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"|wo 4 R= pmWDt 'pw= ẁv � pw= xwQo |xWwN "1 pmW
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ẁv u}= C} Rt "OvQ=Ov uDUmW C}r@=k Qo}O 'x}rw= |xWwN CUmW R= TB QwmPt

C=QP xm pw= xwQo hqNQ@ 'CUmW R= xOv=t=H x@ C=QP xm CU= u}= QO xWwN
"OvDUy Q=OxWwo 'OvDUy |wQm w OQo ,qt=m CUmW R= pY=L

CUmW Q=}at "2"2
QO \QWwO =D CU= sRq �xWwN� ?mQt |xQP l} CUmW |=Q@ 'Q[=L Q=DWwv QO

81



"""V
wQx

@|
}xv=O

Kr=Y
t|

Oa@
xU

|R=
Ux}

@WQ=DiQ |xar=]t QO =Q p=tDL= swyit [27]'�1996� u=Q=mty w pw=Olt "OQ=O |oDU@
CLD (Psc) xv=O l} �uOWv xDUmW� |=k@ p=tDL= w OvDiQo Q_v QO =yxv=O CUmW

%OvOQm h} QaD 4 |x]@=Q CQwYx@ =Q CUmW V}=tR; QO xOW p=ta= �c VvD
Psc =

� � �c%|Dkw xOW xDUmW C=QP O=OaD
V}=tR; C=QP pm O=OaD (4)

s}kDUtQ}eVWmV}=tR; QO |ovU lwr@ QO xOW O=H}=VvD |xv}W}@ � 'u; QO xm
"CU=

Ctw=kt C=Q}}eD Ov=wD|t �1951� 13pw@} w `} RwD xm OvOQm u=}@ u}vJty u=W}=
Ctw=kt xm CU= ?r]t u}= O} -wt u=W}= C=ar=]t w Ovm pOt =Q |}xv=O Kr=Yt
w pw=Olt u}vJty [28]"Ovm|t C}a@D pw@} w uwv=k R= |}xv=O Kr=Yt CUmW
Ctw=kt `} RwD |=Q@ s_vt |wor= l} x@ |@=}CUO Qw_vt x@ [27]'�1996� u=Q=mty
C@Uv R= |a@=D CQwYx@ |WWm VvD CLD xv=O l} |=k@ p=tDL= '|}xv=O Kr=Yt

%OvOQm h} QaD 5 |x]@=Q CQwYx@ =Q �xOW R}q=tQv VvD� �=�0

Ps = exp
�
�
�
�
�0

�m�
(5)

14xYNWt VvD �0 w |WWm VvD CLD xv=O l} |=k@ p=tDL= Ps 'u; QO xm
|k=@ CUmW uwO@ =yxv=O R= xawtHt l} (exp(�1)) �37 'u; CLD xm CU=
VvD C=Q}}eD =@ =Q =k@ p=tDL= C=Q}}eD |xwLv xm 'CU= pw@} w pwOt m "Ovv=t|t

"O@=}|t Vy=m 'Ctw=kt C=Q}}eD V}=Ri= =@ w Ovm|t u}}aD xOQ=w
|ovU |=ylwr@ CUmW Ctw=kt OQwt QO |}xar=]t �1973� 15p=UQ=t
xOt; CUO x@ CUmW Ctw=kt u}ov=}t� Fb u}ov=}t CUmW Ctw=kt CQwYx@
6 |x]@=Q TBU w OQm x�=Q= �Kr=Yt R= |D@=F ẁv |wQ Q@ xOW s=Hv= V}=tR; xU R=
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p=ta= |xrLQt ẁQW R= 'OW xDio xm xvwou=ty "CU= xO}UQ xOWu}}aD |}=yvCaQU
xOW sy=Qi =yxWwN |=Q@ CUmW u=mt= '|QwLtxU V}=tR; u=}=B =D x@v=Hxty VvD
Q=JO =yxWwN R= |mOv= OYQO 'x@v=Hxty VvD p=ta= |xrLQt QO OvJ Qy 'CU=

"OvOW CUmW

|QwLtxU |=yV}=tR; G}=Dv "4"4
|x@v=Hxty |=yQ=Wi |=Q@ w =yxWwN xwQo wO |=Q@ |QwLtxU |=yV}=tR; G}=Dv
QO "Ov=xOW xU}=kt sy =@ =yu; G}=Dv QN; QO w x�=Q= p=mU=B=ot 1 w 0 7 '0 3
|QwLtxU V}=tR; VQ@ p=ta= |xrLQt |] =yxWwN CUmW OYQO '14 pmW

"OvwW|t xOy=Wt =yV}=tR; s=tD |=Q@

85



"""V
wQx

@|
}xv=O

Kr=Y
t|

Oa@
xU

|R=
Ux}

@W

VvD QO swO xwQo |xWwN� |QwLt VvQm p@=kt QO |i=QLv= VvD "17 pmW
"�p=mU=B=ot 1 w 0 7 '0 3 |x@v=Hxty

VvD QO swO xwQo |xWwN� |QwLt VvQm p@=kt QO |tHL VvQm "18 pmW
"�p=mU=B=ot 1 w 0 7 '0 3 |x@v=Hxty

VvD � swO w pw= xwQo |xWwN� |QwLt VvQm p@=kt QO |i=QLv= VvD "19 pmW
"�p=mU=B=ot 0 3 |x@v=Hxty

QDj}kO R} QnvU |=ylwr@ uOw@ xWwoR}D =} xWwoOQo Q}F-=D =D 'Ov=xOW x�=Q= =RHt Qw]x@
'�pw= xwQo � xWwoOQo |xvwtv 'p=mU=B=ot 0 3 |x@v=Hxty VvD QO "OwW XNWt
=@ |D@=F QakD CyH =@ '�swO xwQo � xWwoR}D |xvwtv xm |r=L QO &CU= l}B |=Q=O

"�19 pmW� CU= xOW C@=F ,=@} QkD VvD R= |Q=Okt
&OQ=O |a=UD= Oa)@ w |[=@kv= |Q=DiQ '�pw= xwQo � xWwoOQo |xvwtv u}vJty

|x@v=HxtyVvD � pw= xwQo|xWwN�|QwLtVvQmp@=kt QO|i=QLv=VvD "15pmW
"�p=mU=B=ot 1 w 0 7 '0 3

0 7 '0 3 |x@v=Hxty VvD QO� pw= xwQo |xWwN |xvwtv |tHL Q=DiQ "16 pmW
"�p=mU=B=ot 1 w

xWwN xwQo Qy |=Q@ VvQm w VvD |=yQ=Owtv |xU}=kt "1"4"4
Q=DiQ w VvQm Q@=Q@ QO |i=QLv= VvD Q=Owtv ?}DQDx@ '18 |r= 15 |=ypmW QO
wO Qy |=Q@ x@v=Hxty VvD xU Qy QO |QwLtxU V}=tR; u}L QO =yxvwtv |tHL

"OwW|t xOy=Wt =yxWwN xwQo
|x@v=Hxty VvD QO 'pw= xwQo |=yxWwN |=Q@ 'OW xQ=W= QDW}B xmQw]u=ty
|QDW}@ |x}rw= |DNU 'CU= l}B |=Q=O w Cw=iDt xvwtv Q=DiQ 'p=mU=B=ot 0 3

"OQ=O =Q |QDtm �20 VvQm QO |i=QLv= VvD Q=Okt =t= 'OQ=O
j@=]t "OQ=O OwHw R}v |QwLt w |tHLVvQm Q=DiQ |=Q@ QwmPt Cw=iD u}vJty
u=Wv OwN R= |a=UD= |Q=DiQ '0 3 |x@v=Hxty VvD CLD xvwtv \ki '16 pmW
p=mU=B=ot 1 w 0 7 |x@v=Hxty VvD =@ |=yxvwtv Q=DiQ xm |r=L QO &CU= xO=O

"OvDUy x=Qty sHL Vy=m =@ w |[=@kv= ,qt=m
VvD R= xvwtv "CU= Cw=iDt Q=DiQ 'swO xwQo |=yxWwN |=Q@ '17 pmW j@=]t
|i=QLv= VvD 'C@=F VvQm QO p=mU=B=ot 0 7 x@ p=mU=B=ot 0 3 |x@v=Hxty
1 w 0 7 |x@v=Hxty VvD =@ |=yxvwtv Q=DiQ |r=L QO &CU= xOQm x@ QHD |QDW}@
VvD xJ Qy '18 pmW j@=]t u}vJty "OvQ=Ov hqDN= u=R}t u; x@ p=mU=B=ot

"CU= xOW QDW}@ R}v =yxvwtv |[=@kv= Q=DiQ 'CU= xOW QDW}@ x@v=Hxty
x@v=Hxty VvD Qy |=Q@ VvQm w VvD |=yQ=Owtv |xU}=kt "2"4"4

xWwN xwQo 2 |=Q@ hrDNt |x@v=Hxty |=yVvD QO =yxvwtv Q=DiQ '|vwvm VN@ QO

86



2/
1 |

xQ=t
W'

36
�2

|xQ
wO'

�13
99

u=DU
@=D�

h}
QW

u=Qt
a|

UOv
yt

VvD 'swO w pw= |=yxwQo |xWwN�|tHLVvQm p@=kt QO |QwLtVvQm "22 pmW
"�p=mU=B=ot 0 7 =@ Q@=Q@ |x@v=Hxty

� swO w pw= |=yxwQo |xWwN� |QwLt VvQm p@=kt QO |i=QLv= VvD "23 pmW
"�p=mU=B=ot 1 |x@v=Hxty VvD

� swO w pw= |=yxwQo |xWwN� |tHL VvQm p@=kt QO |QwLt VvQm "24 pmW
"�p=mU=B=ot 1 |x@v=Hxty VvD

xvwtv QO CUmW '|@v=H VvD V}=Ri= =@ =yu; j@=]t xm 'OwW|t xOy=Wt 25 pmW
V}=Ri= =@ u}vJty "CU= xOW QDW}@ |Ov@xv=O |vLvt QO C=Q}}eD w xDi=} V}=Ri=
QDR} Q xvwtv |Ov@xv=O w xDi=} V}=Ri= CUmW '�swO xwQo |xWwN� C=QP |Q=OxWwo

"CU= xOW

� swO w pw= |=yxwQo |xWwN� |tHL VvQm p@=kt QO |QwLt VvQm "20 pmW
"�p=mU=B=ot 0 3 |x@v=Hxty VvD

� swO w pw= |=yxwQo |xWwN� |QwLt VvQm p@=kt QO |i=QLv= VvD "21 pmW
"�p=mU=B=ot 0 7 |x@v=Hxty VvD

|a@=D xm '�20 pmW� CU= |[=@kv= ,qt=m '�swO xwQo � xWwoR}D |xvwtv xm|r=L QO
O}rwD w R} QnvU uOW xDUmW "CU= swO xwQo R} QnvU C=QP QDW}@ CUmW R=

"OwW|t QDW}@ |[=@kv= Q=DiQ RwQ@ ?Hwt 'QDlJwm C=QP
xU}=kt QO �swO xwQo � xWwoR}D |xvwtv 'p=mU=B=ot 0 7 |x@v=Hxty VvD QO
C@=F VvQm <=R= x@ =Q |QDoQR@ |i=QLv= VvD '�7 R= QDtm |=yVvQm QO 'pw= xwQo =@
pmW� OvQ=O sy x@ x@=Wt |Q=DiQ pm QO w OvwW|t j@]vt ,=@} QkD 'xt=O= QO w s} Q=O

"�21
|Q=DiQ �swO xwQo � xWwoR}D w �pw= xwQo � xWwoOQo |xvwtv wO Qy u}vJty
"�22 pmW� CU= QDW}@ �swO xwQo � xWwoR}D |xvwtv |=Q@ u}= xm 'OvQ=O |[=@kv=
j@]vt sy Q@ ,=@} QkD xvwtv wO Q=Owtv =OD@= 'p=mU=B=ot 1 |x@v=Hxty VvD QO
VvQm <=R= x@ VvD |QDW}@ Q}O=kt �pw= xwQo � xWwoOQo |xvwtv 'xt=O= QO w OvOw@

"�23 pmW� CU= xO=O C@=F
|xvwtv wO Qy 'p=mU=B=ot 0 7 |x@v=Hxty VvD =@ V}=tR; Ovv=ty u}vJty
|xvwtv |=Q@ u}= xm 'OvQ=O |[=@kv= |Q=DiQ �swO xwQo � xWwoR}D w �pw= xwQo � xWwoOQo

"�24 pmW� CU= QDW}@ xWwoR}D

C=QP CUmW QF= QO |Ov@xv=O Q}}eD "5"4
QO V}=tR; |=yDv= w AwQDwR}= sm =QD |=yDv= QO =yxvwtv |=Q@ |Ov@xv=O |=y|vLvt

87



""" V
wQx

@|
}xv=O

Kr=Y
t|

Oa@
xU

|R=
Ux}

@W

|=yxvwtv |=Q@ |tHL VvQm Q@=Q@ QO |QwLt VvQm G}=Dv |xU}=kt "27 pmW
[29]"|@ QHD |=yV}=tR; G}=Dv w xOW |R=Ux}@W

xOw@ p=mU=B=ot 1 2 w 0 9 '0 6 '0 3 |x@v=Hxty VvD 4 QO Q_vOQwt |@ QHD
Q=Qk |@ QHD |=yV}=tR; |v=}t |xR=@ QO xOW |R=Ux}@W |=yV}=tR; xm 'CU=
&CU= Cw=iDt =yxvwtv |x}rw= pNrND '|R=Ux}@W |=yC}OwOLt Cra x@ "OvQ}o|t
"OvDU}v xU}=kt p@=k |@ QHD |=yV}=tR; w xOW |R=Ux}@W G}=Dv |tHL VvQm =Pr
xvwtv |Oa@xU |R=UxO=t; QO u}}=B pNrND x@ uO}UQ u=mt= xm CU= QmP x@ sRq

"CU= xOWv QU}t
0 3 |x@v=Hxty VvD QO G}=Dv xm OyO|t u=Wv G}=Dv |xU}=kt w |UQQ@
V}=Ri= =@ w x@v=Hxty VvD V}=Ri= =@ |rw 'CU= VN@C}=[Q ,qt=m p=mU=B=ot
R= pY=L xm '|wQm ,qt=m C=QP O}rwD Cra x@ w |OOa |xvwtv QO C=QP CUmW
OyO|t u=Wv =Q |QDtmCtw=ktV}=Ri= |OOa |xvwtv 'OvDUy?mQt C=QPCUmW

"OQ=O |QD|tm =QD Q=DiQ R}v |tHL Q_v R= w
|OOa |R=Ux}@W |q=@ j@=]D w CkO '4 pwOH QO OwHwt Q}O=kt |xU}=kt
|=yxWwN |=Q@ 'Vy=m "CU= xOW x�=Q= |@ QHD |=yV}=tR; =@ xOW x�=Q= Q=}at w
xO=O MQ xvwtv QO xm 'CU= QDW}@ CUmW R= |W=v 'pw= xwQo C@Uv x@ swO xwQo

"CU=

|Q}oxH}Dv "5
ltm x@ C=QP CUmW |xO}OB w R} QnvU Kr=Yt Q=DiQ 'Q[=L VywSB QO
xOW |HvUQ=@Da= w |R=Ux}@W 'Ot;Q=m |rOt |x�=Q= w pYivt <=RH= VwQ
XNWt xDiQo s=Hv= |OOa |=yV}=tR; |=y|HwQN R= xm Qw]u=ty "CU=
Ea=@ R} QnvU |=ylwr@ |oWwoR}D V}=Ri= w x@v=Hxty Q=Wi V}=Ri= 'CU=
C=QP CUmW "CU= xOW xvwtv x@ VQ@ p=ta= |] =yxv=O CUmW V}=Ri=
,qt=m w OvyOv u=Wv OwN R= |a=UD= Q=DiQ ,=DOta =yxvwtv xm OwW|t Ea=@
�l}B =@� sm =QDt Cr=L R= u; VvQm � VvD Q=DiQ xwqax@ "Ovvm pta |[=@kv=
|xO}OB O=} R Q}F-=D Q}N= OQ=wt |t=tD xm 'Ovm Q}}eD CU )U |xvwtv l} OvwQ x@
<=RH= VwQ |}=v=wD Q[=L |xar=]t "Ovm|t C=@F= xvwtv |=yQ=DiQ QO =Q CUmW
u=Wv =Q R} QnvU Kr=Yt |xO}J}B Q=DiQ uDiQo Q_v QO |=Q@ (DEM) pYivt

"OyO|t
xm OyO|t u=Wv |ak=w R} QnvU l} |R=Ux}@W |=Q@ xOt; CUO x@ G}=Dv
|=yXN=W "CU= xOW |R=Ux}@W|@ wNCkO =@Kr=Yt|rN=O l =m]Y= |x} w=R

"|@ QHD w |OOa |=yV}=tR; G}=Dv |xU}=kt "4 pwOH
|OOa G}=Dv

[29]|@ QHD G}=Dv x@v=Hxty VvDswO xwQo |=yxWwN pw=xwQo |=yxWwN �p=mU=B=ot�|oDN}Uo QO '0 |oDN}Uo QO '0

40 41 43 0 3
33 35 38 0 7
28 34 36 1

"V}=tR; R= Oa@ w p@k Kr=Yt |Ov@xv=O |=y|vLvt "25 pmW

|=yxvwtv |=Q@ |i=QLv= VvD p@=kt QO |QwLt VvQm G}=Dv |xU}=kt "26 pmW
[29]"|@ QHD |=yV}=tR; G}=Dv w xOW |R=Ux}@W

|@ QHD |=yV}=tR; =@ |R=Ux}@W G}=Dv |xU}=kt "6"4
R= pY=L |=yxO=O x=Qty x@ '4"4 VN@ QO xOW s=Hv= |=yV}=tR; R= pY=L G}=Dv
[29] '�B|xvwtv� =}rwQBOUKr=Yt|wQ Q@T=}ktnQR@|QwLtxU|@ QHD|=yV}=tR;

"Ov=xOW x�=Q= 4 R}v pwOH QO w xOy=Wt 27 w 26 |=ypmW QO
|R=Ux}@W |=yV}=tR; |QwLt VvQm w VvD G}=Dv |xU}=kt '26 pmW QO
[29]'|@ QHD |=yV}=tR; |=Q@ xOW VQ=Ro G}=Dv w �pw= xwQo |xWwN |=Q@� xOW
VvQm G}=Dv '27 pmW QO R}v w p=mU=B=ot 0 9 w 0 3 |x@v=Hxty |=yVvD =@

"OwW|t xOy=Wt =yV}=tR; u=ty |=Q@ |QwLt VvQm Q@=Q@ QO |tHL
|x@v=Hxty Q=Wi xU R= =y|R=Ux}@W O=OaD w u=tR QO |} wHxiQY Qw_vt x@
|=yV}=tR; "CU= xOW xO=iDU= =y|R=Ux}@W |=Q@ p=mU=B=ot 1 w 0 7 '0 3

88



2/
1 |

xQ=t
W'

36
�2

|xQ
wO'

�13
99

u=DU
@=D�

h}
QW

u=Qt
a|

UOv
yt |oOWQwYLt u}vJty w |Dtw=kt |=yQDt=Q=B 'xOW x�=Q= |oDN}Uo Q=}at "2

"OQ}o|t Q_v QO =Q �|U=tD |=ywQ}v |v=Uty=v�
"CU= xOW ^=Lr |oDN}Uo Q=}at QO =ylwr@ Ctw=kt |=Q@ p=tDL= swyit "3

'OQ=O R} QnvU Kr=Yt Q=DiQ |R=Ux}@W |=Q@ xOW x�=Q= pOt xm |Dwk \=kv w syt
%CU= KQW u}O@

"Ovm|t QDOt;Q=m =Q pOt w QDj}kO V}B R= V}@ =Q G}=Dv '|Oa@xU pOt "1

=yCWwv=B
1. discrete element method
2. Cundall
3. particle crushing phenomenon
4. Xu
5. fabric
6. Ma
7. non-thickness cohesive interface elements
8. Deluzarche
9. McDowell
10. clump
11. FISH
12. contact force orientation anisotropy
13. weibull
14. characteristic stress
15. Marsal
16. characteristic size
17. Varadarajan
18. crushing value
19. soft con�nement

�References� `@=vt
1. O'Sullivan, C. \Particle-based discrete element model-

ing: geomechanics perspective", Int. J. of Geomechanics,
11(6), pp. 449-464 (2011).

2. Cundall, P.A. \A computer model for simulating pro-
gressive large scale movements in blocky rock systems",
Proceedings of the Symposium of the International Soci-
ety for Rock Mechanics, 2, pp. 129-136 (1971).

3. Cundall, P.A. \A computer model for rock mass behav-
ior using interactive graphics for input and output of
geometrical data", U.S. Army Corps of Engineers (Mis-
souri River Division), Technical Report No. MRD 2074
(1974).

4. Cundall, P.A. and Starck, O.D.L. \A discrete numerical
model for granular assemblies", G�eotechnique, 29(1), pp.
47-65 (1979).

5. Alaei, E. and Mahboubi, A. \A discrete model for sim-
ulating shear strength and deformation behaviour of
rock�ll material considering the particle breakage phe-
nomenon", Granular Matter, 14(6), pp. 707-717 (2012).

6. Marsal, R.J. \Mechanical properties of rock�ll", in Em-
bankment Dam Engineering: Casagrande Volume, pp.
109-200, Wiley, New York (1973).

7. Lade, P.V., Yamamuro, J.A. and Bopp, P.A. \Signi�-
cance of particle crushing in granular materials", Journal
of Geotechnical Engineering, 122(4), pp. 309-316 (1996).

8. Xu, M., Hong, J. and Song, E. \DEM study on the e�ect
of particle breakage on the macro- and micro-behavior of
rock�ll sheared along di�erent stress paths", Computers
and Geotechnics, 89, pp. 113-127 (2017).

9. Wan R.G. and Guo P.J. \Stress dilatancy and fabric de-
pendencies on sand behaviour", Journal of Engineering
Mechanics, ASCE, 6(1), pp. 635-645 (2004).

10. Shen, Z.J. \A granular medium model for liquefaction
analysis of sands", Chinese Journal of Geotechnical En-
gineering, 21(5), pp. 742-748 (1999).

11. Chang, C.S. and Liao C.L. \Constitutive relation for a
particulate medium with e�ect of particle rotation", In-
ternational Journal of Solids and Structures, 26(4), pp.
437-453 (1990).

12. Chang, C.S. and Ma, L. \A micromechanically-based mi-
cropolar theory for deformation of granular solids", In-
ternational Journal of Solids and Structures, 28(1), pp.
67-86 (1991).

13. Oda, M., Konishi, J. and Nemat-Nasser, S. \Experimen-
tal micromechanical evaluation of strength of granular
materials: e�ects of particle rolling", Mechanics of Ma-
terials, 1(4), pp. 269-283 (1982).

14. Chang, C.S. and Liao, C.L. \Constitutive relation for a
particulate medium with the e�ect of particle rotation",
International Journal of Solids and Structures, 26(4),
pp. 437-453 (1990).

15. Chang, C.S. and Ma, L. \A micromechanical-based mi-
cropolar theory for deformation of granular solids", In-
ternational Journal of Solids and Structures, 28(1), pp.
67-86 (1991).

16. Lim, W.L. and McDowell, G.R. \Discrete element mod-
elling of railway ballast", Granular Matter, 7, pp. 19-29
(2005).

17. Munjiza, A., Owen, D. and Bicanic, N. \A combined
�nite-discrete element method in transient dynamics of
fracturing solids", Engineering Computations, 12(2), pp.
145-174 (1995).

18. Munjiza, A., The Combined Finite-Discrete Element
Method, 1st ed., Wiley, New York (2004).

19. Ma, G., Zhou, W. and Chang, X.L. \Modeling the parti-
cle breakage of rock�ll materials with the cohesive crack

89



""" V
wQx

@|
}xv=O

Kr=Y
t|

Oa@
xU

|R=
Ux}

@Wmodel", Computers and Geotechnics, 61, pp. 132-143
(2014).

20. Ma, G., Zhou, W., Chang, X.L. and et al. \A hybrid
approach for modeling of breakable granular materials
using combined �nite-discrete element method", Granu-
lar Matter, 18(1), pp. 1-17 (2016).

21. Deluzarche, A. and Cambou, B. \Discrete numerical
modeling of rock�ll dams", International Journal for Nu-
merical and Analytical Methods in Geomechanics, 30,
pp. 1075-1096 (2006).

22. McDowell, G.R. and Harireche, O. \Discrete element
modelling of soil particle fracture", G�eotechnique, 52(2),
pp. 131-135 (2002).

23. Cheng Y.P., Nakata Y. and Bolton, M.D. \Discrete ele-
ment simulation of crushable soil", G�eotechnique, 53(7),
pp. 633-641 (2003).

24. Mahboubi, A., Cambou, B. and Fry, J.J., Numerical
Modeling of the Mechanical Behavior of Non-Spherical

Crushable Particles, Powders & Grains 97, ed. R.P.
Behringer & J.T. Jenkins, Balkema (1997).

25. Itasca Consulting Group Inc. \PFC3D (Particle 
ow
code in three dimensions), version 3.0, minneapolis, min-
nesota (2002).

26. Jaeger, J.C. \Failure of rocks under tensile conditions",
Int. J. of Rock Mechanics and Mining Sciences & Ge-
omechanics Abstracts, 4(2), pp. 219-227 (1967).

27. McDowell, G.R., Bolton, M.R. and Robertson, D. \The
fractal crushing of granular materials", Journal of the
Mechanics and Physics of Solids, 44, pp. 2079-2102
(1996).

28. Weibull, W. \A statistical distribution function of wide
applicability", Journal of Applied Mechanics, 18, pp.
293-297 (1951).

29. Varadarajan, A., Sharma, K.G., Venkatachalam, K. and
et al. \Testing and modeling two rock�ll materials", J.
of Geotechnical and Geoenvironmental Engineering, 129,
pp. 206-218 (2003).

90




