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|ovU uwDU =@ xOW|R=Uy@ sQv TQ
�OWQ= T=vWQ� � �|DvtQ |v=@aW O=wHOtLt

�Q=}Wv=O� Q}t[uWwQ |raOtLt
u=yiY= |DavY x=oWv=O 'u=Qta |UOvyt |xOmWv=O

|wQ xOWxDN=U |}xU=t |v=wQ}W |Q=O}=B 'Plaxis Q=Ri=sQv R= xO=iDU= =@ VywSB u}= QO
"CU= xOW |UQQ@ pO=at |x}L=v w pO=at Q=wv VwQ wO x@ |ovU uwDU x@ KrUt sQv TQ

u}@ |xrY=i w l =m]Y= |x} w=R 'Q]k %Q}_v |}=yQDt=Q=B QF= |OOa |=yp}rLD s=Hv= =@
?} Q[ QO R} Qm =N l =m]Y= |x} w=R w `=iDQ= '|UQ l =N |oOv@UJ '|ovU uwDU

R= xm CU= xO=O u=Wv pY=L G}=Dv "Ov=xDiQo Q=Qk |UQQ@ OQwt |}xU=t |v=wQ}W u=v}t]=
|Q=O}=B u=v}t]= ?} Q[ QO sQv TQ w |ovU uwDU Ctw=kt '|UQQ@ OQwt |=yQDt=Q=B u}@
|L=Q] VwQ uOw@pw=ODt x@ xHwD =@ w |OOa G}=Dv |=v@t Q@ u}vJty "OvQ=O |QDW}@ Q}F-=D

R= pY=L G}=Dv u}@ OwHwt Cw=iD p}OaD |=Q@ w pO=at Q=wv x@ C@Uv pO=at |x}L=v
|=yQDt=Q=B pm |=Q@ xm CU= xOW O=yvW}B Vy=m ?} Q[ l} 'QwmPt |=yVwQ

?} Q[ xm OwW|t x}YwD "CU= xDiQo Q=Qk 0 99 =D 0 74 |xOwOLt QO xOW|UQQ@
"O@=} p}OaD xOWQmP Vy=m ?} Q[ =@ pO=at |x}L=v VwQ R= pY=L u=v}t]=
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|x}L=v 'pO=at Q=wv '|ovU uwDU 'sQv TQ '|v=wQ}W |Q=O}=B %|O}rm u=oS=w
"Plaxis 'pO=at

xtOkt "1
|=yl =N Ctw=kt "OQ=O l =N ẁv x@ |oDU@ ,=DOta l =N |R=Uy@ Q=mwR=U
R= CU= umtt u}vJty "O=O Ow@y@ |ovU uwDU R= xO=iDU= =@ u=wD|t =Q |UQ
QO =yu; |xS} w OQ@ Q=m =t= 'OwW xO=iDU= |}xU=t |=yxDWyv QO |ovU |=yuwDU
R= |m} x@ |ovU uwDU CN=U |xwLv "CU= xOv@UJ w '|r;Q}e 'sQv |=yl =N
sy T}N VwQ x@ xm '|v} Ro}=H VwQ QO "CU= |}=Hx@=H w |v} Ro}=H VwQ wO
'OwW|t u} Ro}=H |ovU uwDU =@ X=N |wor= l} QO pLt l =N 'CU= hwQat
?;CH =@ x=Qty |W=aDQ= |xr}t l} R= xO=iDU= =@ =Q |}=yp=Owo O}=@ Q=m u}= |=Q@ xm
pLt l =N 'CU= hwQat sy lWN VwQ x@ xm '|}=Hx@=H VwQ QO "OQm QiL
"OwW|t =Hx@=H |@v=H CQwYx@ xOQWi |=wy =@ x=Qty |W=aDQ= |xr}t l} \UwD
|xr}t =@ w xDN} Q p=Owo pN=O |ovU Kr=Yt 'O}UQ Q_vOQwt jta x@ xr}t xm |v=tR
|v}tRQ} R ?; K]U xm |}=yu}tR |=Q@ |}=Hx@=H VwQ "OwW|t sm =QDt |W=aDQ=

[4w3]"CU= ?U=vt 'OvQ=O CiU l =N w CU= u}}=B
QDU@ Q@ `k=w |v=wQ}W j}ta |oDN}Uo R= |Q}owrH |=Q@ |R=Uy@ |xw}W u}OvJ
|@}mQD |=yuwDU w '|ovU |=yuwDU 'xOWsm =QDt |}xU=t |=yuwDU %p}@k R= sQv
u=wvax@ |ovU |=yuwDU 'OQ=wt ?re= QO "Ov=xOW xO=iDU= R}t;C}kiwt Qw] x@
O=yvW}B sQv QDU@ Q@ `k=w |v=wQ}W |Q=O}=B CqmWt pL |=Q@ ?U=vt pL x=Q
CUWv w |Q@ Q=@ C}iQ_ OQw;Q@ |Q_v pL Qw_vt x@ |Q=}U@ C=ar=]t [8�5]"Ov=xOW
|=yp=U QO [11�9]"CU= xOW s=Hv= |ovU uwDU R= xO=iDU= =@ xOWKqY= |=yQDU@
Qw_vt x@ =y|v=wQ}W |Q=O}=B p}rLD |=Q@ xOQDUo Qw]x@ |OOa |=yVwQ 'Q}N=

hrDNt |=yVwQ x@ u=W|UOvyt X=wN Ow@y@CyH =yl =N xmCU= p=U =yOY
Q=DiQ |xv}tR QO QW@ Vv=O <=kDQ= 'Q}N= p=U 75 QO =t= "Ov=xOW `k=w KqY= OQwt
XwYNQO |O}OH w `}O@ |=yVwQ RwQ@ ?Hwt |m}vmDw�S C=Q]=Nt w l =N
'u}tR KqY= |=yxw}W u} QD?U=vt R= |m} "CU= xOW =yl =N X=wN KqY=
|m}vmDw�S |=yxSwQB QO |ovU |=yuwDU R= xO=iDU= "CU= |ovU |=yuwDU |=QH=
'=y|v=wQ}W |R=UQ=O}=B 'l =NCUWv pQDvm 'l =N |Q@ Q=@C}iQ_V}=Ri= Qw_vt x@
xDW=O u=w=Qi OQ@ Q=m '=y|B |@v=H Ctw=kt V}=Ri= w l =N |}=Qov=wQ C}r@=k Vy=m
Q}_v |DqmWt CU= umtt sQv |=yQDU@ |wQ Q@ |UOvyt |=yR} Qm =N |=QH= "CU=
R= xO=iDU= =@ u=wD|t =Q =y|v=wQ}W |Q=O}=B p}rLD [1]"OwW xH=wt |v=wQ}W |Q=O}=B=v
[2]"O=O s=Hv= OwOLt p[=iD w 'OwOLt u=tr= '|OL p}rLD '|OL pO=aD|=yVwQ
w '|rm '|L]U '|a[wt CQwYx@ CU= umtt R} Qm =N |v=wQ}W |Q=O}=B=v
u}}=B VvD Cra x@ sm jta QO |L]U w |a[wt |oDN}Uo "O@=} xaUwD |kta
Oa@ R} Qm =N uOW`=@W= R= |W=v xR |wQ}v w 'sm Ctw=kt 'sm |r=oJ 'Q=@ QU R= |W=v
|oDN}Uo ẁv R= |}xU=t |=yR} Qm =N QO |oDN}Uo |rm Qw] x@ "CU= |oOvQ=@ R=
|oDN}Uo CQwYx@ |v=wQ}W j}ta |oDN}Uo xm |r=L QO "CU= |v=wQ}W xHvB

[1]"ODi=|t j=iD= R} Qm =N Q} R QO h}a[ QDU@ uDiQoQ=Qk Crax@ |QU=QU

pw�Ut xOvU} wv �
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"|UOvy pOt "1 pmW

"|ovU |=yuwDU |Q}oQ=Qk V}=Q; "2 pmW

|FrFt V}=Q; |=Q@ w CU= C@=F Q=Okt c xm 'OQ=O OwHw Re = c:S |x]@=Q '(S)

V}=Q; R= Q[=L VywSB QO [19w18]"CU= 0 564 w 0 525 Q@=Q@ ?}DQDx@ |a@ Qt w
u=wD|t 2 pmW x@ xHwD =@ u}vJty "�hr=2 pmW� CU= xOW xO=iDU= |a@ Qt
|ovU uwDU `]=kt CL=Ut pm C@Uv =@ Q@=Q@ =Q (�) |v} Ro}=H |x}L=v OYQO
|v} Ro}=H |x}L=v |=Q@ "�1 |x]@=Q� OQm h} QaD KrUtQ}e |x}L=v CL=Ut pm x@
QO [20]"O};|tv OwHw x@ l =N X=wN QO |}x_Lqt p@=k Ow@y@ '�10 R= QDtm
xO=iDU= =QH= QO xm 'OYQO 30 =D 10 u}@ |v} Ro}=H |x}L=v OYQO 'VywSB u}=
xOw@ |Oa)@xU CQwYx@ |rm Qw] x@ =yuwDU V}=Q; "CU= xOW xOQ@ Q=mx@ 'OwW|t
pO=at Q=wv R= xm CU= sRq 'K]Ut VvQm Cr=L QO =yuwDU |R=UpOt |=Q@ "CU=
x@U=Lt pO=at Q=wv Ct=N[ '3 pmW x@ xHwD =@ [18]"OwW xO=iDU= �pO=at uwDU�

"�2 |x]@=Q� CU= xOW
� = d2

(1 13S)2 � 100 (1)

�d2

4 = te � S (2)

|xrY=i u}@ \=@DQ= [16�12]"Ov=xDiQo Q=Qk xO=iDU= OQwt �FS� u=v}t]= ?} Q[ u}}aD
s�=k VvD x@ |ki= VvD C@Uv CQwYx@ l =N VvD Cr=L QO Q}}eD w =yuwDU
[17]"CU= xDiQo Q=Qk |UQQ@ CLD |OQwt |xar=]t l} QO uwDU |=QH= Cra x@
pO=aD VwQ R= xO=iDU= =@ |ovU uwDU |wQ Q@ xOW=QH= |v=wQ}W |Q=O}=B u}vJty
|x}L=v w =RHt |ovU |=yuwDU uDiQoQ_vQO =@ w |}xQ}=O VRer K]U =@ |OL
?} Q[ xm CU= xO=O u=Wv pY=L G}=Dv [7]"CU= xDiQo Q=Qk p}rLD OQwt pO=at
"CU= pO=at |x}L=v VwQ R= QDnQR@ =RHt |=yuwDU VwQ R= xO=iDU= =@ u=v}t]=
R= xO=iDU= =@ |ovU uwDU x@ xOWKrUt sQv TQ l =N CUWv Qo}O |}xar=]t QO
|ovU uwDU |R=UpOt CyH pO=at Q=wv VwQ |Q}oQ=mx@ w Plaxis 2D Q=Ri=sQv

[18]"CU= xDiQo Q=Qk |UQQ@ OQwt
u=v}t]= ?} Q[ |@=} RQ= |=Q@ xOWs=Hv= |OOa |=yp}rLD G}=Dv 'Q=DWwv u}= QO
j}ta |oDN}Uo Cr=L QO |ovU uwDU x@ KrUt sQv QDU@ Q@ `k=w |}xv=O R} Qm =N
|}=yQDt=Q=B Plaxis 2D Q=Ri=sQv R= xO=iDU= =@ VywSB u}= QO "CU= xOW VQ=Ro
'|ovU uwDU u}@ |xrY=i '|ovU uwDU l =m]Y= |x} w=R '|ovU uwDU Q]k %Q}_v
u=v}t]= ?} Q[ Q@ l =m]Y= |x} w=R w 'R} Qm =N `=iDQ= '|UQ l =N |oOv@UJ
|}=yQ=Owtv CQwYx@ |UQQ@ u}= R= pY=L G}=Dv "Ov=xDiQo Q=Qk |UQQ@ OQwt R} Qm =N
|=Q@ w |OOa G}=Dv |=v@t Q@ u}vJty "CU= xOW x�=Q= |UOvyt |=yOQ@ Q=m |=Q@
pt=a l} 'pO=at |x}L=v VwQ w pO=at Q=wv VwQ R= pY=L G}=Dv u}@ QDW}@ ji=wD

"CU= xOW x�=Q= Ctw=kt Vy=m

|OOa |R=UpOt "2
|}xQo 15 w 6 |=yu=tr= |Q}oQ=mx@ C}r@=k 'xO=iDU= OQwt Plaxis Q=Ri=sQv QO xJQo =
|}xQo 15 u=tr= R= VywSB u}= QO G}=Dv CkO V}=Ri= Qw_vt x@ =t= 'CU= OwHwt
=Q |QDy@ G}=Dv xm CU= |k}kO Q=}U@ u=tr= |}xQo 15 u=tr= "CU= xOW xO=iDU=
OQwt |xr�Ut CyH xOWxDN=U |=ypOt QO "OyO|t CUO x@ pmWt p�=Ut |=Q@

"CU= xOW xO=iDU= \UwDt |Ov@Vt R= p}rLD

|UOvy |R=UpOt "1"2
'1 pmW "CU= xOW s=Hv= �K]UtVvQm\}=QW� |Oa)@ wO\}Ltl} QO |R=UpOt
wO |=Q@ =Q sQv |UQ l =N QO |ovU uwDU |wQ xDiQoQ=Qk R} Qm =N |UOvy pOt
l =N pt=W l =N uw}U=Ovwi "OyO|t u=Wv pO=at |x}L=v w pO=at Q=wv Cr=L
"CU= QDt 2 Ct=N[ x@ xU=t x}q l} |wQ xDiQoQ=Qk QDt 10 Ct=N[ =@ sQv |UQ
\w@ Qt O=a@= "CU= xOW xO=iDU= |R=UpOt QO xUOvy R= |t}v \ki 'uQ=kD Crax@
"Ov=xOW ?=NDv= |OQ@ Q=m C=_Lqt |=v@t Q@ uw}U=Ovwi w R} Qm =N '|ovU uwDU x@
uwDU pw] 'QDt 0 8 Q@=Q@ uwDU Q]k %CU= CQwY u}O@ =v@t pOt <=RH= |xUOvy
R= |t}v 'QDt 5 Q@=Q@ R} Qm =N `=iDQ= 'QDt 2 Q@=Q@ =yuwDU u}@ |xrY=i 'QDt 10 Q@=Q@
VywSB u}= QO "�s�=k� 1 �|ki=� 2 |v=wQ}W ?}W |x} w=R w QDt 19 Q@=Q@ G=D |=vyB
|oDN}Uo R= |Q}owrH |=Q@ u}vJty "CU= xOWv xDiQo Q_v QO |v}tRQ} R ?; K]U
|=yxYNWt R= 'u; |=QH= C}ak=w =@ Q_=vDt w R} Qm =N |xR=U QO |L]U w |a[wt
|UQQ@ |=Q@ "CU= xOW xO=iDU= \w@ Qt Kr=Yt |=Q@ ?U=vt pmWQ}}eD w |Dtw=kt

"CU= xOW xO=iDU= uoty Kr=Yt x@ \w@ Qt |=yQDt=Q=B R= pO=at |x}L=v
Q}F-=D `=aW l} V}=Q; ẁv x@ xHwD =@ |ovU uwDU Qy |=Q@ '2 pmW x@ xHwD =@
=yu; RmQt =D RmQt u}@ |xrY=i w |ovU uwDU QF-wt `=aW u}@ "OwW|t xDiQo Q_v QO
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eq = 
s�+ 
c(1� �) (3)

Eeq = Es�+ Ec(1� �) (4)

�eq = �s�+ �c(1� �) (5)

ceq = cs�+ cc(1� �) (6)

'eq = tan�1(� tan's + (1� �) tan'c) (7)

 eq =  s�+  c(1� �) (8)

Kr=Yt C=YNWt hQat s T}Ov= 'pO=at QDt=Q=B hQat eq T}Ov= '=yu; QO xm
"CU= sQv TQ Kr=Yt C=YNWt hQat c w '|ovU uwDU

|ovU uwDU u}@ lQDWt K]U u=tr= R= 'pO=at |ovU uwDU =@ |}=ypOt |=Q@
|oDN}Uo xm CU= u; u=tr= u}= R= xO=iDU= p}rO "CU= xOW xO=iDU= TQ l =N w
|}x_Lqt p@=k |WQ@ VvD p}rO u}ty x@ w CU= |WQ@ ẁv R= '|ovU uwDU xwQo
Ctw=kt C=YNWt [18]"O};|t OwHw x@ TQ l =N w |ovU uwDU lQDWt K]U QO
|=yxYNWt "CU= |m =N |=yx}q Ctw=kt C=YNWt x@ xDU@=w lQDWt K]U
l =N |Dtw=kt |=yxO=O x@ ?U=vt Vy=m ?} Q[ p=ta= =@ lQDWt K]U |Dtw=kt
xOW xDiQo Q_v QO 0 7 TQ |=Q@ Ctw=kt Vy=m ?} Q[ Q=Okt "Ov=xOW u}}aD
xO=iDU= |QDnQR@ Vy=m ?} Q[ R= q=@ Ctw=kt =@ |=yl =N |=Q@ [21w18]"CU=
xDiQo Q_v QO 0 9 |ovU uwDU lQDWt Kw]U |=Q@ ?} Q[ u}= Q=Okt =Pr 'OwW|t

[25w18]"CU= xOW

Vy=m VwQ R= xO=iDU= =@ u=v}t]= ?} Q[ p}rLD w x} RHD "4"2
(Phi-c) Ctw=kt

xm |Dkw =D |B QO |B l =N c w tan' 'Ctw=kt |=yQDt=Q=B Phi-c Vy=m QO
lQDWt K]U Ctw=kt [25]"OwW|t xO=O Vy=m 'ODi=|t j=iD= xR=U |oDN}Uo
|}xR=U <=RH= Ctw=kt "OwW|t xO=O Vy=m xvwou}ty x@ 'uOQmQw_vt CQwY QO
?} Q[ h} QaD |=Q@ "OvQ=Ov Q=Qk Phi-cVy=m Q}F-=D CLD =yQ=yt w C=LiY Ovv=ty
pL=Qt QO l =NCtw=kt |xDi=}Vy=m |=yQDt=Q=B Q=Okt R= (PMsf) pm u=v}t]=

%OwW|t xO=iDU= p}rLD hrDNtX
Msf = tan'input

tan'reducted
= Cinput
Creducted

(9)

|OwQw C=YNWt x@ xQ=W= input T} wvQ} R =@ Ctw=kt |=yQDt=Q=B xm|Qw] x@
"CU=Ctw=kt |xDi=}Vy=m Q}O=kt hQat reducedT} wvQ} R =@ |=yQDt=Q=B w xDW=O
"OwW|t s=Hv= 1Q=@ V}=Ri= pL=Qt O=OaD R= xO=iDU= =@ Phi-c Vy=m |x@U=Lt
=QH= |i=[= pL=Qt s=tD xm |Dkw =D Q=mOwN Qw] x@ |B QO |B |Dtw=kt |=yQDt=Q=B
10 |x]@=Q CQwYx@ u=v}t]= ?} Q[ Cr=L u}= QO "OwW|t xO=O Vy=m 'OwW

%O};|t CUOx@
SF =

pwYL p@=k Ctw=kt
|oDN}Uo Ctw=kt = |oDN}Uo QO XMsf Q=Okt (10)

|HvUCLY p}rLD "3
R= pY=L G}=Dv u}@ |}xU}=kt =OD@= QO 'Q=Ri=sQv OQmrta CLY |UQQ@ Qw_vtx@
|OOa |R=Ux}@W w [26]'xOW s=Hv= C=ar=]t QO|y=oW}=tR; |xvwtvl} |R=UpOt

"K]Ut VvQm \}=QW QO |ovU |=yuwDU |R=UpO=at "3 pmW

"pO=at |x}L=v w 'uw}U=Ovwi '|ovU uwDU 'R} Qm =N Kr=Yt C=YNWt "1 pwOH
|x}L=v xU=t uwDU TQ |xU=t QDt=Q=BpO=at |ovU sQv R} Qm =N
16 125 18 17 16 19 
unsat (kN=m3)

5687 5 25000 35000 1500 30000 E (kN=m2)

0 344 0 3 0 3 0 35 0 3 �

13 125 0 0 15 0 c (kN=m2)

5 38 30 37 0 37 ' (0)

0 75 0 6 0 5  (0)

|RQt \}=QW "2"2
R= 'OQ=O Q=Qk CNU QDU@ l} |wQ Q@ uw}U=Ovwi |xU=t |x}q xmv}= ZQi =@
|ki= pmWQ}}eD R= u}vJty "CU= xOW |Q}owrH |ki= RQt u}= QO s�=k pmWQ}}eD
xO=O =yu; x@ s�=k |=DU=Q QO pmWQ}}eD |xR=H= \ki w |Q}owrH s�=k RQt wO QO

"CU= xOW

Kr=Yt C=YNWt w |R=UpOt "3"2
?U=vDt |=yQDt=Q=B w l =N R=?U=vt pOtl} O}=@ 'l =N Q=DiQ |R=Ux}@W Qw_vt x@
VvQm � VvD |]NQ}e Q=DiQ "OwW xO=O X}YND xR=U |xUOvy x@ Kr=Yt =@
|=yQDt=Q=B O=OaD "CU= uOQmpOt p@=k 'xr�Ut |oO}J}B hrDNt Kw]U QO l =N
x@ R=}v 'j}kO |R=Ux}@W Qw_vt x@ "O@=}|t V}=Ri= xr�Ut |oDN}Uo K]U =@ pOt
|ovU uwDU 'R} Qm =N Kr=Yt |R=UpOt |=Q@ "CU= Kr=Yt ?U=vt |=yQDt=Q=B
|Q}tNu=UWm pOt u}= "CU= xOW xO=iDU= ?trwm � Qywt pOt R= uw}U=Ovwi w
|x} w=R '(�) uwU=wB C@Uv '(E) |v=UWm pwOt %pt=W |U=U= QDt=Q=B 5 x@ pt=m
( ) l =N `=UD= |x} w=R w '(c) l =N |oOv@UJ '(') l =N |rN=O l =m]Y=
Cr=L QO |UQ QDU@ "CU= xOW x�=Q= 1 pwOH QO Kr=Yt C=YNWt "OQ=O R=}v
xm |}=Hv; R= "CU= xOW xDiQo Q_v QO u}at O=R; ?; K]U uwO@ `=@W= x@ l}ORv
CLD u}=Q@=v@ 'CU= xDi=}|O=a s}mLD =} xDi=}vs}mLDCr=L QO ,=U=U= sQv TQ l =N
|v=QL@ \}=QW QO sQv |UQ l =N '=QH= R= Oa@ xrY=iq@ w =QH= u}L QO R} Qm =N Q=@
xOWv|WmyR |oOv@UJ R= VywSB u}= QO 'wQ u}= R= "Ovm|t pta xOWv|WmyR

"CU= xOW xO=iDU= sQv |UQ l =N Ctw=kt uOQmQw_vt |=Q@
|ovU uwDU \UwD xOWp=eW= CL=Ut u}ov=}t R= pO=at |x}L=v C=YNWt
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|oDN}Uo =@ Q_=vDt �FS� u=v}t]=?} Q[ QO Q=PoQ}F-=D QDt=Q=B u}OvJ 'VywSB u}= QO
u}= "CU= xOW |UQQ@ |ovU uwDU x@ KrUt sQv TQ |wQ xDiQoQ=Qk R} Qm =N j}ta
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