiQ QDj}kO |UQQ@ |=Q@ Q=DWwv
|=yV}=tR; |DWoQ@ p}rLD R= xO=iDU= =@ |Q=}DN@ OU x=oCN=U QO X=N |xRQO
s=Hv= VwQ |oS} w "CU= xOW x@U=Lt xOW s=Hv= xSwQB u; QO xm 'xLiY |Q=PoQ=@

pw�Ut xOvU} wv �
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"OU x=oCN=U pLt QO s�=k |=yxRQO "1 pmW

u; QF= R= V}=tR; K=Q] 'u}}=B Q=}U@ Q=QmD p}rO x@ xm 'CU= xOW xOy=Wt \=kv
"CU= xOQm Q_vhQY

600�60 OwOL 3|Q=OxrY=i 'ODtt w |ki= C=LiY =@ pw= |xRQO |xDUO
CUOu}}=B QO =yxRQO u}= 4?}WCyH "Ov=xOW |}=U=vW Bedding s=v w QDt|r}t
QO xm Qo}O |xRQO |xDUO "CU= xHQO 30 OU CUOq=@ QO w xHQO 215 OU
5?}W w xHQO 310 ?}W CyH xm CU= xOW |Q=Pos=v J1 'OQ=O OwHw OU QwLt
xOW xOR u}tND QDt =yxO =D QDt u}OvJ R= =yxRQO u}= sw=OD "CU= xHQO 70�40 u;
75�35 ?}W w xHQO 125 ?}W CyH w J2 s=v =@ swU |xRQO |xDUO "CU=
3 u}= |=y|oS} w "CU= QDt u}OvJ =D QDt|Dv=U u}OvJ u}@ |rw] |=Q=O xHQO
V}=tR; |R=UpOt |=Q@ '1 pwOH QO xOWs=Hv= |=yV}=tR; pLt QO xRQO xDUO

"CU= xOW x�=Q=
|y=oW}=tR; |=yV}=tR; R= =y|oDUw}B=v |Dtw=kt w |rmWQ}}eD |=y|oS} w
T=U=Q@ xOWx@U=Lt O=Oa= |=v@t "CU= xOt; CUOx@ xRQO xDUO 3 Qy Q@ xOWs=Hv=

"CU= Q=wDU= |y=oW}=tR; s}kDUt V}=tR; 86

C@=F =@ 'pwtat |y=oW}=tR; w |OOa |=yVywSB QO "OQ=O |oDU@ xRQO w Qm@nvU
|Q=DiQ |=yQDt=Q=B QO =Q Qo}O pt=a QF= 'pt=a wO u}= R= |m} C=YNWt uDiQoQ_vQO
Qm@ nvU |rY= |=y|oS} w "Ovvm|t |UQQ@ pmWQ}}eD pwOt Ovv=t nvU |xOwD
x}yD u=QoWywSB\UwD OQwt u}= QO |i=m C=aq]= w |UQQ@ |Q=}U@ |=yV}=tR; QO
|=yQ=}at w s=Hv= |O=} R |=yVywSB R}v =yxRQO |=y|oS} w OQwt QO [4]"CU= xOW
QO xm |y=oO}O [5]"CU= xOW x�=Q= nvU |xOwD QO xRQO QF= hYw |=Q@ |Dw=iDt
=} Qm@ nvU w xRQO u=tRsy QF= |UQQ@ 'CU= xOW xO=O C}ty= u; Q@ xSwQB u}=

"CU= |ovU |xOwD Q=DiQ u=ty
QO |Q=}DN@ x=owQ}v w OU |xSwQB QO xOWs=Hv= |}=U=vW C=ar=]t R= Q=mu}= |=Q@
C=ar=]t sHL uOw@xk@=U|@ seQ|ra [6]"CU= xOW xO=iDU= 1386�88 |=yp=U
|}=U=vW |=Q@ =HQ@ V}=tR; l} \ki 'u=Q}= QO xSwQB u}= nvU l}v=mt |}=U=vW
G}=Dv "CU= xOW s=Hv= 2VQ@ V}=tR; u=wva =@ =yxRQO |m}v=mt X=wN s}kDUt
|i=m Q=@Da= Ok=i u; |=QH= X=N \}=QW w OOHt s=Hv= sOa p}rO x@ V}=tR; u}=
R= xO=iDU= =@ =D CU= xOW |aU VywSB u}= QO "CU= s}kDUt |xO=iDU= |=Q@
l} Qy xm 'OU x=oCN=U hrDNt \=kv QO xLiY |Q=PoQ=@ |=yV}=tR; G}=Dv
u}= G}=Dv u}vJty "OwW x@U=Lt =yxRQO |DNU 'CU= V}=tR; u}OvJ u}ov=}t
"OvyO|t V}=tv =Q |ovU |xOwD |v=Uty=v QO =y|oDUw}B=v QF= OwN =yV}=tR;
|Q=PoQ=@ V}=tR; w xOW XNWt |}=yv hOy `@=D |DWoQ@ p}rLD s=Hv= |=Q@
V}=tR; 3 |=Q@ |=y|R=UpOt "CU= xOW |R=UpOt Udec Q=Ri=sQv QO xLiY
xOW x@U=Lt pmWQ}}eD pwOt Q=Okt w s=Hv= hrDNt A}O |=}=wR |=Q@ |rY=

"CU=

|Q=}DN@ OU x=oDN=U nvU l}v=mt C=ar=]t "2
|wQ Q@ TQo =R |=yxwm |@ Qe ?wvH |=yxvt=O QO |Q=}DN@ x=owQ}v w OU x=oCN=U
|=yxQ=w}O |=Ovr@ =@ j}ta |}xQO QO x=oCN=U "CU= xOW `k=w |Q=}DN@ |xv=NOwQ
|U}r}U ly; |wQ Q@ xOta Qw] x@ w QDt 35 hm ZQa =@ w QDt 500 Q@ dr=@
|=y|oOQwNu}J R= |W=v x}L=v u}= |=y|oDUw}B=v "CU= xDiQo Q=Qk lwQU
xOW xO=O V}=tv x=ox}mD pLt QO 1 pmW QO xm 'CU= TQo =R xwm xDWQ
|Qr=o QDt 3500 OwOL x=oCN=U u}= nvU |=y|oS} w |}=U=vW |=Q@ "CU=
C}=yv QO "CU= xOW QiL |i=WDm = |xv=to QDt 17000 R= V}@ w |i=WDm =
w |B R= QDt 315 `=iDQ= =@ |Uwk wO |vD@ ẁv R= OU x=oCN=U u}= |wQ Q@
Oy=wN xDN=U C=w=ot 1500 C}iQ_ x@ |v}tRQ} R x=owQ}v w QDt 434 G=D pw]

[7]"OW
xOW s=Hv= hrDNt |L=wv R= xOWxDiQo |=yxRet |wQ Q@ |O=} R |=yV}=tR;
u=}t Qm@ nvU X=wN u}@ O=} R Cw=iD OwHw sOa Qov=Wv =yu; G}=Dv xm 'CU=
xQwLtlD |Q=Wi Ctw=kt 'V}=tR; 162 G}=Dv T=U=Q@ "CU= xOw@ hrDNt |L=wv
110� 30 `=@W= |=yxvwtv |=Q@ w p=mU=B=ot 125� 40 lWN |=yxvwtv |=Q@
|=Q@ |v=UWm pwOt u}ov=}t Q=Okt u}vJty "CU= xOW |Q}oxR=Ov= p=mU=B=ot
pwOt Q=Okt |Q}oxR=Ov= |=Q@ "CU= xOW x@U=Lt p=mU=B=o}o 69� 10 Qm@ nvU
w Q_vhQY VvQm � VvD Q=Owtv Q@ =HQ@ VvD |x}rw= C=QF= R= Qm@ nvU |v=UWm

[7]"CU= xOW xDiQo Q_v QO |]N |x}L=v \ki
|rY= |xDUO 3 x@ 'OvDUy \=@DQ= QO OU |xvO@ QwLt =@ xm |rY= |=yxRQO
xm CU= Qo}O |xRQO xDUO wO w |ki= |xRQO xDUO l} pt=W xm OvwW|t s}UkD
|NQ@ QO R}v Qo}O |xRQO l} "Ovvm|t `]k s�=k |x} w=R x@ =Q Qo}Om} ,=@} QkD 3 Qy
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"|ki= w s�=k CQwYx@ |i=WDm = |=y|Qr=o QO xLiY |Q=PoQ=@ V}=tR; "2 pmW

|OOa |R=UpOt "4
Kr=Yt |=y|oS}w "1"4

|xOwD l} QO xOt;OwHwx@ |=ypmWQ}}eD 'CU= xOW xDio QDW}B xm Qw]u=ty
?re= xm 'Qm@ nvU R= |W=v |=ypmWQ}}eD "1 %OvwW|t s}UkD xDUO 2 x@ |ovU
QHvt xm '=y|oDUw}B=v R= |W=v |=ypmWQ}}eD "2 &OvwW|t ZQi |]N CQwYx@
|=y|oS} w pt=m |R=UpOt |=Q@ "OwW|t nvU |xOwD Q=DiQ QO |v=Uty=v O=H}= x@
<=RH= VwQ R= xm Q=Ri=sQv u}= QO "CU= xOW xO=iDU= Udec Q=Ri=sQv R= |oDUw}B=v
u=}t Kw]U w s}UkD Q}PBpmWQ}}eD |=ylwr@ x@ xr�Ut |xUOvy 'OQ@|t xQy@ =RHt

[8]"OwW|t xDiQo Q_v QO xRQO u=wvax@ Q=Ri=sQv \UwD =ylwr@
Q_v QO 0 2 uwU=wB ?} Q[ w p=mU=B=o}o 70 |v=UWm pwOt Qm@ nvU |=Q@
|=yC@=F 'Itasca CmQW |=yQ=Ri=sQv Q}=U Ovv=t Udec Q=Ri=sQv "CU= xOW xDiQo
|=Q@ =yv; Q=Okt xm Ovm|t Ci=} QO |WQ@ w lr=@ pwOt OOa wO T=U=Q@ =Q u=UWm

"=yxRQO |UOvy |=yQDt=Q=B u}ov=}t "1 pwOH
|oOWR=@ ?}W ?}W CyH |Q=OxrY=i xRQO
(mm) (deg) (deg) (cm)

0 5 0 215 40 Bedding

0 5 55 310 40 J1
0 5 55 125 30 J2

"|y=oW}=tR; G}=Dv u}ov=}t T=U=Q@ =yxRQO |Dtw=kt |=yQDt=Q=B "2 pwOH
Ov=tUB xv}W}@ xRQO ẁv

� (deg) C (MPa) � (deg) C (MPa)

33 0 44 0 28 Bedding

32 0 35 0 25 J1
36 0 38 0 45 J2

2 pwOH QO =yv; Q}O=kt w xOW xDiQo u}ov=}t |]N CQwYx@ xOt;CUOx@ G}=Dv
"CU= xOW x�=Q=

xLiY |Q=PoQ=@ V}=tR; G}=Dv "3
x=oCN=U u}= QO 'nvU |xOwD |Q}PBpmWQ}}eD pwOt Q=Okt u}}aD Qw_vtx@

[7]%R= Ov=CQ=@a xm 'CU= xOW s=Hv= |awvDt |=HQ@ |=yV}=tR;
�V}=tR; 84� QDtwDq}O V}=tR; �

�V}=tR; 36� |}xLiY |Q=PoQ=@ V}=tR; �
�V}=tR; 9� CND lH V}=tR; �

3 =@ ?rY |xLiY =@ |y=oDUO R= xLiY |Q=PoQ=@ |=yV}=tR; s=Hv= |=Q@
QDlJwm |xLiY R= "CU= xOW xO=iDU= QDt|r}t 650 w 915 '971 hrDNt Q]k
|=Q@ Qo}O |xLiY wO R= w p=mU=B=ot 40 |xv}W}@ Q=Wi =@ V}=tR; |Q=PoQ=@ |=Q@
|=ypmWQ}}eD "CU= xOW xO=iDU= p=mU=B=ot 20 |xv}W}@ Q=Wi =@V}=tR; |Q=PoQ=@
|Q=PoQ=@ |xLiY Q} R QO Qo}O |x]kv 4 w nvU K]U QO |Q=PoQ=@ s=Hv= R= |W=v
V}=tR; G}=Dv "CU= xOW |Q}oxR=Ov= 6GvUVWm |=yQ=R@= \UwD |QDt 3 jta =D
'2 pmW "CU= xOW |Ov@xDUO Q=@ p=ta= CyH w |rY= |xRQO xDUO 3 x@ xHwD =@
|Owta w |ki= |=yCyH QO |Q=PoQ=@ x=oDUO u=tO}J w V}=tR; |=QH= |xwLv

"OyO|t V}=tv =Q |i=WDm = |=y|Qr=o QO
w Bedding� |ki= |=yxRQO Q@ s�=k |Q=PoQ=@ |rm |xDUO wO x@ =yV}=tR;
SB12 w NJ2 'NB ?}DQD x@ =yxwQo u}= "CU= xOW s}UkD p}=t |Q=PoQ=@ w �J2
J2 |xRQO |xDUO xm CU= xOW s=Hv= |rLt QO NJ2 V}=tR; "Ov=xOW |Q=Pos=v
u}vJty "CU= xOW s=Hv= u; Q@ Owta CQwYx@ |Q=PoQ=@ w xOQm =O}B |ki= Cr=L
'CU= xOW s=Hv= O=} R |=yxRQO =@ xOWOQ )N Q=}U@ |=ynvU |wQ Q@ V}=tR; OvJ
pmWQ}}eD pwOt Q}O=kt '3 pwOH QO "Ov=xOWv xDiQo Q_v QO VywSB u}= QO xm

"CU= xOy=Wt p@=k xOW?=NDv= V}=tR; 3 |=Q@ xOWx@U=Lt
x@ 'CU=|ovU |xOwD QO|oDUw}B=v |xUOvy O}OW QF= QoV}=tv 'V}=tR; G}=Dv
|oDUw}B=v ẁv x@ xHwD =@|ovU|xOwDu}= |=Q@ xOWx@U=LtpmWQ}}eD pwOt xm|Qw]
C}ty= ,=OOHt ẁ[wt u}= "CU= Q}eDt p=mU=B=o}o 25 =D 6 R= |Q=PoQ=@ CyH w
"OyO|t u=Wv =Q |ovU |xOwD |v=Uty=v |UQQ@ QO =y|oDUw}B=v X=wN |}=U=vW
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[9]"s�=k Cr=L QO xLiY |Q=PoQ=@ |UOvy |=yC}OwOLt "3 pmW

"xLiY |Q=PoQ=@ V}=tR; |R=Ux}@W |=Q@ xOWxDN=U pOt |UOvy pmW "4 pmW

QO p} w@ "OwW xDiQo Q_v QO |irDNt OQ=wt O}=@ QF-wt jta u=R}t ?=NDv= |=Q@
jta w xOWv p�=k OwN |=Q@ |D}OwOLt Q=}at u}= ?=NDv= QO |OOa |=yVywSB
xm OyO|t u=Wv =yVywSB u}= |rw "CU= xOQm ?=NDv= QDt 110 =Q OwN |R=UpOt
|Q=PoQ=@ |xLiY Q} R |QDt 6 jta =D \ki =ypmWQ}}eD |=Q@ xOW|Q}oxR=Ov= Q=Okt
C}r@=k O=} R |=yjta QO xOt;CUOx@ pmWQ}}eD pwOt Q=Okt w CU= u=v}t]= p@=k
w CU}v pmWQ}}eD pwOt QO jta QF= |UQQ@ VywSB u}= hOy "OvQ=Ov |Q=OQ@xQy@
QDt 16 Q=Okt x@ QF-wt jta u}=Q@=v@ &CU= Q_vOQwt 'x}rw= |=yjta QO u; Q=Okt \ki
|xOwD |R=UpOt |rY= \}Lt 'xOWQmP C=L}[wD x@ xHwD =@ "CU= xOW ?=NDv=

"CU= xOW ?=NDv= 4 pmW j@=]t QDt 12 ZQa w QDt 16 `=iDQ= x@ |ovU
xOW xO=iDU= |ak=w V}=tR; |Q=PoQ=@ |wor= R= Q_vOQwt |Q=PoQ=@ p=ta= |=Q@
QO |rY= |=y|Q=PoQ=@ "CU= xOW sUQ u; |twta |wor= 5 pmW QO xm 'CU=
O=H}= |=Q@ w OwW|t s=Hv= p=mU=B=ot 15 ,=OOHt w 20 w 15 '10 '5 |xQwO 5
"CU= xOW s}UkD |r=mU=B=ot 2 5 QDlJwm |=yxR=@ x@ |R=UpOt QO QDW}@ CkO
s=o wO R= p=mU=B=ot 5 Q=Okt x@ |rY= Q=@ Vy=m =} V}=Ri= Qy |=Q@ 'Qo}O CQ=@ax@

"ISRM |O=yvW}B VwQ \UwD xOWx@U=Lt pmWQ}}eD pwOt "3 pwOH
(GPa) pmWQ}}eD pwOt VvD |xNQJ
SB12 NJ2 NB (MPa) |Q=PoQ=@
7 6

14 3 6 7 5 11
1 2
6

22 3 12 6 10 20 8
2

7 3
23 5 12 9 15 30 9

2 7
8 1

25 3 12 3 20 40 8
3

8 2
25 3 12 6 15 52 4

3 5

%CU= xOW x@U=Lt CQwY u}O@ xSwQB u}=

K = E
3(1� 2v)

= 70� 109

3� 0 6 � 3 9� 1010Pa

G = E
2(1 + v)

= 70� 109

3� 1 2 � 2 9� 1010Pa

|m}D=DU= Cr=L QO Qm@ nvU |=Q@ |WQ@ w lr=@ pwOt |xOt;CUOx@ Q}O=kt
=@ u}vJty "CU= xO=iDU= p@=k |Q=PoQ=@ ẁv x@ xHwD =@ VywSB u}= QO xm 'CU=
|=ypOt |t=tD |=Q@ |WQ@ w lr=@ pwOt Q}O=kt '|}=U=vW C=ar=]t G}=Dv x@ xHwD
CUOx@|}=U=vW C=ar=]t QO xm '=yxRQO |=y|oS} w |NQ@ "OvDUyC@=F xOWxDN=U
"CU= xOW xDiQo Q=mx@ |R=UpOt QO ,=v}a w OW x�=Q= 2 w 1 |=ypwOH QO w xOt;

|RQt \}=QW "2"4
xOW xO=O u=Wv 3 pmW QO xLiY |Q=PoQ=@ V}=tR; s=Hv= |=Q@ ASTM |rm KQ]
'=yx@r QF= R= |Q}owrH |=Q@ xm CU= xOW xQ=W= xDmv u}= x@ xt=vu}}; u}= QO "CU=
|i=WDm = |Qr=o |x@r wO R= OwN `=aW |xR=Ov= x@ smCUO O}=@ |Q=PoQ=@ |xLiY
ZQa |xR=Ov= x@ Ov=wD|t |Q=PoQ=@ |xLiY |x@r R= xrY=i [9]"OW=@ xDW=O xrY=i
QO Q}oQO |ovU |xOwD QF-wt ZQa "OW=@ V}=tR; QO Q}oQO |ovU |xOwD QF-wt
|xR=Ov= x@ QDt 10 ZQa w QDt 5 `=iDQ= x@ |Qr=o l} |=Q@ p} w@ |OOa |R=UpOt
|Q=}DN@ |xSwQB QO xOWQiL |=y|Qr=o O=a@= x@ xHwD =@ [3]"CU= xOW ?=NDv= QDt 21
|=Q@ "OwW ?=NDv= QDt 4 Ov=wD|t QF-wt ZQa |xR=Ov= 'OvDUy QDt 2� 2 OwOL xm
QO |Q=PoQ=@ QwLt R= QDt 6 QF-wt ZQa |xR=Ov= '|R=UpOt QO QDW}@ CkO O=H}=

"CU= xOW xDiQo Q_v
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[2]"OQ=O |oDU@ R}v (z) jta pt=a x@ pmWQ}}eD `@=D |=yQDt=Q=B Q@xwqa pmWQ}}eD
%OwW|t h} QaD 2 |x]@=Q CQwYx@ R}v pmWQ}}eD pwOt `@=D |x]@=Q u}=Q@=v@

Erockmass(Fdeformation; z) =

Erock mass(E; v; �; �r; c;d; �; Jkn; Jks;Z)GPa (2)

|=]N `@=D "OwW|t xO=iDU= Erock mass |=H x@ Erm R= \@=wQ sHL Vy=m |=Q@
Q=Okt =@ Fdef model |xOWx@U=Lt Q=Okt hqDN= T=U=Q@ Errdef pmWQ}}eD

%�3 |x]@=Q� OwW|t h} QaD =HQO |=yV}=tR; QO Fdef real |ak=w
Errdef = Fdefreal � Fdefmodel

Fdef real
� 100 (3)

Q=Okt hqDN= R= xO=iDU= =@ Errrm pmWQ}}eD pwOt |=]N `@=D Q=Okt u}vJty
xLiY |Q=PoQ=@ V}=tR; G}=Dv w Frm model |OOa |R=UpOt QO xOWx@U=Lt

%OwW|t h} QaD 4 |x]@=Q CQwYx@ Erm real

Errrm = Frmreal � Frmmodel

Frmtral
� 100 (4)

uDN=Uxv}tm s=Hv= |=Q@ =Q |}=yv hOy `@=D u=wD|t =]N `@=D wO u}= O=H}= R= Oa@
|x]@=Q CQwYx@ u}W}B |=]N `@=D wO Ov};Q@ CQwYx@ `@=D u}= "OQm h} QaD =]N

%OwW|t h} QaD 5
Errtotal =

q
Err2

rm + Err2
def (5)

uDN=Uxv}tm hOy =@ =Q |DWoQ@ p}rLD u=wD|t hOy `@=D u}= R= xO=iDU= =@ uwvm =
x@ xHwD =@ "O=O s=Hv= |WQ@ w s�=k |DNU |=yQDt=Q=B Q}}eD \UwD jwi `@=D Q=Okt
=D CU= sRq =OD@= 'OQ=O OwHw |WQ@ w s�=k |DNU Q=Okt |=Q@ xm 'O=} R Q=}U@ |xR=@
uOWXNWt R= Oa@ "OwW s=Hv= O=} R pY=wi =@ x}rw= |=yTOL T=U=Q@ |R=UpOt
|}=Qwm =U \UwD xm 's}kDUt |wHDUH VwQ T=U=Q@ QDj}kO Q=Okt 'x}rw= OwOL

"OwW|t XNWt 'CU= xOW O=yvW}B
Q}}eD p@=k QDt=Q=B l} \ki wrH x@ wQ s=o Qy QO s}kDUt |wHDUH VwQ QO
QDt=Q=B l} u=wD|tv R}v |r=wDt |=ys=o QO [10]"CU= |W}=Ri= =} |Wy=m CQwYx@
QO u=wD|t x=ov; "OwW =]N `@=D V}=Ri= Ea=@ QDt=Q=B Q}}eD xmv}= =D 'O=O Q}}eD =Q
Vy=m x@ QHvt sy R=@ xm |DQwY QO w O=O Q}}eD =Q QDt=Q=B �|ivt� Tma Q@ CyH
xt=O= |}=H =D OvwQ u}= "Ovm Q}}eD ,=OOHt |Oa@ s=o QDt=Q=B O}=@ 'OWv =]N `@=D Q=Okt
|}=yv hOy `@=D Q=Okt V}=Ri= Ea=@ =yQDt=Q=B QO Q}}eD xvwoQy O=H}= xm Ovm|t =O}B
|=]N '|}=yv hOy `@=D Q=Okt w xv}y@ Q=Okt '=yQDt=Q=B |=Q@ xOWx@U=Lt Q=Okt "OwW

[11]"CU=yv; Q_=vDt

Q}UiD w G}=Dv "6
|rY= CtUk wO pt=W Q_vOQwt V}=tR; 3 Qy |=Q@ |DWoQ@ p}rLD s=Hv= OvwQ
`@=D '5 |x]@=Q j@=]t "hOy `@=D |R=Uxv}tm "2 'x}rw= |xR=@ |}=U=vW "1 %CU=
|ovU |xOwD pmWQ}}eD pwOt w pmWQ}}eD |=]N `@=D wO Ov};Q@ VywSB u}= hOy

"OwW|t xDio |}=yv |=]N `@=D u; x@ xm 'CU=
|}=yv `@=D |=]N Q=Okt =OD@= '|WQ@ w s�=k |DNU O=} R Q=}U@ |xR=@ x@ xHwD =@
|=Q@ |}xR=@ |}=U=vW Q=m u}= hOy "OvwW|t x@U=Lt x}rw= |v}tND |=yxR=@ QO
QO =]N `@=D |x@U=Lt |=Q@ "OwW@ �50 Q} R |=]N x@ QHvt xm CU= QDt=Q=B wO

2 5 |=ys=o =@ |OOa |R=UpOt QO xOWh} QaD |Q=PoQ=@ |=ypm}U "5 pmW
"p=mU=B=ot

pm s=Hv= |=Q@ ẁtHt QO "CU= xOW xO=iDU= p=mU=B=ot 2 5 |xR=Ov= x@ Q=@ Q}}eD
xO=iDU= p=mU=B=ot 2 5 |xR=Ov= x@ |Q=OQ@ Q=@ =} |Q=PoQ=@ pm}U 53 R= |Q=PoQ=@

"CU= xOW
Q=}U@ uRw x@ ?rY lwr@ l} R= |r=mU=B=ot 2 5 |=ypm}U u}= p=ta= |=Q@
|xLiY smL Ck}kL QO ?rY lwr@ u}= "CU= xOW xO=iDU= QDt 1 ZQa x@ sm
w Ovm|t Ci=} QO OwN |}q=@ \=kv QO =Q xOQ=w |=yQ=@ |xLiY "OQ=O =Q |Q=PoQ=@
p=kDv= nvU |xOwD K]U x@ =Q wQ}v '|ak=w V}=tR; QO |Q=PoQ=@ |xLiY Ovv=ty

"OyO|t

=]N `@=D "5
xm 'CU= hOy `@=D l} h} QaD ?U=vt |DWoQ@ p}rLD l} s=Hv= QO s=o u}rw=
xHwD =@ xar=]t u}= QO "OvW=@ xOW XNWt |DUQOx@ Q=PoQ}F-=D |=yQDt=Q=B u; QO
hOy `@=D '|Q=}DN@ |xSwQB |xLiY |Q=PoQ=@ V}=tR; G}=Dv uDW=OQ=}DN= QO x@
|=ypmWQ}}eD `@=D wO pt=W OwN hOy `@=D u}= "CU= xOW =v@ G}=Dv u}= T=U=Q@
|OwQw |=yQDt=Q=B "CU= nvU |xOwD pmWQ}}eD pwOt w |Q=PoQ=@ |xLiY Q} R

%OvDUy CQwY u}= x@ `@=D wO u}= |=Q@ xOWh} QaD
�v uwU=wB ?} Q[ w E |v=UWm pwOt� Qm@ nvU u=UWm C=YNWt �

(�) =yxRQO |rN=O l =m]Y= |x} w=R �
(c) =yxRQO |oOv@UJ �

(d) =yxRQO |Q=OxrY=i �
(�) =yxRQO ?}W |x} w=R �

(Jks w Jkn) =yxRQO |WQ@ w s�=k |DNU �
C=ar=]t QO =yxRQO s�=k w |WQ@ |DNU R= Q}e x@ jwi |=yQDt=Q=B |t=tD
'1 |x]@=Q "OvDUy hOy `@=D swrat |=y|OwQw <RH w OvwW|t x@U=Lt |}=U=vW
u=Wv u; QO QF-wt |=yQDt=Q=B =@ =Q |Q=PoQ=@ |xLiY Q} R |=ypmWQ}}eD hOy `@=D

%OyO|t
Fdeformation = (E; v; �; �r; c; d; �; Jkn; Jks)mm (1)

\@=wQ R= xO=iDU= =@ OwN xm 'CU= |ovU |xOwD pmWQ}}eD pwOt 'swO hOy `@=D
pwOt \@=wQ u}= QO "OwW|t x@U=Lt =ypmWQ}}eD T=U=Q@ ISRM |O=yvW}B
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=yxR

QO|
WQ@

ws�
=k|

DNU
Q}O=k

tu
}}aD

V}=tR;� s�=k |DNU w |WQ@ |DNU ?UL Q@ |}=yv |=]N OYQO Q=Owtv "7 pmW
"�NB

OwOL R}v |DWoQ@ p}rLD u}= |=]N Q=Okt "CU= xOW x@U=Lt 1� 1012 Pa/m

u=}=W "CU= ?U=vt |rY= |=yV}=tR; G}=Dv uOw@u}ov=}t x@ xHwD =@ xm 'CU= �2
OyO|tv V}=tv =Q |R=UpOt CkO ,=twRr u}}=B Q=}U@ |=]N OOa u}= xm CU= QmP
j=iD= V}=tR; QO xm xJv; x@=Wt xOWxDN=U pOt xm CU= Qt= u}= |=} wo \ki w
Q=Okt 'SB12 V}=tR; |OOa |R=UpOt QO u}vJty "Ovm|t Q=DiQ 'CU= xO=Di=
OwOL |=]N =@ 1011 Pa/m |WQ@ |DNU Q=Okt w 1012 Pa/m s�=k |DNU
CU= |QwQ[ xDmv u}= QmP |r@k |=yV}=tR; Q}=U Ovv=t "OvwW|t x@U=Lt �13

"CU= pw@k p@=k =]N Q=Okt u}= '|ak=w V}=tR; G}=Dv uOw@u}ov=}t p}rO x@ xm
|=Q@ xOWx@U=Lt Q}O=kt u=wD|t 'xOWx@U=Lt |DNU O=Oa= R= QDW}@ syi |=Q@
|Q=}DN@ OU |xSwQB|}=U=vW C=ar=]t QO xm '=yu;|m} R}i |=y|oS} w =@ =Q xRQO xU
=Q |WQ@ w s�=k |DNU Q=Okt '|oOvvmQ)B ẁv '5 pwOH "OQm xU}=kt 'Ov=xOW |Qw;`tH
'CU= xRQO pw] R= |OYQO T=U=Q@ |oOWQ)B Q=Okt "OyO|t V}=tv xRQO Qy |=Q@

"OwW|t u=}@ OYQO ?UL Q@ w CU= xOW p=eW= xOvvmQ)B R= |awv \UwD xm
R= |Ov};Q@ xm 'pm |DNU QDt=Q=B '|WQ@ w s�=k |DNU u=tRsy uDiQoQ_vQO |=Q@
=yxRQO u}= |oOvvmQ)B |rY= ẁv xU "CU= xOW h} QaD 'CU= |WQ@ w s�=k |DNU
=yxRQO nvD CtUk R= Qw_vt "CU= =yxRQO 7nvD CtUk w C}Urm 'TQ %pt=W
w CU}v =yv; u=}t |}xOvvmQ)B ẁv I}y xm 'CU= xRQO K]U wO u=}t \=@DQ= R= |awv
|oOR=wy xvwo Qy Ok=i Kw]U u}= w OvQ=O Q=Qk Qo}Om} |wQ ,qt=m xRQO K]U wO xD@r=
xOy=Wt w Ov=xOW Ci=} =yxRQO QO R} Q |O=wt CQwYx@ pw= |xOvvmQ)B wO "CU=
u=}t |}x]@=Q u=wD|tv w OvQ=Ov =yxRQO |DNU QO |YNWt |Q=PoQF= xm OwW|t
u=}t |}x]@=Q u=wD|t 8 pmW R= xO=iDU= =@ |rw "OQm xOy=Wt =yv; w =yxRQO |DNU
xm OwW|t xOy=Wt QwmPt pmW QO "OQm xOy=Wt xRQO |ovD u=R}t w pm |DNU
u=R}t =t= "OwW|t |DNU V}=Ri= Ea=@ |rm CQwYx@ xRQO uOw@nvD u=R}t V}=Ri=
QO xmv}= x@ xHwD =@ "OQ=O |oDU@ R}v =yxOvvmQ)B Q}=U x@ |WQ@ =} s�=k |DNU V}=Ri=
Q@=Q@ QO O=wt u}= Q=DiQ w OwW|t Ci=} xOvvmQ)B O=wt Q}=U R= |irDNt Q}O=kt =yxRQO

"CU= pw@k p@=k xr�Ut u}= 'CU= Cw=iDt s�=k w |WQ@ Cr=L
|Q=PoQ=@ � pmWQ}}eD Q=Owtv '|DWoQ@ p}rLD G}=DvCLY R= QDW}@ u=v}t]= |=Q@
V}=tR; 3 Qy |=Q@ 11 |r= 9 |=ypmW QO =HQO |=yV}=tR; G}=Dv =@ |R=UpOt
V}=tR; =@ NJ2 w NB |=yV}=tR; u=}t Cw=iD u} QDsyt "CU= xOW xU}=kt

"|R=UpOt |xUOvy "6 pmW

=ypmWQ}}eD =OD@= '6 pmW QO xOW xO=O V}=tv |xUOvy =@ j@=]t |R=UpOt Qy
ISRM \@=wQ R= xO=iDU= =@ pmWQ}}eD pwOt '=yu; \UwD TBU w |Q}oxR=Ov=
|=]N `@=D Q=Okt '=HQO |=yV}=tR; G}=Dv =@ Q}O=kt u}= |xU}=kt =@ "OwW|t x@U=Lt
|=yV}=tR; QO |DNUhrDNt Q}O=kt |=Q@ C=}rta u}= "OwW|t x@U=Lt |R=UpOt

"CU= xOW s=Hv= hrDNt
|x}q |ki= w |R=wt |=yxRQO Q@ Owta CQwYx@ |Q=PoQ=@ NB V}=tR; QO
=D 1010 u}@ s�=k |DNU |=Q@ x}rw= |}=U=vW |xR=@ "CU= xOW s=Hv= Bedding

xOW xDiQo Q_v QO 1014 Pa/m =D 1010 R= |WQ@ |DNU |=Q@ w 1012 Pa/m

xOW x�=Q= 7 pmW QO xOWs=Hv= |=y|R=UpOt QO |}=yv |=]N `@=D Q=Okt "CU=
"CU=

|}=yv `@=D |R=Uxv}tm QDj}kO s=Hv= |=Q@ ?U=vt |xR=@ '7 pmW x@ xHwD =@
"CU= xO=iDU= p@=k s}kDUt |wHDUH VwQ QO xO=iDU= |=Q@ w xOW |}=U=vW
OOa R= |}=yv `@=D Q=Okt |R=Uxv}tm 'OwW|t xOy=Wt 4 pwOH QO xm Qw]u=ty
QO "CU= xOQm =O}B Q}}eD pwyHt |=yQDt=Q=B R= |m} \ki s=o Qy QO w xOW R=e; �18
`@=D Q=Okt =yQDt=Q=B Q}}eD =@ w xOW hkwDt �7 23 OOa QO |R=Uxv}tm OvwQ R}v =yDv=
QDt=Q=B wO |=Q@ xv}y@ Q=Okt u=wvax@ x]kv u}= "CU= xOQm =O}B V}=Ri= |}=yv |=]N
1 4� 1011 Pa/m w 1 8� 1011 Pa/m |=yQ=Okt =@ |WQ@ w s�=k |DNU
u}@ |=]N Q=Okt xm OyO|t u=Wv u}vJty |DWoQ@ p}rLD u}= "CU= xOW ?=NDv=
Q=Okt R= xO=iDU= x@ xHwD =@ Q=Okt u}= "CU= �7 |xv}tm 'C}ak=w w xOWxDN=U pOt

"CU= pw@k p@=k |OOa |}=QLY |=yV}=tR; |t=tD QO u}ov=}t
xOW s=Hv= ?}DQD u}ty x@ R}v SB12 w NJ2 V}=tR; wO |=Q@ xOWQmP OvwQ
Q@=Q@ J2 |xRQO |=Q@ |WQ@ w s�=k |DNU Q=Okt wO Qy NJ2 V}=tR; QO "CU=
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Q}t

Q=ta
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OwtL

t "�NB V}=tR;� s}kDUt |wHDUH VwQ R= xO=iDU= =@ ��� |}=yv |=]N `@=D Q=Okt |x@U=Lt "4 pwOH
Jks E+11 (Pa/m)

1 7 1 6 1 5 1 4 1 3 1 2 1 1 1
18 07 1 4

Jk
n

E
+

11
(P

a/
m

)

13 72 14 02 1 5
10 32 10 95 1 6

7 56 7 62 8 56 8 32 1 7
7 23 7 23 7 28 7 31 1 8
7 67 7 77 7 43 1 9

2
2 1
2 2
2 3
2 4

V}=tR;|DWoQ@ p}rLD |=Q@|}=yv |xH}Dv |Q=PoQ=@ � pmWQ}}eD Q=Owtv "10 pmW
"NJ2

V}=tR;|DWoQ@ p}rLD |=Q@|}=yv |xH}Dv |Q=PoQ=@ � pmWQ}}eD Q=Owtv "11 pmW
"SB12

C@Uv |DWoQ@ p}rLD R= xOWx@U=Lt pm w |WQ@ 's�=k |=y|DNU Q=Owtv "8 pmW
"=yxRQO |ovD x@

V}=tR; |DWoQ@ p}rLD |=Q@ |}=yv |xH}Dv |Q=PoQ=@ � pmWQ}}eD Q=Owtv "9 pmW
"NB
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=yxR
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WQ@

ws�
=k|

DNU
Q}O=k

tu
}}aDQO |DWoQ@ p}rLD CqwyHt O=OaD V}=Ri= x@ xHwD =@ ẁ[wt u}= xm [1]&OwW|t

Cra xm 'CU= QDtm hqDN= u}= SB12 V}=tR; QO "CU= xOWv ^=Lr |R=UpOt
"CU= s�=k |DNU QDtm Vkv w =yxRQO Q@ Owta |Q=PoQ=@ sOa u;

|Q}oxH}Dv "7
p}rLD |=]N Q=Okt w xO=iDU= s}kDUt |wHDUH VwQ R= |DWoQ@ p}rLD s=Hv= |=Q@
C}y=t x@ xHwD =@ xm 'CU= xOW x@U=Lt OYQO 13 w 2 '7 V}=tR; 3 |=Q@ |DWoQ@
V}=Ri= xm CU= xO=O u=Wv G}=Dv "CU= pw@k p@=k |Q=Okt nvU |xOwD |xO}J}B
|DNU V}=Ri= Ea=@ xRQO |xOvvmQ)B O=wt Q}=U ẁv R= pkDUt |xRQO uOw@nvD Q=Okt
|DNU QO xRQO |ovD |Q=PoQF= u=R}t xm CU= xOW XNWt u}vJty "OwW|t xRQO
C=}�RH =@ Ov=wD|t ẁ[wt u}= xm 'OQ=O |oDU@ xOvvmQ)B O=wt Q}=U ẁv x@ |WQ@ w s�=k

"OQ}o Q=Qk xar=]t OQwt |QDW}@
XNWt =HQOV}=tR; w|R=UpOt|Q=PoQ=@ �pmWQ}}eD |=yQ=Owtv |xU}=kt =@
|DUQO x@ =Q Q=Owtv ?}W w |}=yv |=ypmWQ}}eD xDUv=wD |R=UpOt xm CU= xOW
syQ@ ,qt=m =y|vLvt |=vLv= '|DNU Q=Okt uOw@C@=F ZQi p}rO x@ =t= 'Ovm x@U=Lt
�Ov=tUB� s�=O |=ypmWQ}}eD Q=Okt xJQo = |R=UpOt u}vJty "CU= xOWv j@]vt
OwHw sOa =} OwHw CU= xDUv=wD |rw 'CU= xOQmv x�=Q= =yV}=tR; =@ j@=]t ,qt=m =Q
|xO=iDU= C}r@=k OwHw Qou=Wv VywSB u}= G}=Dv "Ovm |v}@V}B |@ wNx@ =Q u;
pwyHt |=yQDt=Q=B |x@U=Lt |=Q@ |OOa |=yVwQ w =HQO |=yV}=tR; u=tRsy
|=yu=mt QO Ov=wD|t xOWx@U=Lt |WQ@ w s�=k |DNU Q}O=kt "CU= |ovU |xOwD

"OQ}o Q=Qk xO=iDU= OQwt X=N CQwYx@ =yxR=U |L=Q] |=Q@ x=oCN=U Qo}O

"=yxRQO |oOvvmQ)B ẁv w |DNU Q}O=kt |xU}=kt "5 pwOH
��� |rY= |oOWQ)B Jks Jkn |xDUO

nvD C}Urm TQ (Pa/m) (Pa/m) xRQO
2 46 42 1 40E+11 1 80E+11 B

21 67 10 1 00E+11 1 00E+12 J1
43 55 2 1 00E+12 1 00E+12 J2

QO "CU= xRQO xDUO wO OwHw Cr=L QO QDW}@ |Q}tN |=ypmWQ}}eD OwHw SB12
|=ypmWQ}}eD u=R}t NJ2 w NB |=y|R=UpOt QO xm OwW|t xOy=Wt =ypmW u}=
|=ypmWQ}}eD OwHwCra "CU= QDtm Q=}U@ SB12Cr=L x@C@Uv |Q}tN =}|t�=O
O=OaD xm |Dr=L QO "O=O C@Uv =yxRQO \UwD xOW?PH |SQv= x@ u=wD|t =Q |Q}tN
'OvW=@ |Y=N s_v Ok=i w hrDNt |=yCyH QO =yxRQO =} w OW=@ QDW}@ =yxRQO
R= |QDtm Q=Okt |Q=OQ@ Q=@Cr=L QO w OwW|t =yxRQO |}=H@=H hQY |QDW}@ |SQv=
xOWs=Hv= |R=UpOt \UwD |@ wN x@ ẁ[wt u}= "OOQo|t R=@ xOWO=H}= pmWQ}}eD

"CU= xOy=Wt p@=k Udec Q=Ri=sQv QO
Q=Okt w |Q=PoQ=@ |=yDv= QO =ypmWQ}}eD xm OwW|t xOy=Wt =yQ=Owtv u}= QO
"Ov=xOW x@U=Lt |DUQO x@ |}=yDv= w =OD@= |x]kv wO uDiQoQ_vQO =@ R}v Q=Owtv ?}W
'OQ=O OwHw NJ2 w NBV}=tR; wO XwYN x@ =HQOV}=tR;G}=Dv QO|}=vLv=um}r
xOWs=Hv= |=yZQi uDiQoQ_vQO =@ "OwW|tv xOy=Wt |R=UpOt |=yQ=Owtv QO xm
s�=k |DNU Q=Okt uDiQoQ_vQO C@=F x@ u=wD|t =Q hqDN= u}= Cra VywSB u}= QO
QDW}@ xRQO pmWQ}}eD V}=Ri= =@ s�=k |DNU 'C}ak=w QO "O=O C@Uv |R=UpOt QO

=yCWwv=B
1. continues, homogenous, isotropic and linear elastic
2. shear test
3. spacing
4. dip direction
5. dip angle
6. extensometer
7. tight
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