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UOv

yt "Q=Ox@r |=y|B |=Q@ '(qult) xOW|Q}oxR=Ov= |}=yv |Q@ Q=@ C}iQ_ Q}O=kt "1 pwOH
Dr = 0 64; D = 7 5 cm Dr = 0 64; D = 10 cm

Dr; D = 7 5 cm Dr; D = 10 cm qult

Q@ R K]U Q@ R K]U (kN=m2)

II I II I 0 75 0 64 0 5 0 75 0 64 0 5 Dr

L=D

67 64 80 77 67 56 42 93 72 55 0 0
191 172 222 202 175 150 134 214 174 160 0 5
245 226 268 246 206 185 159 262 218 195 1
286 259 307 280 244 217 177 300 246 223 1 5
310 285 360 335 277 248 207 361 301 265 2

"xO=@tU w xU=t u}@ � = 340 l =m]Y= |x} w=R =@ xO=@tU Pe=m =@ xOWO=H}= Q@ R ,=D@Uv K]U %I
"xO=@tU w xU=t u}@ � = 370 l =m]Y= |x} w=R =@ xO=@tU Pe=m =@ xOWO=H}= Q@ R K]U %II

�Dr = 0 64 'D = 10 w 7 5 cm� hrDNt u=QoWywSB |Q_v \@=wQ Q_=vDt Q}O=kt =@ |L]U |B |Q@ Q=@ C}iQ_ |y=oW}=tR; G}=Dv |xU}=kt "2 pwOH
Martin Spangler and Lundgren and Vesic Hansen Meyerhof

Experimental�2005� Handy �1982� Mortensen �1953� �1973� �1970� �1963�
123 4 130 6 137 9 155 5 113 9 139 3 � N


61 2 64 3 67 9 76 5 56 1 68 5 71 9 qult(kPa)

D = 10 cm
45 9 48 3 50 8 57 5 41 7 51 5 56 1 qult(kPa)

D = 7 5 cm
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|@Uv |r=oJ 3 |=Q@ 'L=D Q}O=kt Q@=Q@ QO (qsk=qsu) |Q@ Q=@ C}iQ_ C@Uv
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Cr=L =@ w |UQQ@ =y|B R= ẁv u}= OQmrta QO x@r w |B Kw]U |Q@ R Q}F-=D u=R}t
|Q@ R Q=Okt wO &OwW xU}=kt 'OwW|t xO=iDU= |}=QH= C=}rta QO ,qwtat xm 'uD@
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"O@=}|t Ow@y@ w V}=Ri= |Q@ Q=@ C}iQ_ 'xU=t =@ |B T=tD

xU=t QDU@ ptar=Tma pwOt QO x@r Q}F-=D "5"5
'x@r Qw[L R= |W=v |L]U |=y|B CUWv w |Q@ Q=@ C}iQ_ Ow@y@ x@ xHwD =@
Q@ "OW |UQQ@ R}v �Ks� xU=t QDU@ ptar=Tma pwOt QO |B Q} R |x@r OwHw Q}F-=D
C}iQ_ =@ QDU@ ptar=Tma pwOt u=}t x]@=Q OwHw w CUWv � VvD G}=Dv |x}=B
|L]U |B w (ksk) Q=Ox@r |B |=ypOt QDU@ ptar=Tma pwOt 'CUWv w |Q@ Q=@

L=DC@Uv?ULQ@ Q=Ox@r |=y|B|}=yv |Q@ Q=@C}iQ_C@Uv C=Q}}eD "6 pmW
"|Q@ Q=@ C}iQ_ QO xU=t |@Uv |r=oJ QF= w

|B Q} R |x@r OwHw xm OwW|t x_Lqt "OwW|t xOy=Wt 6 pmW QO hrDNt
=@ |t}kDUt ?U=vD 'V}=Ri= u}= w OyO|t V}=Ri= =Q |B |Q@ Q=@ C}iQ_ '|L]U
Tmavt =Q x@r pw] uOW O=} R =@ xU=t |R=UQwYLt QOV}=Ri= xm OQ=OL=DC@Uv
|=Q@ =Q |L]U |B |Q@ Q=@ C}iQ_ 'x@r Qw[L xm O=O u=Wv G}=Dv p}rLD "Ovm|t
smCUO 'L=D = 2=0 C@Uv |=Q@ w Q@=Q@ 2 31 smCUO 'L=D = 0 5 C@Uv
=yQ]k Q}=U =@ Q=Ox@r |=y|B |=Q@ |y@=Wt Q=DiQ "OyO|t CUOx@ Q@=Q@ 4 11 OwOL
L=D |=yC@Uv QO xm OyO|t u=Wv 6 pmW QO =y|vLvt OvwQ "OW xOy=Wt R}v
G}=Dv QDW}@ V}=Ri= |xOvyOu=Wv xm OvDUy q=@ CtU x@ =vLv= =@ =y|vLvt 'QDnQR@
|R=UQwYLt xm Cio u=wD|t u; Cra Q}UiD QO xm CU= L=D QDnQR@ Q}O=kt QO
sDU}U u=wvax@ 'x@r uwQO xOWx]=L= |xU=t w |B xm OwW|t Ea=@ x@r \UwD xU=t
j}taxt}v w j}ta |=y|B Ovv=ty '|Q@ Q=@ C}iQ_ V}=Ri= =@ w Ovm pta |OL=w

"Ovm Q=DiQ
QO xOWVQ=Ro G}=Dv =@ Q[=L |xar=]t QO xOt; CUOx@ G}=Dv |xU}=kt =@
Qw[L R= |W=v |Q@ Q=@ C}iQ_ Ow@y@ Q}O=kt QO |}=yCw=iD 'u}W}B x@=Wt C=ar=]t
Q]k x@ |B pOt |=yV}=tR; s=Hv= =@ ,qFt "OwW|t x_Lqt |L]U |B Q} R |x@r
Ow@y@ Q=Okt '�76 |@Uv |r=oJ =@ xU=t Q@ `k=w 'UPVC TvH R= x@r w 7 5 cm
[7]'CU= xOW VQ=Ro 10 OwOL L=D = 2=0 <=R= x@ |Q@ Q=@ C}iQ_ C@Uv QO
QO "CU= Q[=L |xar=]t QO xOt; CUOx@ Q}O=kt R= QDW}@ |yHwDp@=k Qw]x@ xm
10 cm ZQa x@ |a@ Qt |B l} |=Q@ '|Qo}O VywSB QO x@=Wt |UQQ@ w xar=]t
|r=oJ |=Q@ |Q@ Q=@ C}iQ_ QO Ow@y@ u=R}t |xv}W}@ 'L=D = 1 0 C@Uv w
Q]k x@ |}xQ}=O |B |=Q@ u}vJty [5]"CU= xOW VQ=Ro 2 7 OwOL '�57 |@Uv
'pOt K]U |Q@ R Q=Okt R= Q_vhQY '�64 |@Uv |r=oJ =@ xU=t Q@ `k=w 12 cm
|rm Qw]x@ [3]"Ot; CUOx@ 8 1 =D 1 5 |xOwOLt QO |Q@ Q=@ C}iQ_ Ow@y@ C@Uv
QO hqDN= OwHw 'Kr=Yt w V}=tR; s=Hv= \}=QW QO OwHwt |=yCw=iD OwHw =@
"OQ=O QDW}@ |UQQ@ w jkLD x@ R=}v hrDNt u=QoWywSB \UwD xOt; CUOx@ G}=Dv

|=y|r=oJ QO xU=t Q@ `k=w Q=Ox@r |=y|B |=Q@ CUWv |=yC@Uv Q}O=kt
xOW x�=Q= 7 pmW QO Q=Owtv CQwYx@ 'L=D hrDNt |=yC@Uv <=R= x@ hrDNt
=Qu; CUWv |yHwDp@=k Qw]x@ '|L]U |B h=Q]= |x@r OwHw u; j@=]t xm CU=
w CU= |B Q]k x@ x@r pw] C@Uv =@ ?U=vDt CUWv Vy=m u=R}t &OyO|t Vy=m
'xvwtv Qw]x@ "O@=}|t V}=Ri= R}v CUWv Vy=m Q=Okt 'Q_=vDt C@Uv uOW O=} R =@

78



3/
1|

xQ=t
W'

34
�2

|xQ
wO'

�13
97

R}}=B
�h

}QW
u=Qt

a|
UOv

yt

T=U=Q@ j}taxt}v w Q=Ox@r |=y|B |Q@ Q=@ C}iQ_ C@Uv |xU}=kt "10 pmW
"|Q_v \@=wQ

C@Uv T=U=Q@ �Qsk� Q=Ox@r |=y|B w �Qpr� j}taxt}v |=y|B |Q@ Q=@ C}iQ_
0 64 |@Uv |r=oJ |=Q@ w x@r pw] C@Uv Q@=Q@ QO '�Qpr=Qsk�|Q@ Q=@ C}iQ_
Qw]x@ xm OwW|t xOy=Wt "CU= xOW xO=O u=Wv 10 pmW QO 'h=Y K]U w
|=y|B R= QDW}@ OYQO 15 =D 10 u}@ j}taxt}v |=y|B |Q@ Q=@ Q=Okt '\UwDt
|=Q@ hqDN= u} QDtm w [41]'hwyQ}t |x]@=Q |=Q@ hqDN= u} QDW}@ &CU= Q=Ox@r
QDtm C@Uv QO xm OwW|t x_Lqt u}vJty [48]"Ot; CUOx@ '|k=RQD |x]@=Q
|QDy@ OQmrta j}taxt}v |B x@ C@Uv Q=Ox@r|B '�L=D� jta x@ x@r pw]
|=y|B |Q@ Q=@ C}iQ_ Ow@y@ |=Q@ xOWx�=Q= G}=Dv =@ xOt; CUOx@ |xH}Dv "OQ=O
|=y|B |Q@ Q=@ C}iQ_ G}=Dv |xU}=kt =@ xm |Qw]x@ 'OQ=O Ck@=]t |L]U
x@ C@Uv x@r pw] QDtm |=yC@Uv QO Q=Owtv ?}W '|L]U |=y|B w Q=Ox@r
|=y|B |=Q@ xOWpY=L G}=Dv x@ xHwD =@ "OW xOy=Wt QDW}@ 'O=} R L=D Q}O=kt
u=R}t QO |B ẁv wO l}ORv OQmrta w j}taxt}v |=y|B =@ xU}=kt QO Q=Ox@r
Kr=Yt u=R}t 'j}taxt}v |=y|B x@ C@Uv Q=Ox@r |=y|B QO xmv}= w |Q@ Q=@
xiQYx@ uwQkt Ov=wD|t Q=Ox@r |B R= xO=iDU= 'CU= QDW}@ ?D=Qt x@ xOW|} wHxiQY

"OW=@

uwiOt |L]U |=y|B =@ Q=Ox@r |=y|B CUWv |xU}=kt "7"5
w Q=Ox@r |=y|B CUWv |xU}=kt w xOt; CUOx@ |m} R}i pOt G}=Dv T=U=Q@
CUWv u=R}t ?UL Q@ Q=Ox@r|B CUWv Q=Okt |v}@V}B CyH |}x]@=Q '|L]U
C@Uv <=R= x@ Q=Ox@r |B CUWv Q=Okt "OW x�=Q= 1 |x]@=Q j@=]t '|L]U |B

%CU= x@U=Lt p@=k '|B L=D
Ssk = 1 0061� e�1 06(L=D) � Ssu (1)

'|m} R}i pOt G}=Dv R= Q=Ox@r |B |=Q@ xOW|v}@V}B CUWv Q=Okt u}vJty
'�L=D� C@Uv =@ Q_=vDt |=yjta QO `k=w uwiOt |L]U |B CUWv Q}O=kt =@
j@=]t 'Ov=xOW O=yvW}B [52�50]'u=QoWywSB |NQ@ \UwD xm |LqY= ?}=Q[ \UwD
QO Q=Ox@r |=y|B xm OwW|t x_Lqt G}=Dv |xU}=kt R= "OvOW xU}=kt 11 pmW
CUWv Q}O=kt 'x@r lwv R=QD =@ Q_=vDt j=ta= QO uwiOt |L]U |=y|B =@ xU}=kt
'�L=D� QDtm |=yC@Uv |=Q@ G}=Dv hqDN= "OvyO|t Vy=m QDW}@ =Q |L]U |B
C} Rt w QDy@ OQmrta 'xOt; CUOx@ G}=Dv "Ot; CUOx@ QDtm 'O=} R j=ta= x@ C@Uv

Kw]U |Q@ R u=R}t ?ULQ@ Q=Ox@r |B pOt |}=yv |Q@ Q=@ C}iQ_ C@Uv "8 pmW
"|B

"CUWv C@Uv ?ULQ@ Q=Ox@r |B |=ypOt QDU@ ptar=Tma pwOt C@Uv "9 pmW

|L]U |=y|B QDU@ ptar=Tma pwOt Q=Okt QO Ow@y@ w Ot; CUOx@ (ksu)

pwOt C@Uv Q=Owtv "OW x�=Q= ksk=ksu 'QDU@ ptar=Tma pwOt C@Uv T=U=Q@
x_Lqt "CU= xOW xO=O u=Wv 9 pmW QO CUWv C@Uv ?ULQ@ ptar=Tma
|xv}tm |L]U |B pOt QDU@ ptar=Tma pwOt 'x@r OwHw Crax@ xm OwW|t
x@ x@r pw] C@Uv l} =@ |B pOt |=Q@ "Ci=} Ow@y@ Q@=Q@ 3 77 |xv}W}@ w 1 74
xty |=Q@ "CW=O V}=Ri= Q@=Q@ 2 21 =D QDU@ ptar=Tma pwOt '0 5 �L=D� Q]k
'O@=}|t Vy=m QDU@ pwOt CUWv C@Uv V}=Ri= =@ 'Q=Ox@r w |L]U |B |=ypOt
,qw= xm OQm Q}UiD xvwou}= u=wD|t &Ovm|t =O}BV}=Ri= (ksk=ksu) pwOt C@Uv |rw
|L]U |=y|B x@ C@Uv Q=Ox@r |=y|B QO |Q@ Q=@ V}=Ri= MQv 'CUWv V}=Ri= =@
|L]U |B x@ C@Uv Q=Ox@r |B CUWv u=R}t 'x@r OwHw Crax@ ,=}v=F w CU= O=} R
Q=Ox@r |B QDU@ pwOt 'CUWv C@Uv V}=Ri= =@ u}=Q@=v@ "OQ=O |yHwDp@=k Vy=m

"O@=}|t V}=Ri= |L]U |B x@ C@Uv

j}taxt}v |=y|B =@ Q=Ox@r |=y|B OQmrta |xU}=kt "6"5
|=y|B |Q@ Q=@ C}iQ_ Q=Okt 'j}taxt}v w Q=Ox@r |=y|B OQmrta |xU}=kt CyH
Q}O=kt =@ w x@U=Lt [49w48'42'41]'`@=vt |NQ@ QO OwHwt \@=wQ \UwD j}taxt}v
C=Q}}eD "OvOW xU}=kt 'Ov=xOt; CUOx@ |R=UpOt \UwD xm Q=Ox@r |=y|B Q}_v

79



"""C
UW

vw
|Q@

Q=@C
}iQ_

|y=
oW}

=tR;
|xa

r=]t|xar=]t QO x@r R= xO=iDU= "O@=}|tV}=Ri= xU=t |@Uv |r=oJVy=m w |B Q]k
pw] x@ xDU@ '5 =D 2 3 u}@ |xOwOLt QO =Q |L]U |B |Q@ Q=@ C}iQ_ 'Q[=L

"O}WN@ Ow@y@ xU=t |r=oJ w x@r
CUWv � Q=@ Q=DiQ '|L]U |=y|B uOQmQ=Ox@r xm O=O u=Wv =yV}=tR; G}=Dv "2
'|Q@ Q=@ C}iQ_ Q=Okt V}=Ri= =@ x=Qty w Ovm|t KqY= |yHwDp@=k Qw]x@ =Q
|xar=]t QO xOW|Q}oxR=Ov= Vy=m Q=Okt "OyO|t Vy=m R}v =Q =y|B CUWv
"Ot; CUOx@ �92 OwOL '|@Uv |r=oJ w x@r pw] Q=Okt R= Q_vhQY 'Q[=L
VwQ u=wvax@ Ov=wD|t |B Q} R |x@r R= xO=iDU= 'xOt; CUOx@ G}=Dv |=v@t Q@ "3
QO CUWv w |Q@ Q=@ C}iQ_ Q_v R= |L]U |B OQmrta Ow@y@ CyH '|R=Uy@

"OwW xDiQo Q_v
w CU= T=UL |r}N CUWv Q=Okt x@ C@Uv =yu; OQmrta xm |}=yxR=U QO "4
&CU= |Q@ Q=@ C}iQ_ |xOvvmpQDvm '|WQ@ |oDN}Uo |=H x@ CUWv pt=a
Q=Okt QO =Q R=Ht |Q@ Q=@ C}iQ_ Q=Okt u=ty 'x@r \UwD l =N |R=UQwYLt

"OyO|t CUOx@ |QDtm |r}N CUWv
'\UwDt sm =QD =@ w CUU |}xU=t |=yl =N QO |L]U |B Q} R |x@r |Q}oQ=mx@ "5

"OyO|t x�=Q= sm =QDt Cr=L x@ C@Uv |QDW}@ |OvtOwU w |};Q=m
V}=Ri= x@r w |B K]U |Q@ R u=R}t V}=Ri= =@ Q=Ox@r |=y|B OQmrta Ow@y@ u=R}t "6

"O@=}|t
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