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xm u=Q}= QO xDUw}B ẁkwx@ |=yxrRrR |=yCW=ov?=DW R= |O=OaD TBU "CU=
Qywt pOt OQ@ Q=m =@ w xOW ?=NDv= Ov=xOw@ |}x_Lqt p@=k |xv}W}@ ?=DW |=Q=O
QO ?=DW |xJN} Q=D '|m}t=v}O *|Q}tN � |v=UWm |=yp}rLD s=Hv= w ?trwm �
|Q@ VwQ KqY= R= xm |WwQ OQ@ Q=m =@ C}=yv QO "CU= xOW x@U=Lt l =N |xOwD
QO |v=wQ}W Q=oOv=t u=mt Q}}eD 'lQ=tw}v VwQ R= xO=iDU==@ w xOW pY=L xH=Q w
|xvwtv u=wvax@ 'xOWx�=Q= VwQ R= xO=iDU==@ "CU= xOt; CUOx@ xrRrR ẁkw u=tR
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Mw Ms Mb �cm/s/s� |[Qa xirwt |rw] xirwt ZQa pw]
� 7 4 6 4 410 2 5 5 1978 9 16 33 29 57 5 lwy}O
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QDU@ nvU |v=UWm pwOt "CU= xOW xDiQo Q_vQO 0 04 w 0 3 '0 1 Q@=Q@ h=Vs
CiQo Q_v QO ?rY u; |wQ l =N x@ C@Uv =Q u; u=wD@ xm xOW xDiQo Q_v QO u=vJ

"�CU= xOW ZQi 2 55� 1017 KN/m2 =@ Q@=Q@ |v=UWm pwOt�

w VRer K]U u}}aD Qw_vtx@ |m}D=DU=x@W |=yp}rLD s=Hv= "3"4
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xm 'TRASS |xt=vQ@ w q=@ RQt |OL p}rLD VwQ R= |v=QL@ ?=DW w VRer K]U
[15]'xOW x}yD =y?}W |Q=O}=B u=v}t]= ?} Q[ u}}aD |=Q@ xOWO=} VwQ T=U=Q@
?rY lwr@ |O=OaD R= xO=iDU==@ |oDN}Uo Q=mwR=U xt=vQ@ u}= QO "CU= xOW u}}aD
Ov=xOW =OH Qo}Om} R= CaQU |=y|oDUw}B=v \UwD w OvQ=O |r=kDv= CmQL xm
|q=@ RQt |x}[k T=U=Q@ w |HQ=N w |rN=O |=ywQ}v Q=m |w=UD =@ "OwW|t pOt
|UOvy pOt x@ xHwD=@ "OwW|t x@U=Lt |v=wQ}W u=v}t]= ?} Q[ '|OL p}rLD
?} Q[ '|m}D=DU=x@W |=yp}rLD s=Hv= w xOW xDiQo Q_v QO *|Dtw=kt |=yQDt=Q=B w
u=v}t]= ?} Q[ u; QO xm |ki= ?=DW ?} Q[ |va} �� �ky� |v=QL@ |ki= ?=DW
xOW XNWt |v=QL@ |oDN}Uo K]U C=YDNt w u}}aD �� OwW|t 1 Q@=Q@

"CU=

?=DW u}}aD w |v=QL@ VRer K]U x@ ?=DW |=yOQwmQ p=kDv= "4"4
xOvRer |xOwD QO pO=at |xv}W}@ |ki=

lQ=tw}v VwQx@ OQmrta T=U=Q@ |v=wQ}W |Q=O}=B |=yp}rLD QO xm |D=mv R= |m}
OQwmQ 'Q[=L j}kLD QO "CU= xrRrR ?=DW OQwmQ pLt ?=NDv= 'CU= xHwD QwNQO
|xDi=}p=iDv= OQwmQ w xDi=} p=kDv= |v=QL@ VRer K]U x@ QDU@ nvU R= ?=DW
u}}aD |=Q@ "CU= xDiQo Q=Qk xO=iDU= OQwt ?}W OQmrta |@=} RQ= |=Q@ QwmPt
xOW xO=iDU= PLAXIS xt=vQ@ R= |v=QL@ VRer K]U |wQ Q@ xrRrR ?=DW OQwmQ
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xOW u}}aD |@=NDv= Qw]x@ �ky� |v=wQ}W |v=QL@ ?=DW ?}=Q[ |Q@ VwQ QO �G
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u}= QO xO=iDU= OQwt |UOvy pOt xm |r=L QO 'CU= xOW s=Hv= |]N pO=at
|]NQ}e ẁv R= l =N |=Q@ xO=iDU= OQwt |Q=DiQ pOt w |Oa@ wO CQwYx@ j}kLD

"CU= xOw@ �?trwm � Qywt |Q=DiQ pOt� |Q}tN � |v=UWm

Q[=L j}kLD VwQ s=Hv= pL=Qt "4
|x�=Q= |Q}oCyH =@ pL=Qt u}= "CU= xOW K} QWD j}kLD VwQ pL=Qt VN@ u}= QO

"CU= xOW K} QWD |v=wQ}W Q=oOv=t u=mt Q}}eD u}}aD |=Q@ |]@=wQ

=yOQwmQ ?=NDv= "1"4
|=yp}rLD s=Hv= |=Q@ ?U=vt |=y?=DW xv}W}@ =@ |=yOQwmQ uOw@OwOLt x@ xHwD=@
QwWm pm QO xO=OMQ |=yxrRrR x@ \w@ Qt |=yOQwmQ 'QwWm QO |v=tR xJN} Q=D
=yu; u}@ R= w CiQo Q=Qk |UQQ@ OQwt [14]xOWKqY= |=yOQwmQ p}=i R= xO=iDU==@
'u=Q}HvR 'Gw; 's@ |=yx=oDU}= pt=W �� CyH wO QO xrRrR 5 x@ \w@ Qt OQwmQ 14
s=Hv= |=Q@ �� OvOw@ ?=DW w =oQR@ u} QDW}@ |=Q=O xm Q@?; w Ovt}t 'T@] 'lwy}O
x�=Q= 1 pwOH QO |@=NDv= |=yxrRrR C=YNWt "OW ?=NDv= |m}t=v}O |=yp}rLD

"CU=xOW

l =N |xOwD Ctw=kt w |v=wQ}W |xUOvy |=yQDt=Q=B ?=NDv= "2"4
u=tR w |v=wQ}W |Dtw=kt w |UOvy |=yQDt=Q=B O=} R ,=D@Uv |xQDUo x@ xHwD =@
'OW Oy=wN xQ=W= u=O@ "4"4 |xrLQt QO xm |}=yp}rLD |=Q@ sRq O=} R ,=D@Uv
s=Hv= =yu; |=Q@ |}=yp}rLD w xOW xDiQo Q_v QO hrDNt |=yQDt=Q=B R= |}xOwOLt

"CU= xOW
'35 Q@=Q@ |xvt=O ?}W |=}=wR =@ |v=wQ}W xwQo l} '=yp}rLD s=Hv= Qw_vtx@
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lQ=tw}v VwQ T=U=Q@ Q=oOv=t u=mt Q}}eD u}}aD "5"4
s} Q}o@ Q_v QO Q=O@}W K]U l} |wQQ@ =Q |mwr@ Qo = 'lQ=tw}v VwQ T=U=Q@
hm QO l =m]Y= R= |W=v Ctw=kt R= QDW}@ lwr@ Q@ xrRrR R= |W=v |wQ}v w
Q=@ u}rw= xm xO}= u}= "OwW|t lwr@ |}=Hx@=H x@ QHvt wQ}v hqDN= 'OwW lwr@
R= xOvRer |xOwD 'xrRrR ẁkw s=ovy QO xm CU=vat u=O@ 'OW KQ]t lQ=tw}v \UwD
CmQL |oDN}Uo K]U pw] QO OwW|t 1 R= QDsm u=v}t]= ?} Q[ xm |}x_Lr
|v=QL@ VRer K]U Ctw=kt R= QDsm xrRrR R= xOWp=ta= VvD xm |v=tR QO w xOQm
QO CU= umtt xm 'xOvRer |xOwD u=mt Q}}eD Q=Okt T=U=Q@ "OwW|t hkwDt 'OwW
T=U=Q@ |v=wQ}W |Q=O}=B=v =} |Q=O}=B 'OW=@ QDt OvJ =D QDt|Dv=U OvJ |xOwOLt
QO |}xt=vQ@ 'Q=oOv=t u=mt Q}}eD u}}aD |=Q@ "OQ}o|t Q=Qk |UQQ@ OQwt OQmrta
(ky) |v=QL@ ?=DW =@ lQ=tw}v VwQ T=U=Q@ w x}yD MATLAB Q=Ri= sQv \}Lt
R= |Q}op=QoDv= Q=@ wO =@ |v=wQ}W Q=oOv=t u=mt Q}}eD "3"4 Ov@ QO xOt; CUOx@
x@U=Lt �xOw@ QDW}@ |v=QL@ ?=DW R= xm � u=tR � ?=DW |vLvt R= |}=yVN@

[17]"OW

|v=wQ}W Q=oOv=t u=mt Q}}eD \@=wQ |x�=Q= "5
?r=k QO G}=Dv '=yp}rLD G}=Dv uOQm QD|OQ@ Q=m Qw_vtx@ 'j}kLD R= xrLQt u}= QO
CiQo Q=Qk |UQQ@ OQwt |irDNt \@=wQ ^=Lru}O@ "OW x�=Q= xO}J}B u=OvJxv |]@=wQ
R= x]@=Q |oO=U w 'wU l} R= =yQDt=Q=B u}@ |oDU@ty ?} Q[ uDiQoQ_v QO =@ w
QO &OW ?=NDv= Q_v OQwt \@=wQ ?U=vt pmW =]N w |aU =@ R}v w 'Qo}O |wU

"OQ}o|t Q=Qk |UQQ@ OQwt QDW}@ C=}�RH =@ OvwQ u}= xt=O=
� |=yQDt=Q=B ?ULQ@ '�QDt|r}t� U|v=wQ}W Q=oOv=t u=mt Q}}eD 4 |x]@=Q QO
|t=tD x]@=Q u}= QO "CU= xOW x�=Q= ky=kmax w h=Vs 'h=c 'Ts=Tm '�xHQO�
OQwt u=W?=DW?ULQ@ 'hrDNt |=yxrRrR |=yxO=O |Ov@xDUO uwO@ =yp}rLD G}=Dv
�0 9619� xOt; CUOx@ |oDU@ty ?} Q[ x@ xHwD =@ "CU= xDiQo Q=Qk xO=iDU=
R= xwQo u; u=mt Q}}eD u}}aD |=Q@ |rw@k p@=k ?} QkD =@ u; R= u=wD|t 'x]@=Q u}= |=Q@
OvQ}o|t Q=Qk xOWs=Hv= |=yp}rLD x@ \w@ Qt |=yQDt=Q=B |xOwOLt QO xm =y|v=wQ}W

"OQm xO=iDU=

Ln(U) = 16 4107� 0 1594� � 0 0305h
c

+ 4 9706 h
Vs
�

1 3531 ln Ts
Tm
� 14 2511 ky

kmax

R = 0 9619 (4)

=yQDt=Q=B R= l} Qy hPL QF= '4 |x]@=Q QO =yQDt=Q=B R= l} Qy Q}F-=D u}}aD Qw_vtx@
QDt=Q=B w 'u} QDsm h=c QDt=Q=B xm O=O u=Wv =y|UQQ@ "CiQo Q=Qk |UQQ@ OQwt
l} Qy hPL =@ xm |wLvx@ 'OvQ=O xOWO=} |x]@=Q QO =Q Q}F-=D u} QDW}@ ky=kmax

0 6280 w 0 9608 =@ Q@=Q@ ?}DQDx@ |oDU@ty ?} Q[ Q=Okt 'jwi QDt=Q=B wO R=
"Ow@ Oy=wN

xv}W}@ ?=DW Q_v R= |OwQw |=yxO=O 'x]@=Q l} |=Hx@ '=y|UQQ@ |xt=O= QO
"OW xOQw; CUOx@ |rkDUt |x]@=Q '=yxO=O R= xwQo Qy |=Q@ w OvOW s}UkD xwQo wO x@
|=y?=DW =@ |=yxrRrR |=Q@ =Q |v=wQ}W Q=oOv=t u=mt Q}}eD ?}DQDx@ 6 w 5 \@=wQ
xm OwW|t x_Lqt "OyO|t u=Wv x}v=F QwPHt Q@ QDt|Dv=U 500 R= QDsm w QDW}@
6 |x]@=Q w 'CU= 4 |x]@=Q x@ C@Uv |QDW}@ |oDU@ty ?} Q[ |=Q=O 5 |x]@=Q

T=U=Q@|v=QL@ VRer K]U |wQ Q@ OQwmQ\UwDt|v=tR |xJN} Q=D u}}aD "6 pmW
"2 |x]@=Q

%CU= xOt; CUOx@ 2 |x]@=Q

C = �M + �K (2)

w pw= Owt OvJ QO (�) |}=Q}t C@Uv xm Ov=xOW x@U=Lt |wLvx@ � w � ?}=Q[
?}=Q[ u}}aD R= TB [16]"OW=@ �5 OwOL 'CW=ov?=DW |Uv=mQi |xOwOLt QO R}v
R= l} Qy ?=DW |v=tR |xJN} Q=D '|]NQ}e |m}t=v}O |=yp}rLD s=Hv==@ '� w �
OwW|t Qw;O=} "�6 pmW� CU= xOW u}}aD VRer K]U R= x]kv 6 |=Q@ '=yxrRrR
Qy QO =Q ?=DW |xJN} Q=D u=wD|t 'PLAXIS |xt=vQ@ =@ |m}t=v}O p}rLD QO xm
|x]@=Q R= xO=iDU==@ TBU "OQm xOy=Wt G}=Dv QO p}rLD OQwt pOt R= x=wNrO |x]kv
xOt; CUOx@ |v=QL@ VRer K]U |wQ Q@ xrRrR ?=DW \UwDt |v=tR |xJN} Q=D 3

%CU=

HEA(t) =

nP
i=1

HEAi(t)mi

nP
i=1

mi

(3)

HEAi(t) 'xOvRer lwr@ QO t |x_Lr QO \UwDt ?=DW HEA(t) u; QO xm
|x]kv |q=@ QO `k=w Kr=Yt uwDU sQH mi w VRer K]U QO i |x]kv QO ?=DW
u=wvax@ ?=DW |v=tR xJN} Q=D u}= |xv}W}@ Q=Okt "CU= VRer K]U |wQ Q@ i

"CU=xOW ?=NDv= xOvRer |xOwD |=Q@ MHEA

'pOt x@ l}vwtQ=y |=yOQwmQ p=ta= =@ |v=wQ}W |a}@] Ow} QB Q[=L VwQ QO
C=@U=Lt G}=Dv "CU= xOW u}}aD O}OWD Tv=mQi uOQw; CUOx@ w Tv=mQi Q}}eD
u}@ |UQQ@ OQwt |=y?}W |a}@] Ow} QB xm OyO|t u=Wv Qw@ Rt VwQx@ xOWs=Hv=
|=Q@ u=Q=mty w |Q@ 'OW xQ=W= QDW}B xmu=vJ "Ovm|t Q}}eD 0 435 =D 0 133
Ov=xOQm O=yvW}B =Q Ts = 4H=Vs pwtQi xOvRer |xOwD ?r=e Ow} QB uOQw; CUOx@
u}= QO xar=]t OQwt |=ypOt QO "�CU=xOW xO=O u=Wv 5 pmW QO H Q=Okt�
=D 0 055 OwOL QO u=Q=mty w |Q@ |O=yvW}B |x]@=Q R= xO=iDU==@ Ts Q=Okt 'xr=kt
|O=yvW}B pwtQi R= pY=L |=yMU=B |xOwOLt xm OwW|t xOy=Wt "CU= 0 542
|m}t=v}O |=yp}rLD QO xOt; CUOx@ |=yMU=B |xOwOLt =@ u=Q=mty w |Q@
pwtQi =@ Q[=L j}kLD p}rLD R= Ts Q}O=kt OQwt x@ OQwt |xU}=kt "OQ=Ov |v=wNty
Ts Q=Okt 'xvwtv |=Q@ "CU= xOw@ |v=wNty=v u}ty |=} wo R}v xH=Q w |Q@ |O=yvW}B
=yu; |ak=w Ts Q}O=kt xm |}=ypOt |=Q@ xH=Q w |Q@ |O=yvW}B pwtQi R= xO=iDU==@
xOt; CUOx@ 0 344 w 0 157 '0 055 =@ Q@=Q@ 'xOw@ 0 417 w 0 345 '0 133
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|x�

=Q=|x]@=Q R= xOt; CUOx@ |=yu=mt Q}}eD xm OyO|t u=Wv \N wO u}= |xU}=kt
O}=@ "CU= QDnQR@ u=tQwWm QO xOt; CUOx@ |=yu=mt Q}}eD R= =}vQi}r=m ptar=QwDUO
Cw=iDt =}vQi}r=m QO xOW xO=iDU= VwQ =@ Q_vt wO R= Q[=L j}kLD xm OW QmPDt
,qwY= 'Cw=iD wO u}= x@ xHwD =@ "xO=iDU= OQwt |=yOQwmQ "2 &?}W pOt "1 %CU=
|Y=N Cw=[k w p}rLD 'VwQ wO R= xOt; CUOx@ G}=Dv hqDN= OQwtQO u=wD|tv

"O=O x�=Q=
?}DQDx@ 11 w 10 '9 \@=wQ 'kmax = MHEA=g QDt=Q=B u}}aD Qw_vtx@
500 R= QDsm 'x}v=F QwPHt Q@ QDt|Dv=U 500 R= QDW}@ |=y?=DW =@ |=yxrRrR |=Q@
OwW|t xOy=Wt xm u=vJ "Ov=xOW x�=Q= =yxrRrR |t=tD w 'x}v=F QwPHt Q@ QDt|Dv=U
"OQ=O Q=Qk |rw@k p@=k OL QO Rwvy =t= 'CU= QDsm \@=wQ u}= QO |oDU@ty ?}=Q[
MHEA
MHAr

= 1 8343� 0 0147� � 0 0038h
c
� 1 0454 h

Vs
�

0 2209 ln Ts
Tm

R = 0 9336 (9)

MHEA
MHAr

= 2 7576� 0 0223� � 0 0061h
c
� 2 0533 h

Vs
�

0 4430 ln Ts
Tm

R = 0 9203 (10)

MHEA
MHAr

= 2 2245� 0 0185� � 0 0050h
c
� 1 6523 h

Vs
�

0 2585 ln Ts
Tm

R = 0 8763 (11)

OQwt OQmrta T=U=Q@ |L=Q] QO |OQ@ Q=m \@=wQ u=wvax@ u=wD|t \@=wQ u}= R=
xar=]t OQwt ?}W u; QO xm |y=oCN=U uOw@XNWt =@ =OD@= "OQm xO=iDU= Q=_Dv=
u}}aD MHAr w Tm 'Ts Q}O=kt '?}W |xUOvy uOw@XNWt R}v w OQ=O Q=Qk
CUOx@ kmax xH}DvQO w MHEA Q=Okt '11 =D 9 \@=wQ R= xO=iDU==@ w OwW|t
OQwt ?}W |v=QL@ ?=DW ?} Q[ Q=Okt '|m}D=DU=x@W p}rLD s=Hv= =@ TBU "O};|t
=Q ?}W Q=oOv=t u=mt Q}}eD Q=Okt 6 w 5 \@=wQ R= xO=iDU==@ w OwW|t u}}aD Q_v

"s}vm|t xU}=kt R=Ht u=mt Q}}eD =@ w u}}aD
T=U=Q@ '(kh) |m}D=DU=x@W ?} Q[ u}}aD |=Q@ u=wD|t xOWx�=Q= \@=wQ R=
Q_v QO ?}W R=Ht u=mt Q}}eD u=wvax@ =Q |Q=Okt xJv=vJ "OQm xO=iDU= OQmrta
x@ xHwD =@ =Q kmax xH}DvQO w MHEA Q=Okt '�Q=_Dv= OQwt OQmrta� s} Q}o@
xDiQo Q_v QO u=mt Q}}eD x@ xHwD=@ TBU w 'OQw; s}y=wN CUOx@ 10 w 9 \@=wQ
ky Q=Okt "O};|t CUOx@ ky xH}Dv QO w ky=kmax Q=Okt '6 w 5 \@=wQ w xOW
Q_v OQwt OQmrta K]U |=Q@ |O=yvW}B |m}D=DU=x@W ?} Q[ u=ty xOt; CUOx@
ky =@ Q@=Q@ kh uDiQo Q_v QO =@ xar=]t OQwt |v=wQ}W u=v}t]= ?} Q[ Qo = "CU=

"CU= C}=[Q OQwt ?}W OQmrta 'OW=@ 1 R= QDoQR@
u=aP=O}=@ 'hrDNt Cq=L |=Q@ xOWx�=Q= \@=wQ CUQO OQmrta =@ \=@DQ= QO
,=D@Uv |=yxrRrR x@ \w@ Qt |xOWC@F |=yOQwmQ O=OaD Q[=L p=L QO xm CW=O
\@=wQ OQ@ Q=m =Pr w CU= QDsm Q=}U@ =}vQi}r=m |xk]vt x@ C@Uv u=Q}= QwWm QO O}OW
w 1 pwOH QO xOWx�=Q= |=y?=DW w =y=oQR@ |xOwOLt QO u=tQwWm |=Q@ xOWx�=Q=
VQDUo CU= |y}O@ "CU= x}YwD p@=k 5 pmW |xUOvy x@=Wt |}=y|v=wQ}W |=Q@

|@=} RQ= |=tvy=Q |x]@=Q =@ Q[=L j}kLD QO |O=yvW}B |x]@=Q |xU}=kt "7 pmW
"=}vQi}r=m QO |}xRQr Q]N

xm |Dr=L QO u}=Q@=v@ "CU= x]@=Q u; x@ C@Uv |QDsm |oDU@ty ?} Q[ |=Q=O R}v
QDt|Dv=U 500 R= QDW}@ ?=DW =@ |}=yxrRrR ẁkw p=tDL= 'xar=]t OQwt x=oDN=U QO

"OQm xO=iDU= 5 |x]@=Q R= 4 |x]@=Q |=Hx@ u=wD|t 'OQ=O OwHw x}v=F QwPHt Q@
Ln(U) = 9 7981� 0 0433� � 0 0100h

c
+ 2 1683 h

Vs
�

2 061 ln Ts
Tm
� 8 4932 ky

kmax

R = 0 9674 (5)

Ln(U) = 12 0610� 0 0777� � 0 0049h
c
� 0 0791 h

Vs
�

1 4076 ln Ts
Tm
� 12 7545 ky

kmax

R = 0 9450 (6)

h=Vs w h=c |=yQDt=Q=B hPL xm OW x_Lqt 6 |x]@=Q |=yQDt=Q=B QF= |UQQ@ QO
|xOwOLt QO u}=Q@=v@ w 'OvQ=Ov x]@=Q |oDU@ty ?} Q[ Q@ |yHwD QwNQO Q}F-=D
%CU= xO=iDU= p@=k 7 |x]@=Q QDxO=U pmWx@ 6 |x]@=Q |UQQ@ OQwt |=yQDt=Q=B
Ln(U)= 11 3964�0 0665�� 1 4183 ln Ts

Tm
�12 7486 ky

kmax

R = 0 9450 (7)
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