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x=Qty |WQ@ Ctw=kt V}=tR; 'V}=tR; ẁv u}= x@ TB u}= R= Q=YDN= CyH "O}UQ
QF-wt pt=wa =yDv= QO "OwW|t xDio |v=yo =v CUWv V}=tR; =} w |v=yo =v CUWv =@
'x}rw= s�=k VvD Q}_v |Q}o@; QF= CLD |vW Kr=Yt |Q}PBpmW Q}}eD Q=Okt Q@
|UQQ@ x}rw= C@ w]Q u=R}t w |ov=OR} Q QF= 'x}rw= |WQ@ VvD '|@Uv |xD}Uv=O

"OW

|vW Kr=Yt |WQ@ Ctw=kt |=yV}=tR; |UQQ@ "3
`=@W= w lWN |=yxvwtv |wQ Q@ s}kDUt VQ@ |=yV}=tR; "1"3

u=mtQ}}eD w (�h)|ki= u=mtQ}}eD?ULQ@|WQ@VvD |=y|vLvt '4 w 3 |=ypmW
|@Uv |r=oJ =@ xvwtv xm |]}=QW x@ \w@ Qt |ki= u=mtQ}}eD ?ULQ@ (�v) |Owta
=@ `=@W= w lWN Cr=L QO �Kg/cm2� 5 w 3 '1 x}rw= s�=k VvD CLD w �85

"OyO|t u=Wv =Q 'CU= xOQwN VQ@ s}kDUt VQ@ x=oDUO
|=ypmW� |vW Kr=Yt |ki= u=mtQ}}eD ?ULQ@ |WQ@ VvD |=y|vLvt R=
uO}UQ R= TB Kr=Yt xm O}tyi u=wD|t `=@W= w lWN \}=QW QO �hr=4 w hr=3
'CU= x=Qty l =N |oOvwWCNU Q=DiQ =@ xrLQt u}= xm |WQ@ VvD |xv}W}@ x@
l =N R}v xrLQt u}= QO xm s}DUy u; uOWC@=F C}=yvQO w |WQ@ VvD Vy=m Oy=W
|WQ@ VvD |vLvt R= pmW u}= xD@r= "OyO|t u=Wv OwN R= =Q xOvwWsQv |Q=DiQ
=y|vLvt u}= QO u}vJty "CU= sm =QDt Kr=Yt x@ \w@ Qt |ki= u=mtQ}}eD ?ULQ@

"=yu; |Ov@xv=O |vLvt G}=Dv R= xO=iDU=OQwt |=yl =N |Ov@xk@] "1 pwOH

h}YwD
Cc Cu

R= |Qw@a Q]k |xv}W}@
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x@ |}xU=t l =N R}v w xU=t w uW \wrNt Kr=Yt |=Q@ 'ASTM D 1557-78
OQ=Ov=DU= T=U=Q@ �Gs� =yxv=O |r=oJ '�ASTM D 4253-93 xRQr R}t VwQ
ASTM C 127-128 OQ=Ov=DU=T=U=Q@ ?;?PH OYQO 'ASTM D 854-87
xm OW s=Hv= ASTM C 131-96 OQ=Ov=DU= T=U=Q@ TrHv;Tr V}=U OYQO w

"CU= xOt; u; G}=Dv 2 pwOH QO

V}=tR; s=Hv= VwQ "3"2
uRw 'Q_vOQwt |@Uv |r=oJ w 'xv}W}@ w xv}tm XwYNt uRw Q}O=kt x@ xHwD =@
u; x@ uO}UQ |=Q@ w OvQ}o Q=Qk s}kDUt VQ@ |x@aH pN=O QO O}=@ xm |Lr=Yt
Q}F-=D |UQQ@ CyH '=yxvwtv |R=UxO=t; R= TB "Ot; CUOx@ 'OvwW =}yt |r=oJ
s}kDUt VQ@ |=yV}=tR; 'u; |Dtw=kt |=yQDt=Q=B |wQ Q@ |vW Kr=Yt uOW`=@W=
s}kDUt VQ@ V}=tR; "1 %Cr=L xU QO �ASTM D 3080 OQ=Ov=DU= =@ j@=]t�
'`=@W= uW |=yxvwtv |wQ Q@ VQ@V}=tR; "2 'lWN |=yxvwtv |wQ Q@ T=}ktnQR@
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RwQ@ OwN R= =Q |a=UD= |Q=DiQ 's�=k CUWv |tm Q=Okt R= TB Kr=Yt xm OwW|t

"OvyO|t

|v=yo =v CUWv =@ x=Qty s}kDUt VQ@ |=yV}=tR; "2"3
Q=mx@ `=@W= w lWN VQ@ |=yV}=tR; QO xm|y@=Wt sm =QD u=R}t =@ V}=tR; u}=
'5 pmW,qFt "OW Q=QmD �Kg/cm2� 5 w 3 '1 |x}rw= s�=k VvD xU |=Q@ 'Ow@ xDiQ
VvQm w �hr=5 pmW� VvD |=y|vLvt 'Kg/cm2 3 |x}rw= s�=k VvD |=Q@
V}=tv =Q |v=yo =v CUWv w '`=@W= 'lWN VQ@ V}=tR; Cr=L xU QO �?5 pmW�
QDt|r}t 5 |ki= |}=H@=H QO |vW |xvwtv |R=U`=@W= 'V}=tR; u}= QO "OyO|t

"CU= xDiQo CQwY
u=Wv |vW Kr=Yt |v=yo =vCUWv w '`=@W= 'lWN |=y|vLvt u}@ |xU}=kt
QO VQ@ x@ \w@ Qt� l =N Q=DiQ |v=yo =v CUWv |vLvt pw= CtUk QO xm OyO|t
|Q}o@; w VQ@ hkwD R= Oa@ "CU= Kr=Yt lWN Cr=L x@=Wt �lWN \}=QW
OwHwx@ |v=yo =v CUWv w xO=Di= j=iD= |WQ@ VvD QO |O}OW Ci= '|vW |xvwtv
|=y|vLvt Q=DiQ 'xvwtv |wQ Q@ OOHt |WQ@ |wQ}v p=ta= =@ u; R= TB w CU= xOt;
u=Um} 'Ow@ xOQwN VQ@ `=@W= \}=QW QO =OD@= R= xvwtv xm |]}=QW =@ |WQ@ Ctw=kt

"CU= xOW

CLD |v=yo =v CUWv w '`=@W= 'lWN \}=QW QO xDUW uW Kr=Yt Q=DiQ "5 pmW
"�Kg/cm2� 3 s�=k VvD

5 w 3 '1 s�=k |=yVvD CLD lWN \}=QW QO xDUW uW Kr=Yt Q=DiQ "3 pmW
"(Kg/cm2)

5 w 3 '1 s�=k |=yVvD CLD `=@W= \}=QW QO xDUW uW Kr=Yt Q=DiQ "4 pmW
"(Kg/cm2)
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p}rO Ck}kLQO "OyO|t u=Wv QDW}@ =Q OwN QDu}}=B VvD K]U QO uOw@|]NQ}e
w sHL V}=Ri= MQv Vy=m R} QovU w |vW Kr=Yt |oDN}Uo VwB uOw@|]NQ}e
u}=Q@=v@ "CU= VvD K]U uDiQq=@ =@ '�C=QP uOWxDUmW Crax@� Kr=Yt `=UD=
j}kO Q=DiQ uOQm h} QaD |=Q@ (�p = c+ �n tan') ?trwm� Qywt |]N Q=}at
1 |x]@=Q 'Qo}O u=QoWywSB |=yxar=]t w 6 pmW j@=]t "CU}v?U=vt Kr=Yt u}=

[16]%OwW|t O=yvW}B |vW Kr=Yt |oDN}Uo VwB |=Q@
�p = A�bn (1)

u}}aD |oDN}Uo VwB |vLvt R= Kr=Yt ẁv x@ xDU@=w b w A 'x]@=Q u}= QO xm
Cr=L xU QO xO=iDU=OQwt |vW Kr=Yt |=Q@ b w A Q}O=kt '3 pwOH QO "OvwW|t
6 pmW OQwt QO QmPp@=k |xDmv "Ov=xOW x�=Q= |v=yo =v CUWv w '`=@W= 'lWN
VvD CLD lWN C}a[w x@ C@Uv `=@W= Cr=L QO |vW |=yxvwtv xm CU= u}=
u=}t hqDN= 'x}rw= |OwtaVvD uDiQq=@ =@ w OvUQ|t |oDN}Uo x@ |QDu}}=B |WQ@
u}vJty "CU= xOW QDW}@ `=@W= w lWN |=yCr=L QO Kr=Yt |oDN}Uo VwB
|=yV}=tR; QO Kr=Yt |oDN}Uo VwB u=}t |v=OvJ hqDN= xm OwW|t x_Lqt
|Q}o@; =@ '|v=yo =v CUWv V}=tR; QO xD@r= "OQ=Ov OwHw |v=yo =v CUWv w `=@W=
|oDN}Uo VwB hqDN= 'QDq=@ |WQ@ VvD K]U =} QDW}@ |ki= |}=H@=H QO Kr=Yt
|xv}W}@ Q=Okt |rmQw]x@ w 'CU= xOW QDW}@ |tm `=@W=V}=tR; wV}=tR; u}= u=}t
`=@W= V}=tR; R= QDu}}=B |tm Q=}U@ OwOL =D |v=yo =v CUWv V}=tR; QO |WQ@ VvD
x@U=Lt 2 |x]@=Q R= R}v ('p) |vW Kr=Yt |xv}W}@ l =m]Y= |x} w=R "CU=

%OwW|t
'p = tan�1

�
�p
�n

�
(2)

|=Q@ xDUW uW Kr=Yt |xv}W}@ l =m]Y= |x} w=R xm OwW|t xO}O '7 pmW QO
OQ=O s�=k VvD =@ |]NQ}e |x]@=Q |v=yo =v CUWv w '`=@W= 'lWN Cr=L xU Qy
'|vW Kr=Yt |xv}W}@ l =m]Y= |x} w=R Vy=m Q@xwqa |Owta VvD V}=Ri= =@ w
=@ "OwW|t QDW}@ `=@W= =@ lWN Kr=Yt |xv}W}@ l =m]Y= |x} w=R u=}t hqDN=
lWN Kr=Yt R= QDtm `=@W= Kr=Yt |xv}W}@ l =m]Y= |x} w=R '7 pmW x@ xHwD

"CU= xOt; CUOx@
x@ xHwD =@ 'OwW sUQ |]N CQwYx@ |vW Kr=Yt |oDN}Uo VwB xJv=vJ
|rN=O l =m]Y= |x} w=RCv=Sv=D Q=Okt '\N u;?}W '?trwm� Qywt |]N |x]@=Q
'lWN |=yV}=tR; |=Q@ Q}O=kt u}= 3 pwOH QO xm Ovm|t u=}@ =Q (') Kr=Yt

"CU= xOW C@F |v=yo =v CUWv w '`=@W=
|rN=O l =m]Y= |x} w=R xm OyO|t u=Wv 3 pwOH QO xOt;CUOx@ Q}O=kt
u}= x@ xr�Ut u}= "CU= `=@W= Cr=L R= QDW}@ lWN C}a[w QO |vW Kr=Yt

|WQ@ Ctw=kt |=yV}=tR; G}=Dv p}rLD "3"3
\}=QW QO |vW Kr=Yt l =m]Y= |x}w=R '|oDN}Uo VwB "1"3"3

|v=yo =v CUWv w '`=@W= 'lWN
s�=k VvD ?ULQ@ xv}W}@ |WQ@ VvD C=Q}}eD |vLvt ?}DQDx@ 7 w 6 |=ypmW QO
|=Q@ �Pa� QiUtD= Q=Wi Q@ s�=k VvD C@Uv ?ULQ@ xv}W}@ l =m]Y= |x} w=R w
xOW xO=O u=Wv |v=yo =v CUWv w '`=@W= 'lWN Cr=L QO xDUW uW Kr=Yt
QO |v=yo =v CUWv V}=tR; 'G}=Dv QDy@ |xU}=kt |=Q@ xm CU= QmP x@ sRq "CU=
|xv}W}@ =@ Q_=vDt w QDt|r}t 10 '5 |ki= |=yu=mtQ}}eD QO |R=U`=@W= Cr=L xU
?}DQDx@ �p w �sat '=ypmW u}= QO "CU= xOW s=Hv= Kr=Yt lWN |WQ@ VvD
=@ Q_=vDt |ki= u=mtQ}}eD w Kr=Yt uOQm`=@W= s=ovy QO |ki= u=mtQ}}eD Q}O=kt

"CU= xvwtv lWN |WQ@ Ctw=kt |xv}W}@

xDUW uW Kr=Yt |=Q@ s�=k VvD ?ULQ@ |WQ@ VvD |oDN}Uo VwB "6 pmW
"|v=yo =v CUWv w '`=@W= 'lWN \}=QW QO

Kr=Yt |=Q@ s�=kVvD?ULQ@ xv}W}@ l =m]Y= |x}w=R C=Q}}eD|vLvt "7 pmW
"|v=yo =v CUWv w '`=@W= 'lWN \}=QW QO xDUW uW

"CUWvwQi w '`=@W= 'lWN \}=QW CLD xDUW uW Kr=Yt �?trwm� Qywt |]N VwB R=� |rN=O l =m]Y= |x} w=R Q=Okt w 4 w 3 |=yx]@=Q |=yQDt=Q=B "3 pwOH
' �' '0(�) '0(�)

D b A V}=tR; ẁv
(�) (�) 4 x]@=Q R= 3x]@=Q R=
49 2 10 1 59 59 0 �0 07 0 84 3 54 lWN
37 2 19 4 55 5 56 2 �0 18 0 7 5 81 `=@W=
36 5 20 6 56 1 55 6 �0 17 0 68 6 52 (�sat = 5 mm) |v=yo =v CUWv
36 7 15 8 52 3 52 4 �0 14 0 76 3 94 (�sat = 10 mm) |v=yo =v CUWv
32 9 17 9 50 1 50 2 �0 17 0 73 4 24 (�sat = �p) |v=yo =v CUWv
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"|v=yo =v CUWv w '`=@W= 'lWN VQ@ |=yC}a[w

QO xDUW uW Kr=Yt |x}rw= s�=k VvD C@Uv =@ |WQ@ |DNU C=Q}}eD "9 pmW
"`=@W= w lWN VQ@ |=yC}a[w

|WQ@ |DNU Q=Okt u}vJty "Ow@ `=@W= =OD@= R= |=yxvwtv R= QDtm 'OW s=Hv= |v=yo =v
uDiQq=@ =@ xm CU= xOW QDW}@ p}rO u}= x@ |]N CQwYx@ s�=k VvD V}=Ri= =@
w |WQ@ |DNU |=yQ=Owtv |xU}=kt =@ "OvwW|t QDCNU Kr=Yt 'x}rw= s�=k VvD
x}rw= s�=k VvD x@ C@Uv xm `=@W= w lWN VQ@ \}=QW x@ \w@ Qt `=UD= |x} w=R
w |WQ@ |DNU Q=Okt lWN Kr=Yt xm O};|t CUOx@ xH}Dv u}= 'Ov=xOW s}UQD

"OvyO|t u=Wv OwN R= `=@W= Kr=Yt x@ C@Uv |QDW}@ `=UD= |x} w=R

|vW Kr=Yt |v=yo =v CUWv Q@ QF-wt pt=wa Q}F-=D "4
|v=yo =v CUWv V}=tR; QO |}xv=O Kr=Yt |=Q@ =Q |@} QkD VvD Q}Ut '10 pmW
�t Q@=Q@ xm u; QO OwHwt |WQ@ VvD Q=Okt 'xvwtv `=@W= R= TB xm OyO|t u=Wv
CUWv |xO}OB |UQQ@ |=Q@ "OUQ|t �c |va} xDi=}Vy=m |WQ@ VvD x@ 'CU=

%OvwW|t h} QaD ?}DQD u}=x@ |v=yo =v CUWv |=yQDt=Q=B '|v=yo =v
|WQ@ VvD QO O}OW Vy=m =} hqDN= Q=Okt %��c |WQ@ VvD Ci= u=R}t ��
|WQ@ VvD Ci= Q=Okt '=yxv=O |xawtHt x@ ?; OwQw ?@Ux@ lWN Kr=Yt

"�7 |x]@=Q� OQ=O s=v
��c = �t � �c (7)

R= p@k ,=k}kO� lWN \}=QW QO Kr=Yt |WQ@ VvD �c w �t 'x]@=Q u}= QO xm
u}= "CU= Kr=Yt uOWT}N R= TB |WQ@ VvD w �xvwtv |R=U`=@W= |x_Lr

u}@ T=tD \=kv QO ?; |oOvvmu=wQ QF= p}rOx@ `=@W= |=yxvwtv QO xm CU= p}rO
w O@=}|t Vy=m =yu; T=tD w VQ@ u=tR QO l =N C=QP u}@ l =m]Y= 'xv=O
|v=yo =v CUWv V}=tR; QO u}vJty "Ovvm|t CmQL sy |wQ Q@ QDCL=Q =yxv=O
|R}J=v hqDN= 'QDq=@ |WQ@ VvD =} |ki= u=mtQ}}eD QO Kr=Yt uOQm`=@W= =@
xOW QDW}@ 'Ow@ `=@W= V}=tR; w V}=tR; u}= |rN=O l =m]Y= |x} w=R u}@ xm
Ck}kLQO "s}DUy Kr=Yt |rN=O l =m]Y= |x} w=R QDW}@ Vy=m Oy=W w CU=
|oDUmW w =ylQD p}rOx@ |WQ@ u=mtQ}}eD uDiQq=@ =@ |v=yo =v CUWv V}=tR; QO
Q=Qk =yxv=O u}@ QO |QDW}@ ?; Q}O=kt 'uOQm`=@W= u=tR QO lWN |=yxv=O QDW}@
QHvt xm 'OyO|t u=Wv =Q OwN QDW}@ =yu; u}@ QO ?; |oOvvmu=wQ QF= w CU= xDiQo
\=@DQ= 3 |x]@=Q '7 pmW T=U=Q@ "CU= xOW |rN=O l =m]Y= |x} w=R Vy=m x@

%Ovm|t u=}@ =Q s�=k VvD w xv}W}@ l =m]Y= |x} w=R u}@

'p = '0
�
�n
Pa

��D
(3)

Q@ QiUtD= 1 =@ |w=Ut s�=k Q=Wi |=R= x@ Kr=Yt l =m]Y= |x} w=R '0 'x]@=Q u}= QO
QDt=Q=B wO u}= xm OwW|t ?=NDv= Kr=Yt ẁv T=U=Q@ C@=F |Q=OktD w 'xvwtv |wQ
u=QoWywSB "OQw; CUOx@ R}v 7 pmW R= xOt;CUOx@ |]NQ}e \@=wQ R= u=wD|t =Q
VvD =@ xv}W}@ l =m]Y= |x} w=R \=@DQ= |=Q@ R}v =Q 4 |x]@=Q '3 |x]@=Q Q@xwqa

[14w7]%Ov=xO=O x�=Q= R} QovU w |vW |=yxvwtv |wQ Q@ s�=k

'p = '0 ��' log
�
�n
Pa

�
(4)

Q@=Q@ 10 |=R= x@ Kr=Yt l =m]Y= |x} w=R Vy=m Q=Okt �' 'x]@=Q u}= QO xm
Kr=Yt |=Q@ �' w D Q}O=kt '3 pwOH QO "CU= u; |wQ Q@ s�=k VvD V}=Ri=
"CU= xOW x�=Q= |v=yo =v CUWv w '`=@W= 'lWN Cr=L xU QO xO=iDU=OQwt |vW
x@ u=wD|t '4 w 3 |x]@=Q wO R= xOt;CUOx@ '0 Q=Okt |xU}=kt |=Q@ u}vJty

"OQm xaH=Qt 3 pwOH
'lWN \}=QW QO |vW Kr=Yt |WQ@ |DNU w `=UD= |x}w=R "2"3"3

|v=yo =v CUWv w `=@W=
|WQ@ |DNU QDt=Q=B wO u=wD|t 'V}=tR; R= xOt;CUOx@ |=yQ=Owtv x@ xaH=Qt =@

%OQm u=}@ 6 w 5 |=yx]@=Q j@=]t =Q (	) `=UD= |x} w=R w (Ks)

Ks = d�
d(�h)

����
�h=0

(5)

	 = tan�1
�
d(�v)
d(�h)

�
max

(6)

|=Q@ x}rw= s�=k VvD ?ULQ@ |WQ@ |DNU w `=UD= |x} w=R C=Q}}eD 9 w 8 |=ypmW
Q@ x}rw= s�=k VvD V}=Ri= =@ xm OwW|t xOy=Wt "OyO|t u=Wv =Q |vW |=yxvwtv
Q=Okt xm |Qw]x@ 'CU= xDi=} Vy=m |]NQ}e CQwYx@ `=UD= |x} w=R 'xvwtv |wQ
`=@W= V}=tR; QO 2 60 x@ 14 80 R= w lWN V}=tR; QO 12 80 x@ 21 90 R= u;
|R=U`=@W= =@ |v=yo =v CUWv V}=tR; QO xm OwW|t xOy=Wt xD@r= "CU= xO}UQ
Vy=m `=UD= |x} w=R Q=Okt 'QDq=@ |WQ@ VvD K]U =} |ki= u=mtQ}}eD QO Kr=Yt
Cr=L QO Kr=Yt `=UD= |x} w=R '`k=wQO "O@=}|t `=@W= Cr=L x@ C@Uv |QDW}@
=@ ?r]t u}= "CU= QDW}@ xHQO 10 =D 7 u}@ =yu; `=@W= Cr=L x@ C@Uv lWN
Qw]u=ty "OwW|t O}}-=D Kr=Yt |WQ@ Ctw=kt QO `=UD= |x} w=R C@Ft Q}F-=D x@ xHwD
CUWv V}=tR; =yu; QO xm Kr=Yt |WQ@ Ctw=kt 'OW u=}@ p@k CtUk QO xm
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"|ki=

s�=k VvD ?ULQ@ |R=U`=@W= |x_Lr QO |WQ@ VvD Ci= C=Q}}eD "12 pmW
"x}rw=

"x}rw= s�=k VvD ?ULQ@ |v=yo =v CUWv Q=Okt C=Q}}eD "13 pmW

s�=k VvD V}=Ri= =@ 'OwW|t xOy=Wt 13 w 12 |=ypmW QO xm Qw]u=ty
|v=yo =v CUWv Q=Okt w Kr=Yt uOWT}N u=tR QO |WQ@ VvD Ci= u=R}t
w ODi=|t j=iD= |vW C=QP |xawtHt pN=O QO pmWQ}}eD "CU= xDi=} V}=Ri=
OwHwt |x}rw= C@ w]Q C@Uv w xOWp=ta= VvD u=R}t =@ pmWQ}}eD u}= Q=Okt
|xO}OB Ck}kLQO [8w3�1]"OwW|t pQDvm xv=O Qy |=yxQiL =} GQi w prN QO
QF= QO =yxv=O w C=QP |Q=Wi Ctw=kt Vy=m '|vW Kr=Yt |v=yo =v CUWv
q=@ VvD =@ |=yxv=O u}@ T=tD \=kv QO |oDUmW ?Hwt xm CU= |R=U`=@W=
u}= 'x}rw= s�=k VvD u=R}t V}=Ri= =@ u}=Q@=v@ [4w3]"OwW|t Kr=Yt u}= |xOwD QO
'Kr=Yt `=@W= u=tR QO w OvQ}o|t Q=Qk |QDq=@ |Owta VvD CLD |U=tD \=kv
p}rO u}ty x@ "OwW|t QDO}OW ?; |oOvvmu=wQ QF= Crax@ =yxv=O u}@ |oDUmW

"|v=yo =v CUWv |UQQ@ Qw_vtx@ s}kDUt VQ@ V}=tR; QO VvD Q}Ut "10 pmW

Q@ |v=yo =v CUWv V}=tR; xm =yxvwtv VvD Q}Ut |wQ Q@ 10 pmW QO Q}O=kt
"Ov=xOW xO=O u=Wv 'CU= xOW s=Hv= =yu; |wQ

Vy=m |R=UpOt |=Q@ u=wD|t =Q ?} Q[ u}= %1�Csr� VvD Vy=m ?} Q[ ��
u}=Q@=v@ "OQ@ Q=mx@ OyO|t MQ |}xv=O l =N |xOwD uOW`=@W= s=ovy QO xm |WvD
QO xm CU= VvD |R=UO=R; =} Vy=m ?} Q[ u=ty `k=wQO VvD Vy=m ?} Q[
|oOWT}N R= p@k =} lWN \}=QW QO l =N |xOwD QOOwHwt VvD |=yxir-wt
?} Q[ "OQw; O}OB =Q `=@W= |x_Lr QO CUQO VvD |=yxir-wt =D OwW|t ?Q[

%OQm x@U=Lt 8 |x]@=Q j@=]t u=wD|t =Q VvD Vy=m
Csr = �c

�t
(8)

|xO}OB OQwt QO =Q |Qo}O QDt=Q=B u=wD|t u}vJty %�a� VvD |oOW O=R; OYQO ��
"OwW|t u=}@ 9 |x]@=Q =@ xm OQm |iQat |v=yo =v CUWv

a = �t � �c
�t

� 100 (9)
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Abstract
Dried granular material subjected to saturation under
certain vertical stresses, results in collapse settlement,
due to sliding in the grain contacts, particle rearrange-
ment and breakage. In this research, the e�ects of sat-
uration on shear strength parameters and the collapse
behavior of clean gravels are investigated via a large
scale direct shear test. For instance, �rst, all physical
properties of the gravelly material were evaluated via
some speci�c laboratory tests, including grading analy-
sis, speci�c gravity of soil solids, unit weight of soils and
Los Angeles abrasion tests. Maximum and minimum
densities were determined in order to provide samples
in a speci�c relative density. The materials, which were
selected for collapse tests were classi�ed as GP and SP,
due to their potential for collapse during saturation. In
order to compare the shear strength parameters in dry
and wet states, large-scale direct shear test apparatus
with a sample dimension of 30�30�15cm was used, and
strain control tests were done on the saturated and dried
samples. Vertical stresses of 1, 3 and 5 Kg=cm2 were ap-
plied to the samples and shearing continued until 4.5 cm
shear displacement. Collapse tests were done by the di-
rect shear apparatus on the initially dry samples, which
were 
ooded during shearing at the speci�c strain or in
the speci�c shear stress levels. Result of laboratory tests
showed that in most samples, shear strength parameters
decreased with inundating the material, whereas the pa-
rameters in collapse and saturated tests were close to
each other.
An important part of this paper is studying the e�ect
of di�erent parameters on the collapse phenomenon in
gravelly material. Speci�c parameters were selected as
vertical stress, soil density, coarseness or �neness of par-

ticles, initial water content, and shear displacement or
shear stress level. Vertical stress and shear stress levels
had a direct e�ect on the collapse settlement; in fact, an
increase in vertical and shear stress levels results in more
collapse settlement and more stress release during satu-
ration. Another factor is sand content in the whole sam-
ple. It was shown that although sand particles were not
prone to crack due to their small size, the collapse poten-
tial in the sand samples was much higher than gravelly
material. In fact, particle rearrangement was the fun-
damental cause of collapse in sandy soils, while particle
breakage in gravelly material is another reason for the
collapse. Also, experimental results indicated that addi-
tion of moisture content, even in small amounts, would
cause a high reduction in collapse settlement. Further-
more, the e�ect of soil density was studied in the collapse
settlement and it was observed that collapse decreases
with an increase in relative density. Thus, in order to
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decrease collapse settlement in the compacted material,
soil mass must be well compacted and prepared in a wet
state.

Key Words: Collapse settlement, shear strength, clean
gravel, saturation, large scale direct shear test.


