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sQv l =N |Q=DiQ pOt |=Q@ |Oa@ l} VRN pwY= T=U=Q@ "OQm xQ=W= xOW KqY=
VvQm %CU= xOW p}mWD |U=U= VN@ wO R= QwmPt pOt QO |}=yv VvQm '|WRN
l =N |Q=DiQ pOt QO |WRN VvQm "|WRN =} |Q}tN � wmU} w VvQm w u=UWm
CtUk xmr@ 'ODi=|tv j=iD= OwHwt C@=F QF-wt |=yVvD Q}F-=D CLD \ki '|WRN sQv
"CU= Q=PoQ}F-=D G}=Dv QO sy xrLQt u; QO l =N QO xOW O=H}= C=Q}}eD w x}rw= s}mLD
CUOx@ 6 |x]@=Q R= u=wD|t =Q |}=yv VvQm Q=Okt 'xOW QmP |WRN |Qw�D T=U=Q@

%OQw;
" = a:Ln(�

0
�00

) + (b� a):Ln(�pc
�p0

)

+c:Ln(�c + t0
�c

) (6)

VvD �00 '|}=yv QF-wt VvD c0 'C@=F ?}=Q[ c w b 'a '|}=yv VvQm " 'u; QO xm
QDt=Q=B �c 'x}rw= |t}mLDV}B Q=Wi �p0 '|}=yv |t}mLDV}B Q=Wi �pc 'x}rw= QF-wt
Ci=} QO u=wD|t 6 |x]@=Q w 2 pmW x@ xHwD =@ "CU= VRN s=Hv= u=tR t0 w u=tR
QF-wt VvD V}=Ri= R= |W=v u=UWm |=yVvQm |xOvyOu=Wv 'x]@=Q pw= CtUk xm

"CU= (t) u=tR pm QO
s=Hv= u=tR pw] QO xOW O=H}= |WRN |=yVvQm |xOvvmu=}@ 'swO CtUk
(tc) x}rw= s}mLD u=tR u=}=B =D |t}mLDV}B Q=Wi V}=Ri= =@ xm CU= x}rw= s}mLD

[13]"XNWtVvDV}=Ri=l}|=Q@ s}mLD pw]QO u=tR �pmWQ}}eD Q=Owtv "1pmW
%OQm x@U=Lt 1 |x]@=Q R= u=wD|t =Q u=tR Q@=Q@ QO l =N pNrND C=Q}}eD C@Uv

c� = �e
log(t2=t1)

(1)

u=R}t |x@U=Lt QO xm CU= �VRN� l =N |x} wv=F s}mLD |xv=Wv c� 'u; QO xm
|=yV}=tR; s=Hv= =@ u=wD|t =Q c� QDt=Q=B Q=Okt "OQ=O |U=U= Vkv l =N VRN
w|oOQWi p}rO x@ l =N C=QPCtw=kt 'u=tRCWPo =@ "OQw;CUOx@ l =Nl}v=mt
VRN |xO}OBCaQU xH}Dv QO w Ovm|t =O}BV}=Ri= sy x@ C=QP |xOwD uOWl}ORv
[14w13]"OUQ|t QiY x@ ,=@} QkD |vqw] |v=tR R= Oa@ w Ovm|t =O}B Vy=m u=tR QPo =@

|UQ |=yl =N |=Q@ Ovtu=tR |Q=DiQ |=ypOt |UQQ@ "2"2
|=yp=U QO 'VRN |xO}OB |UQQ@ QO xv=}=Qo`k=w |OOa |=y|R=UpOt s=Hv= |=Q@
=yu; |iQat x@ Q[=L VN@ QO xm Ov=xOW x�=Q= |OOaDt |Q=DiQ |=ypOt 'Q}N=

%CU= xOW xDN=OQB
pJ}t w nv}U |WRN pOt "1"2"2

Q@ xm |OOaDt |QwLtxU |=yV}=tR; T=U=Q@ pJ}t w nv}U '1968 p=U QO
l} 'OvOw@ xO=O s=Hv= xOWv |WmyR w xOW |WmyR |UQ |=yl =N `=wv= |wQ
QO xm |UQ |=yl =N |Q=DiQ |UQQ@ |=Q@ QDt=Q=B 3 \ki T=U=Q@ |Q=DiQ pOt
R= xOt; CUOx@ G}=Dv x@ xHwD =@ [15]"OvO=O x�=Q= 'OvQ=O Q=Qk |D@=F |=yVvD ZQat
%=@ CU= Q@=Q@ 2 |x]@=Q j@] l =N QO xOW O=H}= |}=yv VvQm 'QwmPt |=yV}=tR;
_"1 = A � exp(�q)( ti

t
)m (2)

|xOvyOu=Wv � xmCU= �q = q=qmax w �� = �qmax '2 |x]@=Q x@ xHwD =@
VvD C@Uv |xOvvmu=}@ '�q |i=QLv= VvD "CU= VRN u=R}t QO VvD COW Q}F-=D
l =N Q=DN=U x@ xm CU= |QDt=Q=B A "CU= xv}W}@ |i=QLv= VvD x@ x}rw= |i=QLv=
CaQU hQat m QDt=Q=B "OQ=O |oDU@ l =N Q@ xOQ=w VvD |xJN} Q=D u}vJty w
u=wD|t =Qm w A '� QDt=Q=B xU Qy "CU= u=tR CWPo =@ |QwLt |=yVvQm Vy=m
VwQ |rY= |=yha[ R= [2]"OQm u}}aD =yl =N |wQ Q@ VRN |=yV}=tR; s=Hv= =@
VvD \}=QW QO |Q=DiQ pOt uOw@ |Oa@ l} x@ u=wD|t pJ}t w nv}U |WRN

"OQm xQ=W= |Q=PoQ=@ R= xrLQt u}rw= x@ pOt Q=@Da= |xvt=O u}vJty w C@=F
T=vw=D pOt "2"2"2

|=ypmWQ}}eD u; QO xm OvOQm x�=Q= |Q=DiQ pOtl} u=Q=mty wT=vw=D '1978 p=U QO
u}= Q@ [16]"OvOw@ xOQm s}UkD |i=QLv= w |tHL pmWQ}}eD |xir-wt wO x@ =Q |WRN
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Qv|

UQ
|=y

l=N
Ovtu

=tR
Q=DiQ

|xa
r=]t

"sQv |=yl =N |Q}tN u=UWmwmU} w pOt s}rUD Q=}at "4 pmW

QO xm O};|t CUOx@ 11 |x]@=Q '10 |x]@=Q QO pOt R= CtUk Qy QO xOW O=H}=
pwOt |xOvyOu=Wv E1 'pOt u=UWm CtUk |v=UWm pwOt |xOvyOu=Wv E0 u;
'u=UWmwmU} w CtUk |xD} Rwm}Uw ?} Q[ �1 'u=UWmwmU} w CtUk |v=UWm
VRN CtUk QO s}rUD VvD �s w |}=yv VRN CtUk |xD} RwmU} w ?} Q[ �2
Q}O=kt |=Q@ w VOwN Q@=Q@ C@Ft Q}O=kt |=Q@ < � � �s > Q=Okt "CU= |}=yv

"OwW|t ^=Lr QiY |ivt
" = �

E0
+ �
E1

(1� e�(E1=�1)t) + < � � �s >
�2

t (11)

Q=DiQ xm OwW|t ZQi =Q=y}W}v |Q=DiQ pOt QO 11 |x]@=Q R= xO=iDU= |=Q@
|tHL |=yVvD R= |W=v \ki l =N QO xOW O=H}= pmWQ}}eD 'CU= u=Uty l =N
pw] QO l =N uwU=wB ?} Q[ u}vJty w OQ=Ov |WQ@ |=yVvD =@ |]=@DQ= w 'CU=
w xOW xQ=W= C=}[Qi uDiQo Q_vQO =@ "Ovm|tv Q}}eD l =N |=yVvD Q}}eD =@ u=tR
|Q}tN u=UWmwmU} w pOt QO =Q s}rUD Q=}at xm 4 pmW |x_Lqt =@ u}vJty
Oy=wN CUOx@ 12 |x]@=Q T=U=Q@ l =N QO |}=yv VvQm 'OyO|t u=Wv sQv l =N

%Ot;
"ij = I1

9K �ij +
s0ij
2G0

+
s0ij
2G1

(1� e�(E1=�1)t)

+ 1
H2

< '(f) > (
3s0ij
M 2 + (2p0 � pdc)�ij3 )t (12)

'u=UWm CtUk QO |WQ@ w lr=@ pwOt ?}DQD x@ G0 w K '12 |x]@=Q QO
'u=UWmwmU} w CtUkQO |WQ@ pwOt G1 '|rY= |=yVvD pw= C@=F QDt=Q=B I1
|a@=D < '(f) > 'xOv@UJ |=yu=tr= QO |Oa@ xU |xD} RwmU} w ?} Q[ H2
|=Q@ "xv =} CU= xO=Di= j=iD= 15|Q}tN s}rUD =}; xm Ovm|t XNWt xm CU=
[25]'�1986� =m = w |J=O; C=k}kLD x@ xHwD =@ 'xOW QmP `@=D C}a[w uOWXNWt
|xOvvmu=}@ xm OwW|t h} QaD x}rw= 16l}D=DU= s}rUD Q=}at l} '4 pmW T=U=Q@ w
s}mLD Q=Wi x@ |oDU@ 'u; |x}rw= pmW w 'CU= l =N |=Q@ `HQt s}rUD K]U
R= |W=v x}rw= |t}mLD Q=Wi QO C=Q}}eD p}rOx@ l =N uOW QDCNU =@ "OQ=O p00
Ovm|t =O}B VQDUo l =N QO l}D=DU= s}rUD K]U 'u=UWmQ}e |tHL |=yVvQm
x@ xHwD =@ 'l =N QO VvD |rai C}a[w |UQQ@ |=Q@ "OUQ|t psc Q=Okt x@ w
C}a[w T=U=Q@ xm 'OwW|t xO=iDU= 17|m}t=v}O s}rUD Q=}at l} R= '4 pmW
s}rUD \N u}vJty w l =N VvD |xJN} Q=D C}a[w w pdc OwHwt |rai |=yVvD
u=wD|t l =N |=yVvD C}a[w uOw@ XNWt =@ "Ovm|t pta 18l =N |v=QL@

[21]"|WRN sQv l =N |Q=DiQ pOt T=U=Q@ VvQm VvD p=xO}= |vLvt "2 pmW

"=Q=y}W}v pOt l}D=tW |=tv "3 pmW
QF= CLD =Q xOW O=H}= VRN R= pY=L |=yVvQm 'swU CtUk w OwW|t ^=Lr
?}=Q[ "OyO|t u=Wv (t0) VRN s=Hv= u=tR pw] QO OwHwt C@=F QF-wt |=yVvD
s=Hv= =@ u=wD|t =Q =yu; xm 'OvDUy l =N |D=P |=y|oS} w |xOvvmu=}@ c w b 'a
C�w Cs 'Cc ?}=Q[ =@ QwmPt |=yQDt=Q=B "OQm u}}aD l =N l}v=mt |=yV}=tR;
w �� '�� ?}=Q[ w l =N |x}rw= pNrND e0 "OvQ=O \=@DQ= 9 |r= 7 \@=wQ j@]
XN=W w xOW KqY= |oOQWi XN=W 'xOW KqY= sQwD XN=W ?}DQD x@ ��

[21'14]"OvDUy xOW KqY= VRN
a = Cs

2 3(1 + e0)
= 1

2� (7)

b = Cc
2 3(1 + e0)

= �� (8)

c = C�
2 3(1 + e0)

= �� (9)

=Q=y}W}v |Q}tNu=UWm wmU}w pOt "4"2"2
K} QWD =@ [22]'�2014� u=Q=mty w |r '|UQ |=yl =N Ovtu=tR Q=DiQ K} QWD |=Q@
C}a[w T=U=Q@ =Q |}xDyHxU pOt '10=Q=y}W}v s}mLD |Oa@l} pOt \U@ w
pOt "OvO=O KQW |rmsm |Q=DiQ pOt w [23]'=v=} RQB VvD |Qw�D u}vJty w 11VvD
&�l =N u=UWm Q=DiQ |xOvyOu=Wv� 12 lwy u=UWm u=tr= l} %pt=W '=Q=y}W}v
w �l =N |x}rw= |WRN C=Q}}eD |xOvyOu=Wv� 13u} wrm u=UWmwmU} w u=tr= l}
'3 pmW QO [24]"CU= �l =N |}=yv VRN hQat� 14s=yov}@ |xOv@UJ |=yu=tr=
pOt x@ � C@=F VvD xm |v=tR "OwW|t xOy=Wt l}D=tW CQwYx@ =Q=y}W}v pOt
u=}@ 10 |x]@=Q CQwYx@ pOt QO xOW O=H}= |=yVvQm 'OwW|t OQ=w =Q=y}W}v

%OwW|t
" = "e + "ve + "vp (10)

|WRNVvQm "ve 'pOt u=UWmCtUkVvQm "e 'pmVvQm " '10 |x]@=Q QO
|=yVvD |v} Ro}=H =@ "CU= l =N |}=yv VRN R= |W=v VvQm "vp w l =N |x}rw=
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1|

xQ=t
W'

35
�2

|xQ
wO'

�13
98

u=DU
tR�

h}
QW

u=Qt
a|

UOv
yt VvD u=R}t |x@U=Lt |=Q@ 19 |x]@=Q R= '�CSS K]U� 5 pmW QO |rN=O |[}@

%OwW|t xO=iDU= u; |}=yv QF-wt
p0eq = p0 + (q � �p0)2

(M 2(�)� �2)p0 (19)

x@ |oDU@ xm � CU= �CSS� |v=QL@ Cr=L QO VvD ?} Q[ M(�) 'u; QO xm
K]U R= p=tQv VvD K]U |Q}oCyH xm CU= |}x} w=R � w �OQ=O � |i=QLv= |x} w=R
u=wD|t xmv}= x@ xHwD =@ "OyO|t u=Wv xv}W}@ QF-wt VvD u=R}t QO =Q |rai VvD
20 |x]@=Q [29]'OQm h} QaD l =N |Q}tNwmU} w ?} Q[ C@=F C=Q}}eD =Q VRN
?} Q[ knc0 w �2

knc0 = 3 (1�knc0 )
(1+2knc0 ) u; QO xm CW=O s}y=wN VRN |=Q@ =Q

u}vJty "CU= p=tQv s}mLD K]U Cr=L |=Q@ uwmU Cr=L QO l =N |@v=H Q=Wi
"CU= |WRN sQv l =N |Q=DiQ pOt j@] �� w � = �����

��

_� = ��
�

(
p0eq
p0p

)�(
(M 2(�)� �2

knc0 )
(M 2(�)� �2

knc0 )
) (20)

�?} Q[ R= p=tQvCr=L QO |Qy=_|t}mLDV}B Q=Wi|oDU@=w MQv |x@U=Lt |=Q@
[28]"Ov} wo|t `HQt u=tR u; x@ xm OwW|t xO=iDU=

(M) |v=QL@ K]U QO VvD ?} Q[ u=R}t 'Creep-Sclay1 |Q=DiQ pOt QO
%OwW|t u}}aD 21 |x]@=Q T=U=Q@ w (�) |x} w=R Q=Okt ?ULQ@

M(�) = MC( 2m4

1 +m4 + (1�m4) sin(3��)
)1=4 (21)

|x} w=R =@ |QwLtxU Q=Wi QOM Q=Okt Q@=Q@Mc u; QO wCU= m = Me
Mc

'u; QO xm
w �� = 300 |x} w=R =@ |QwLtxU Q=Wi QO M Q=Okt Q@=Q@ Me w �� = �300

"CU= sin(3��) = �[ 3p3
2

(J3)�
(J2)3=2

�
]

VywSB QO 'TQ l =N|WRN Q=DiQ |=Q@ xOW|UQQ@ |Q=DiQ |=ypOt x@ xHwD =@
p}rLD |=Q@ pOt |=yQDt=Q=B O=OaD %xrtH R= '|OOaDt |=y|oS} w x@ xHwD =@ Q[=L
T=U=Q@ =yQDt=Q=B |Q}oxR=Ov= C}r@=k '|Q=DiQ pOt QO xOW s=Hv= C=}[Qi 'G}=Dv
|=yQ=Ri= sQv R= xO=iDU= =@ |R=UpOt u}vJty w 'pw=ODt l =N l}v=mt |=yV}=tR;
|UQ |=yl =N Q=DiQ |UQQ@ |=Q@ |WRN sQv l =N |Q=DiQ pOt R= 'OwOLt u=tr=

"CU= xOW xO=iDU= Q[=L VywSB QO OwHwt sQv

|OOa |R=UpOt "3
|R=UpOt |rm \}=QW "1"3

s=Hv= Qw_vt x@ 'Q[=L VywSB QO |UQQ@ OQwt |Q=OQ@Owo |xSwQB xU Qy |=Q@
xOW xO=iDU= �2016�plaxis 2D OwOLt u=tr= Q=Ri=sQv R= |OOa |R=UpOt
'OW=@ xDW=O Ov=wD|t pY=L G}=Dv QO |R=UpOt |=yRQt xm |Q}F-=D p}rOx@ "CU=
|yHwD p@=k Q}F-=D 'xUOvy xm CU= xOW ?=NDv= |}xvwox@ |=y|R=UpOt O=a@=
R= Cav=tt CyH pOt CU=Q w AJ CtU wO QO [30]"OW=@ xDW=Ov G}=Dv QO
hm QO u}vJty "CU= xOW xO=iDU= |mDre |=yx=ox}mD R= 'pOt |ki= CmQL
's�=k w |ki= CyH wO Qy QO pOt |xUOvy CmQL R= |Q}owrH Qw_vt x@ 'pOt
QO "CU= xOt; ptax@ Cav=tt pOt CmQL R= ?U=vt |y=ox}mD \}=QW ?=NDv= =@
'xLiY Q@ Owta |=DU=Q QO =ypOt xHwD p@=k pw] p}rOx@ 'xOW s=Hv= |=y|R=UpOt
u}vJty "OW xO=iDU= |}xQo 15 |FrFt |=yu=tr= =@ |}xLiY VvQm p}rLD R=
|Q}oxR=Ov= |=yxO=O =@ xU}=kt Qw_vt x@ C}ak=w x@ QDl}ORv G}=Dv pwYL p}rOx@

%OQm u}}aD 13 |x]@=Q T=U=Q@ =Q < '(f) > `@=D Q=Okt

'(f) = pdc
psc
� 1 (13)

u=UtyQ}e |WRN |Q=DiQ pOt "5"2"2
[9]'�2015� u=Q=mty w 19s=Q=Bt=D |U=w}U \UwD Creep-Sclay1 |Q=DiQ pOt
|iQat u=UtyQ}e VvQm � VvD Q=DiQ =@ |UQ |=yxDWyv |WRN Q=DiQ |UQQ@ |=Q@
|UQQ@ |=Q@ u}vJty "OwW|t xO=iDU= |OwQw QDt=Q=B 10 R= u; QO xm CU= xOW
|=Q@ [26]'20�MCC� xOW KqY= |rm sm |Q=DiQ pOt R= l =N u=Uty Q=DiQ
|=yQDt=Q=B |=Q@ [27]'Sclay1 |Q=DiQ pOt R= l =N 21u=UtyQ}e |=yQDt=Q=B u}}aD
Q}e VRN pOt w [19]'sQv l =N |Q=DiQ |=ypOt |=yQDt=Q=B R= l =N |xD} RwmU} w
'Creep-Sclay1 |Q=DiQ pOt QO "CU= xOW xO=iDU= [28]'22�ACM� u=Uty
u=UWm VvQm wO `tHpY=L R= 15 w 14 \@=wQ j@] l =N QO xOW O=H}= VvQm
MQv |i=QLv= w u=Uty |=yxir-wt |xOvyOu=Wv q w v "O};|t CUOx@ |WRN w

"OvDUy VvQm C=Q}}eD
_"V = _"ev + _"cv (14)

_"q = _"eq + _"cq (15)

x@U=Lt 17 w 16\@=wQ j@] u=wD|t =Q u=UWmVvQm|i=QLv= w u=UtyVN@
"CU= |i=QLv= VvD C=Q}}eD MQv q w |WQ@ u=UWm pwOt G '=yu; QO xm OQm

P 0P = P 0P 0� exp( "cv
�� � �� ) (16)

_"eq = _q
3G (17)

xOW xO=O u=Wv Creep-Sclay1 |Q=DiQ pOt |=Q@ xm 5 pmW x@ xHwD =@
=@ xm CU= l =N |=Q@ 23p=tQv s}mLD K]U |xOvyO u=Wv |vwQ}@ |[}@ 'CU=
=@ |WRN VvQm w QF-wt VvD u=R}t '|oOvwWCNU uwv=k T=U=Q@ w pmW x@ xHwD

%CW=O Ovy=wN =Q 18 |x]@=Q Qo}Om}
P 0P = P 0P 0� exp( "cv

�� � �� ) (18)

P 0p0 w Ov=xOW h} QaD |WRN sQv l =N |Q=DiQ pOt T=U=Q@ �� w �� 'u; QO xm
|=Q@ u}vJty "CU= (p0) QF-wt VvD |ki= QwLt =@ NCS |[}@ OQwNQ@ pLt

|Q=DiQ pOt QO (NCS) p=tQv s}mLD K]U w �CSS�|rai s}mLD K]U "5 pmW
"Creep-Sclay1

17



"""s
Qv|

UQ
|=y

l=N
Ovtu

=tR
Q=DiQ

|xa
r=]t"|}xR=U |=yu=tr= |R=UpOt |=Q@ xO=iDU= OQwt |=yQDt=Q=B "1 pwOH

Q=Okt OL=w QDt=Q=B
100 mm C} QmD=W Ct=N[
190 GPa xO}Wm V}B Q=yt |v=UWm pwOt
210 GPa |Oqwi OQor}t |v=UWm pwOt
21 GPa �C} QmD=W w� ?=ewO |v=UWm pwOt
105 mm xv=to |Q=iL Q]k
25 mm |Oqwi OQor}t Q]k
10 deg M}t w xO}Wm V}B |=yQ=yt |Q=iL |x} w=R
0 2 � xOW |W=B uD@ Q=w}O uwU=wB ?} Q[

xO}WmV}B Q=yt |R=UpOt C=}�RH "3"3
30|@ wmM}t w p=ai VwQ x@ Owo |=yxQ=w}OC_=iL Qw_vt x@ 29xO}WmV}B |=yQ=yt
|=y|R=UpOt QO "OvwW|t xO=iDU= p=aiQ}e VwQ x@ =yxQ=w}O C_i=Lt Qw_vt x@
`=iDQ= x@ l =N |x}q l} uOQm hPL R= TB 'xO}WmV}B |=yQ=yt |=Q@ xOW s=Hv=
wO Qy pt=W xO}WmV}B Q=yt 'xQ=w}O u; |wQ Q@ C} QmD=W |=QH= R= TB w QDt 2
xO}WmV}B Q=yt VWm "OwW|t p=ai 'Q=yt ?=ewO =@ Q}oQO CtUk w O=R; CtUk
x@ O}}-=D |=yV}=tR; "CU= 32VRN V}=tR; w 31O}}-=D V}=tR; |xrLQt wO pt=W
OvwW|t s=Hv= xOW=QH= |xO}WmV}B Q=yt ?wr]t |Q@ Q=@C}iQ_ R= u=v}t]= Qw_vt
CU= CQ=@a VRN V}=tR; "OQ}o|t s=Hv= O}}-=D V}=tR; pqN QO VRN V}=tR; w
|xQwO QO |WWm C@=F Q=@ CLD Q=yt QO xO=Di= j=iD= |=y|}=Hx@=H |Q}oxR=Ov= R=
Q=yt xm Ovm|t u}t[D VRN V}=tR; G}=Dv "Q=yt |=QH= R= TB XNWt u=tR
O=} R |}=Hx@=H uwO@ =Q xOW |L=Q] |=yQ=@ 'xR=U Qta pw] QO Ov=wD|t xO}WmV}B
Q=Qk |WWm |wQ}v CLD =QH= R= TB p=ai |=yQ=yt xmv}= x@ xHwD =@ "Ovm ptLD
xHwD p@=k |wQ}v uOW O=R; sOa R= u=v}t]= |=Q@ VRN V}=tR; s=Hv= 'OvQ}o|t
'�2010� u=Q=mty w sq |UQQ@ j@] "CU= |t=Rr= |Q=OQ@xQy@ u=tR QO Q=yt QO
|wQ}v '�90 u=R}t x@ x=t 18 OwOL CWPo R= TB xO}WmV}B Q=yt l} |wQ}v
|=yVwQ R= ẁv u}= Ckwt |L=Q] x@ xHwD =@ u; R= TB w xDi=} Vy=m Q=yt |x}rw=
[32]"CU= xOQm =O}B Vy=m |QDW}@ CaQU =@ xOW QmP |wQ}v u=R}t 'Owo |R=UQ=O}=B
R= TB xOW |QBU u=tR '�2007� u=Q=mty w 33wUm}= |=y|UQQ@ j@] u}vJty
RwQ OvJ CWPo R= TB xm |Qw] x@ 'CU= C}ty= =@ Q=}U@ xO}WmV}B Q=yt |=QH=
=D 85 OwOL x@ w Ovm|t Vy=m x@ ẁQW Q=yt |WWm C}iQ_ 'Q=yt |=QH= u=tR R=

[33]"OUQ|t Q=yt |=QH= u=tR C}iQ_ OYQO 90
j} QRD w ?Yv '|Q=iL C=}rta |=QH= C}i}m pQDvm Qw_vtx@ 'xSwQB pLt QO
xO}WmV}B Q=yt Qy '=yQ=yt Q_vOQwt |Q@ Q=@ C}iQ_ R= u=v}t]= u}vJty w '=yQ=yt
|=Q@ VQ}PB |=yQ=}at <=[Q= CQwY QO w OwW|t xO}Wm uwtR; Q=@ OL =D =QH= R=TB
p}rOx@ R}v xOW s=Hv= |=y|R=UpOt QO "OwW|t pik |L=Q] Q=@ QO [34]'u; G}=Dv
R= TB RwQ OvJ |xrY=i x@ ,qwtat xSwQB pLt QO xO}WmV}B |=yQ=yt VWm xmv}=
w C} QmD=W |=QH= w |Q=OQ@l =N R= TB 'OQ}PB|t CQwY xv=to QO ?=ewO j} QRD
Q=yt O=R; CtUk QO |oO}vDV}B |wQ}v 'p@k |xrLQt |=QH= R= RwQ 3 |xrY=i =@
|} wQ}v |rw 'CU= xOW pta VwQ u}ty Ovv=t R}v |@ wmM}t VwQ QO "OwW|t p=ai
CWPo =@ 'OwW|t O=H}= =yQ=yt QO xm |oO}vDV}B |wQ}v "OwW|tv p=ai =yM}t QO
u}vJty w OwW|t xO}WmV}B Q=yt Ov=@ CtUk QO |}=ylQD O=H}= Ea=@ u=tR
|H} QOD Vy=m ?Hwt COtR=QO QO =yQ=yt w l =N |xawtHt |WRN Q=DiQ ẁkw

pL=Qt |R=UpOt "OW xO=iDU= G}=Dv p}rLD |=Q@ 24R} Q Q=}U@ |Ov@Vt R= 'xOW
p}rOx@ "CU= xDiQ}PB CQwY =yxSwQB |ak=w |=QH= \}=QW x@ xHwD =@ |Q=OQ@Owo
w �C} QmD=W� xOW |W=BuD@ Q=w}O O=H}= 'l =N uDW=OQ@ u}@ sm |v=tR |xrY=i
p}rOx@ |rw 'Ov=xOW xOy=Wt |L=Q] R=i l} QO OQwt xU u}= '=yxv=to |Q=iL
VWm w xO}WmV}B |=yQ=yt |=yxv=to j} QRD u}@ xHwD p@=k |v=tR |xrY=i
QO Q=yt Qy VWm 'xv=to pN=O QO xOW j} QRD ?=ewO VQ}o Qw_vt x@ =yu;
xOW ^=Lr Q=yt u; |=QH= =@ xRwQ 3 |v=tR |xrY=i QO w xv=o =OH R=i l}

"CU=

xOW xO=iDU= Kr=Yt |twta C=YNWt "2"3
%pt=W '|}xR=UhrDNt Kr=Yt ẁv 3 R= xO=iDU= sRrDUt |Q=OQ@Owo |=yxSwQB |=QH=
|R=UpOt |=Q@ "CU= xO}WmV}B Q=yt w M}t '�C} QmD=W� xOW |W=BuD@ Q=w}O
xOW xO=iDU= u=UWm Q=DiQ ZQi =@ Plate |}xR=U u=tr= R= xOW|W=BuD@ Q=w}O
|R=UpOt |=Q@ "OQ=O |QwLt |DNU sy w |WtN |DNU sy 'Plate u=tr= "CU=
|}xR=U u=tr= R= xO}WmV}B |=yQ=yt 25Ov=@ CtUk u}vJty w |Oqwi |=yM}t
|QwLt |=y|DNU uDW=O Q@ xwqa xm CU= xOW xO=iDU= 26uwiOt Q}D |=yh}OQ
|Oa@ wO |=y|L=Q] QO =Q jwi |=yQ=yt |=QH= |Oa@xU Q=F; Ov=wD|t '|WtN w
QO xO}WmV}B Q=yt Ov=@ CtUk w |Oqwi OQor}t `]kt xmv}= p}rOx@ "Ovm Qw_vt
x@ 'CU= hrDNt Kr=Yt ẁv wO R= |@}mQD =yu; Q=DiQ w xOw@ ?=ewO =@ T=tD
pO=at |DNU |x@U=Lt w pO=at `]kt l} =@ Kr=Yt wO u}= |R=UpO=at Qw_vt

[31]%CU= xOW xO=iDU= 22 |x]@=Q R=
Eeq = En(An=A) + Eg(Ag=A) (22)

pwOt Eg '�|Oqwi OQor}t =} w� xO}WmV}B Q=yt |v=UWm pwOt En 'u; QO xm
xO}WmV}B Q=yt w ?=ewO pO=at |v=UWm pwOt Eeq 'xOW j} QRD ?=ewO |v=UWm
Q=yt `]kt K]U An '?=ewO `]kt K]U Ag '�|Oqwi OQor}t =} w� xOW
"CU= xOW |Q=iL |xv=to pm `]kt K]U A w �|Oqwi OQor}t =} w� xO}WmV}B
|=Q@ M}t w xO}WmV}B |=yQ=yt |}=yv Ctw=kt |x@U=Lt Qw_vt x@ u}vJty
`tW u=tr= l} Ovv=ty QwmPt u=tr= xmv}= x@ xHwD =@ 'uwiOt Q}D |=yh}OQ u=tr=
QO |m =m]Y= Ctw=kt w u=tr= lwv CtUk QO Ctw=kt |=Q=O w Ovm|t Q=DiQ
xOW xO=iDU= u; |DNU |x@U=Lt |=Q@ 23 |x]@=Q R= =Pr "OW=@|t u=tr= xQ=OH

%CU=
N = Fmax + 1

2L � (Tskin;start + Tskin;end) (23)

x@ xHwD =@ xm 'CU= uwiOt Q}D h}OQ u=tr= lwv Ctw=kt Fmax 'u; QO xm
CyH QO =yM}t w xO}WmV}B |=yQ=yt QO u=tr= pw] QO |m =m]Y= OQmrta
w Tskin;start w u=tr= pw] L 'CU= xOW xDiQo Q_v QO QiY Q@=Q@ u=v}t]=
C}iQ_ N w OvDUy u; |=yDv= w =OD@= QO u=tr= |xQ=OH Ctw=kt Tskin;end
CtUk |R=UpO=at Qw_vt x@ u}vJty [21]"CU= u=tr= R=Ht |xv}W}@ |Q@ Q=@
xO=iDU= 28x]kv x@ x]kv ?qk u=tr= R= '=y|R=UpOt QO xO}WmV}B |=yQ=yt 27O=R;
xOW xO=iDU= 24 |x]@=Q R= u; |QwLt |DNU u=R}t |x@U=Lt |=Q@ xm CU= xOW

"CU=
EAunbound = Eanchor �Aanchor (24)

1 pwOH QO |OOa |=y|R=UpOt QO xO=iDU= OQwt Kr=Yt |twta C=YNWt
"CU= xOW u=}@
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"lvw |xSwQB |R=UpOt |=Q@ xOW xO=iDU= |Ov@Vt w |rm |=tv "6 pmW

"CU= xOW xDiQo Q_v QO 35xOW |WmyR CQwYx@ |R=UpOt \}=QW 'xSwQB s=tD=
Q[=L VywSB QO xOW |UQQ@ |Ov@Vt w u=@yov |xR=U |rm |=tv '6 pmW QO

"OwW|t xOy=Wt
lvw |xSwQB |}xR=U Kr=Yt C=YNWt "1"1"4

Qw_vt x@ |QDt 12 w 6 |=yM}th}OQ wO R= |Q=OQ@Owo |=OD@= QO '6 pmW x@ xHwD =@
7 R= 'QDu}}=B j=ta= QO TBU "CU= xOW xO=iDU= |a[wt |=yVR} Q R= |Q}owrH
CU= xOW xO=iDU= |Q=OQ@Owo |xQ=w}O |R=UQ=O}=B Qw_vt x@ xO}WmV}B Q=yt h}OQ
|=QH= |oOQWi |rw 'CU= xOW xDU=m =yu; pw] R= |Q=OQ@Owo jta V}=Ri= =@ xm
xOQm =O}B V}=Ri= QDu}}=B j=ta= QO =yu; |wQ Q@ OwHwt QDW}@ Q=@ QU p}rOx@ =yu;
C} QmD=W |xQ=w}O l} '=yQ=yt |=QH= R= p@k xOW |Q=OQ@Owo |xQ=w}O |wQ "CU=
Q@=Q@ |a=iDQ= QO xSwQB jta CiQW}B =@ w QtDUt CQwYx@ QDt|Dv=U 10 Ct=N[ x@
|=yQ=yt C=YNWt '2 pwOH QO "CU= xOW O=H}= xOW |Q=OQ@l =N |x}q `=iDQ=

"CU= xOW x�=Q= xOW s=Hv= |OOa |R=UpOt QO lvw |xSwQB QO xO=iDU= OQwt
lvw |xSwQB l =N C=YNWt "2"1"4

p@k 'pLt QO xOW s=Hv= l =N l}v=mt |=yV}=tR; R= xOt; CUOx@ G}=Dv T=U=Q@
l =N Cw=iDt ẁv 3 w x}q 5 x@ xSwQB pLt l =N '|Q=OQ@Owo C=}rta ẁQW R=
|QDt 10 |r= 7 j=ta= QO x@=Wt ,=D@Uv sQv |UQ l =N |x}q wO "OW |Ov@xk@]
xv=OCWQO ,=D@Uv |=yl =N 'Qo}O |=yx}q w OW xOy=Wt |QDt 20 |r= 18 w
3 pwOH QO lvw |xSwQB l =N |=Q@ xOt; CUOx@ C=YNWt "OvOw@ |}xU=t w
|=OD@= QO xm OwW|t xOy=Wt xOt; CUOx@ C=YNWt x@ xHwD =@ "CU= xOW x�=Q=
x}q u}= xm CU= xOW OQwNQ@ |}xU=t |xv=OCWQO ,=D@Uv |x}q l} =@ |Q=OQ@Owo
QmP x@=Wt |}xU=t |x}q wO u}@ QO "OQ=O OwHw R}v QDt 20 R= QDu}}=B jta QO
w x}rw= |}xU=t |x}q =@ x@=Wt ,=D@Uv |D=YNWt =@ Qo}O |}xU=t |x}q l} 'xOW

"CU= xOW xOy=Wt sQv ,=D@Uv |UQ l =N |x}q wO u}vJty
lvw |xSwQB |R=UpOt G}=Dv "3"1"4

|}xU=t |=yl =N T=U=Q@ lvw |xSwQB |=Q@ Q_vOQwt |=ypOt '|vwvm |xrLQt QO
l =N |Q=DiQ pOt =@ 2 ẁv l =N w xOvwWCNU |Q}tN |Q=DiQ pOt =@ 3 w 1 ẁv
R= xOt; CUOx@ G}=Dv TBU "OvOt; CUOx@ Q_vOt G}=Dv w OvOW p}rLD |WRN sQv
xU}=kt lvw |xSwQB |Q=OQ@ xWkv V}=B R= pY=L G}=Dv =@ |OOa |=y|R=UpOt
'?trwm � Qywt %|Q=DiQ pOt 3 =@ lvw |xSwQB QO OwHwt sQv |UQ l =N "OvOW
pOt 3 Qy |=Q@ pY=L G}=Dv =D OW pOt |WRN sQv l =N w xOvwWCNU |Q}tN
Q}F-=D |UQQ@ '|WRN sQv l =N |Q=DiQ pOt R= xO=iDU= R= hOy "OwW xU}=kt sy =@
O=H}= VRN QO u; Q}F-=D xH}Dv QO w |R=UpOt QO C}r=ai Qy s=Hv= u=tR uOQm ^=Lr

x@ O}=@ xO}WmV}B |=yQ=yt |=QH= QO =Pr [35]"OwW|t CtUk u}= x@ xOW OQ=w Q=@
CU= |WRN 'COtR=QO QO xO}WmV}B |=yQ=yt Q=DiQ ẁv xm OQm xHwD ẁ[wt u}=
QO |}=OD@= |xOQ=w Q=@ Vy=m Cra x@ Owo |xQ=w}O QO |}=y|}=Hx@=H O=H}= Ea=@ w

"OwW|t =yQ=yt

|R=UpOt pL=Qt "4"3
=@ xrLQt Qy |=Q@ 'xOW |UQQ@ |=yxSwQB |t=tD QO |OOa |R=UpOt s=Hv= |=Q@
|QDt 2 |=ys=o QO |Q=OQ@l =N C=}rta 'xSwQB R= xOt; CUOx@ C=aq]= x@ xHwD
xOW |W=BuD@ |xQ=w}O w s=Hv= |Q=OQ@l =N =OD@= 'xrLQt Qy QO "CU= xOW s=Hv=
|=Q@ |Oqwi M}t xm |}=yxQ=w}O QO "CU= xOW =QH= xrLQt u=ty QO R}v �C} QmD=W�
l =N uDW=OQ@ =@ u=tRsy w xrLQt u=ty QO |Oqwi M}t 'CU= xOW |v}@V}B u;
QO xO}WmV}B Q=yt xm |}=yxQ=w}O QO u}vJty "CU= xOW =QH= C} QmD=W |=QH= w
Q=yt Ov=@ CtUk |=QH= w C} QmD=W |=QH= w |Q=OQ@l =N R= TB 'OQ=O Q=Qk u;
?=ewO VQ}o Qw_vt x@� |r@k s=o R= RwQ 3 |xrY=i x@ Qo}O |t=o QO 'xO}WmV}B
p=ai Q=yt QO xOW |v}@V}B |WWm |wQ}v '�Q=yt VWm |=Q@ |oO=t; w xOW j} QRD
|xQ=w}O w xDW=OQ@ G} QODx@ xSwQB pLt l =N 'xSwQB |wQW}B =@ CQwY u}O@ "OwW|t
Qy |=Q@ "OvwW|t =QH= OwHwt |xO}WmV}B |=yQ=yt w |Oqwi |=yM}t 'C} QmD=W
hrDNt |=yC}r=ai u}@ |v=tR pY=wi u}vJty w C}r=ai u; s=Hv= u=tR R}v xrLQt
|=QH= u=}=B =D OvwQ u}= "CU= xOW ^=Lr xSwQB j@=wU R= OwHwt C=aq]= T=U=Q@
|=QH= w C} QmD=W |xQ=w}O |=QH= '|}=yv jta x@ uO}UQ w |Q=OQ@Owo C=}rta
"CU= xDi=} xt=O= xOW |v}@V}B |xO}WmV}B |=yQ=yt w |Oqwi |=yM}t |t=tD

xOW |UQQ@ |=yxSwQB "4
|R=UpOt G}=Dv QO VRN |xO}OB w u=tR pt=a uOQm ^=Lr Q}F-=D |UQQ@ |=Q@
'Ov=xOW s=Hv= u=QyD QyW QO xm xSwQB 3 'sQv |UQ |=yl =N QO j}ta |=y|Q=OQ@Owo
� Qywt %pt=W 'sQv |UQ l =N |=Q@ hrDNt |Q=DiQ pOt 3 R= xO=iDU= =@ w |iQat
pY=L G}=Dv w s=Hv= |R=UpOt '|WRN sQv l =N w 34xOvwWCNU |Q}tN '?trwm
QO xO}WmV}B |=yQ=yt sDU}U R= xO=iDU= =@ 'xOW |UQQ@ |=yxSwQB "CU= xOW x�=Q=
j=iD= |ki= |=y|}=Hx@=H u=R}t pQDvm |=Q@ "Ov=xOW =QH= |@ wmM}t sDU}U =@ ?}mQD
CUOx@ |=Q@ |Q=OQ@xWkv V}=B sDU}U R= '|Q=OQ@Owo pLt |=yxQ=w}O QO xO=Di=
xO=iDU= u; s=tD= R= TB w xSwQB |=QH=hrDNt |=yu=tR QO |}=Hx@=H C=Q}}eD uOQw;
TB w =QH= u=tR pw] QO |Q=OQ@Owo jta QO xOW O=H}= CiQW}B T=U=Q@ "CU= xOW
Q=}DN= QO =@ "Ov=xOW C@F w |Q}oxR=Ov= Owo pmWQ}}eD |=yxO=O '|Q=OQ@Owo s=tD= R=
'xOW s=Hv= |OOa |=y|R=UpOt R= xOt; CUOx@ G}=Dv w xOW QmP |=yxO=O uDW=O
sQv |UQ l =N QO VRN |R=UpOt |=Q@ hrDNt |Q=DiQ |=ypOt R= pY=L G}=Dv

"Ov=xOW xU}=kt

lvw |xSwQB "1"4
|=y|oS} w w \}=QW x@ xHwD =@ 'CU= xOW =QH= QDt 31 5 jta x@ xm lvw |xSwQB
pQDvm swRr w u; O=} R Q=}U@ jta u}vJty w QyW RmQt QO uOW =v@ xrtH R= 'u; X=N
?}mQD R= '|Q=OQ@Owo pLt h=Q]= |=yxQ=w}O QO xOW O=H}= |=ypmWQ}}eD j}kO
xOW xO=iDU= u; |R=UQ=O}=B |=Q@ xOW |@ wmM}t Q=w}O w xO}WmV}B |=yQ=yt sDU}U
R= TB u}vJty w xSwQB pw] QO xOW s=Hv= QtDUt |=y|WmyR x@ xHwD =@ "CU=
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Qv|
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|=y

l=N
Ovtu

=tR
Q=DiQ

|xa
r=]t"lvw |xSwQB QO xOW =QH= |=yM}t w xO}WmV}B |=yQ=yt |}xR=U C=YNWt "2 pwOH

Ov=@ xQ=OH Ctw=kt CtUk |QwLt |DNU |v=UWm pwOt VWm |wQ}v Q@ Owta |xrY=i ẁv =QH= h}OQ�M}t =} w� xO}WmV}B Q=yt xO}WmV}B Q=yt O=R; ?=ewO w Q=yt pO=at
(kN) Qmv= (m) xLiY xOvvmKrUt

(kN=m) (kN) (kN=m2)

30 3 � 31 7 � 2 N� pw=
15 1 � 31 7 � 2 N swO
162 8 106400 31 9 834 4 A�� swU
183 8 159600 37 4 1251 4 A sQ=yJ
248 159600 37 4 1251 3 A sHvB
279 159600 37 4 1251 2 5 A sWW

306 4 159600 37 4 1251 2 A sDiy
332 4 159600 37 4 1251 2 A sDWy
318 9 159600 37 4 1251 2 A syv

� N=nail �� A=anchor

"�l =N l}v=mt |=yV}=tR; R= xOt; CUOx@� lvw |xSwQB l =N C=YNWt "3 pwOH
ẁv l =N OL=w |Q=YDN= Ctqa l =N C=YNWtxU wO l}

�18 =D �10 �10 =D �7 �7 =D QiY
m H x}q R=QD�20 |r= �18 pOt |xUOvy hm |r= �20

2100 1950 2100 kg=m3 � l =N XwYNt uRw
0 3 0 3 0 3 � � l =N uwU=wB ?} Q[
80 40 90 MPa Eref50 l =N |WQ@ pmWQ}}eD pwOt
80 40 90 MPa Erefoed l =N |Q=Wi pmWQ}}eD pwOt
480 240 540 MPa Erefur l =N |Q=OQ@ Q=@ pwOt
35 30 35 deg � l =N l =m]Y= |x} w=R
5 0 5 deg 	 l =N `=UD= |x} w=R
30 200 60 kPa c l =N |oOv@UJ
� 0 83 � � e0 x}rw= pNrND
� 0 024 � � �� xOW KqY= sQwD XN=W
� 0 143 � � �� xOW KqY= |oOQWi XN=W
� 0 016 � � �� xOW KqY= VRN XN=W
� 1 5 � � OCR |oDi=}s}mLD V}B ?} Q[

u}rw= ?Yv R= TB 'OvOw@ xOW ?Yv =yQ=yt |wQ Q@ |Q=OQ@xWkv |=yXN=W xmv}=
|ki= |}=Hx@=H Q=JO |Q=OQ@Owo |xQ=w}O 'COt u}= QO xmv}= p}rOx@ w R=e; M}t
sQv l =N |Q=DiQ pOt R= xOt; CUOx@ |}=Hx@=H u=R}t uOQm xi=[= =@ 'CU= xOW
|x_Lr QO xSwQB pLt QO xOW C�=Qk Q=Okt x@ M}t u}rw= |=QH= u=tR =D |WRN
x@ xHwD =@ '7 pmW j@=]t "OvOW KqY= xOW C�=Qk Q}O=kt 'pw= h}OQ M}t |=QH=
pOt QO sQv |UQ l =N QO xO=Di= j=iD= VRN w C}r=ai Qy s=Hv= |ak=w u=tR xmv}=
Cr=L QO |R=UpOt R= xOt; CUOx@ G}=Dv 'CU= xOW ^=Lr |WRN l =N |Q=DiQ
"OQ=O pLt QO xOW C�=Qk G}=Dv =@ |@U=vt Q=}U@ j=@]v= 'VRN pOt R= xO=iDU=
VRN ^=Lr sOa p}rO x@ ?trwm � Qywt w xOvwWCNU |Q}tN |Q=DiQ |=ypOt
|=QH= |ak=w u=tR ^=Lr sOa u}vJty w 2 |xQ=tW |x}q l =N QO xO=Di= j=iD=

Qy QO xOW x@U=Lt |ki= |}=Hx@=H u=R}t QO xm CU= |UQ sQv l =N QO xOW
R= xOt; CUOx@ G}=Dv T=U=Q@ 'lvw |xSwQB QO "CU= Q=PoQ}F-=D |Q=OQ@Owo R= xrLQt
u=tR 'u; s=tD= R= TB w =QH= u=tR pw] QO w xSwQB pLt QO xOW |Q}oxR=Ov= |=yxO=O
"CU= xOW ^=Lr xOW s=Hv= |=y|R=UpOt QO xm Ot; CUOx@ =yC}r=ai s=Hv=
G}=Dv 'xSwQB s=Hv= u=tR pw] QO xOW s=Hv= |=yC�=Qk u=tR uOw@ XNWt =@ TBU
u=R}t "OW xU}=kt xOW |Q}oxR=Ov= |=yxO=O =@ w x@U=Lt C�=Qk u=tR QO |R=UpOt
|Q=DiQ pOt =@ xm |UQ l =N |=yx}q |=Q@ |@=NDv= 36|oDi=} s}mLDV}@ ?} Q[
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CUOx@ |=yMU=B 'wO ẁv l =N |=Q@ xOvwWCNU |Q}tN w ?trwm � Qywt |Q=DiQ
QO w OvQ=Ov |Y=N s_v xOW |Q}oxR=Ov= Q}O=kt x@ C@Uv hrDNt pL=Qt QO xOt;
"OvQ=O xOW s=Hv= |=yC�=Qk =@ =Q |yHwD p@=k ,=D@Uv hqDN= '|Q=OQ@Owo |v=}=B pL=Qt
Ovtu=tR Q}e |=ypOt 'RwQ 64 R=TB xSwQB |}=QH= C=}rta s=tD= x@ xHwD =@ u}vJty
u=Wv xOW QmP u=tR R= TB =Q |}=Hx@=H 'xOvwWCNU l =N w ?trwm � Qywt

23



"""s
Qv|

UQ
|=y

l=N
Ovtu

=tR
Q=DiQ

|xa
r=]t=yCWwv=B

1. time independent
2. elasto- visco plastic
3. Isotach
4. soft soil creep model
5. theory of perzyna overstress
6. Vanttila clay
7. polynomial regression model
8. strut
9. soft soil model
10. Nishihara model
11. stress state
12. Hooke body
13. Kelvin body
14. Bingham body
15. plastic yield
16. static yield surface
17. dynamic yield surface
18. critical state line
19. Sivasithamparam
20. modi�ed Cam-Clay
21. anisotropic
22. Anisotropic creep model
23. NCS
24. very �ne
25. bond
26. embedded beam rows
27. unbond
28. node to node anchor
29. soil anchorage
30. soil nailing
31. proof test
32. creep test
33. XU
34. hardening soil
35. drained
36. OCR
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