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utQ}BU= |Ov@x@DQ xm xt=vQ@ ZQiV}B R= |oDU@ty |=Q@ "CU= l} xW}ty

"CU= xOW xO=iDU= 'CU=
T} QD=t w C}U=UL p}rLD |}xr}t w |a=]k |=yQ=Owtv pt=W G}=Dv G=QNDU= �O

"|oDU@ty ?}=Q[
|OwQw n xm |Qw] x@ 'OW=@ |HwQN QDt=Q=B gi w |iO=YD |OwQw xi Qo = �x
Q}eDt 'xij Q}eDt 'OW=@ OwHwt j = 1; 2; :::; k |HwQN k w i = 1; 2; :::; n
Q}eDt u}@ rxjg |oDU@ty "Ow@ Oy=wN s)=j |HwQN QDt=Q=B |=Q@ s)=i |OwQw

:O};|t CUOx@ 7 w 6 |=yx]@=Q j} Q] R= g |HwQN w xi |OwQw

rxjg =

nP
i=1

(xij � �xj) (gi � �g)�
nP
i=1

(xij � �xj)2
�1=2 � nP

i=1
(gi � �g)2

�1=2 (6)

�xj =
X
i

xij
n

(7)

"O};|t CUO x@ 8 |x]@=Q T=U=Q@ R}v utQ}BU= |Ov@x@DQ VwQ QO |oDU@ty w
x�=Q= |x@DQt ri w js wrQ=mCvwt R= O}rwD u}t)=s ' N wrQ=mCvwt |R=Ux}@W O=OaD
u}Dq ?amtQ@= |Q=OQ@xvwtv CWo}=H mij "CU= xi |iO=YD Q}eDt R= xOW
?} Q[ "CU= s)=j |R=Ux}@W |Q=Po}=H pY=L |xOW?DQt |xvwtv nj "CU=
|xOvyOu=Wv '�1 l}ORv |Q=Okt =@ (�1 � ri � +1) utQ}BU= |oDU@ty
|va} 'u; 0 Q=Okt w CU= |OwQw x@ |HwQN O=} R C}U=UL w O=} R |oDU@ty

"CU= |OwQw x@ |HwQN sm C}U=UL

ri = 1�
6P
j

(mji � nj)2

N(N 2 � 1)
; ri 2 [�1; 1] (8)

"ut}=Q}e w ut}= |L=wv w |iO=YD Q}eDt |=[i "2 pmW

u=tR OvtR=}v 'OQ=O |vt[ pmW u=tDN=U w pB 'OU |=yxR=U w xR=U |UOvyt
|iO=YD |=yQ}eDt uOW QDO=} R =@ w CU= OwOLt <=RH= p}rLD VR=OQB |=Q@ |O=} R

"O@=}|t V}=Ri= R=}vOQwt u=tR 'xr�Ut

wrQ=mCvwt VwQ x@ |@=QN p=tDL= |x@U=Lt "2"2
|Dq=tDL= |@=} RQ= |xv}tR QO u=QoWywSB R= |Q=}U@ u}@ QO wrQ=mCvwt VwQ
uOR ?} QkD R= xO=iDU= =@ xm ?}DQD u}= x@ "CU= xOW p=@kDU= =yxR=U |vt}=
|R=Ux}@W '|iO=YD |=yQ}eDt R= |a@=D |xvwtv `} RwD ltm x@ '|[=} Q O}t=
p=kDv= '1 w 0 u}@ |iO=YD O=Oa= O}rwD pt=W '|}xrLQtxU OvwQ w xDiQo CQwY
xvwtv Qy Q=Okt uOQw; CUOx@ w p=tDL= |atHD `} RwD `@=D x@ |iO=YD O=Oa=
Q=OQ@ |Q=Po}=H =@ w |iO=YD |x]kv QO |atHD `@=D Twmat R= xO=iDU= =@
Qy QO |@=QN |OQmrta `@=wD QO xOW xDio OvwQ QO xOW O=H}= |iO=YD Q}eDt
'4 |x]@=Q R= [18]"OwW|t |UQQ@ xNQJ u; QO xR=U |vt}= C}a[w 'xNQJ
|xJN} Q=D QO |ivt Q=Okt =@ |OQmrta `@=wD O=OaD R= sy =Q |@=QN p=tDL= u=wD|t
O=OaD Nsim "OQm x@U=Lt O=tDa= C}r@=k XN=W R= =} w |R=Ux}@W |=yxNQJ
|OQmrta `@=D =@ |=yxNQJ O=OaD Ng(X)�0 w wrQ=mCvwt |R=Ux}@W |=yxNQJ

"CU= |ivt
pf =

Ng(X)�0
Nsim:

= P [g(X) � 0] � � (��) (4)

xOW x}YwD |R=Ux}@W |xv}tm O=OaD "CU= u=v}t]= C}r@=k XN=W � 'u; QO xm
hOy |@=QN p=tDL= pTf u; QO xm CU= Nsim: � 100

pTf
wrQ=mCvwt VwQ |=Q@

|R=Ux}@W O=OaD u}=Q@=v@ "CU= |vi hrDNt |=yxt=vu}}; w C=} QWv QO xOW x}YwD
|@=QN p=tDL= u=ty xm MU=B OQw;Q@ QO =]N Ea=@ wrQ=mCvwt |R=Ux}@W QO QDtm
|@=QN p=tDL= C=Q}}eD ?} Q[ '5 |x]@=Q j@=]t |vi C=}@O= QO "OwW|t 'CU=
|NQ@ "Ovvm|t |iQat |R=Ux}@W O=OaD C}=im |=Q@ |@U=vt Q=Okt =Q 0=1 R= QDtm
x@ =} w OW=@ COV (pf ) � �5 xm Ovv=O|t |}xNQJ =Q ?wr]t |xNQJ O=OaD R}v
C@=F COV (pf ) Q=Okt xm OwW|t u}}aD |v=tR ?wr]t |xNQJ O=OaD 'Qo}O u=}@
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p}rL
D,qwtat OwOLt <=RH= |=yp}rLD 'q=@ |v}at=v |xHQO w O=} R |O=R; |=yxHQO =@

Q}O=kt =@ |r�=Ut QO "CU= |OQ@ Q=mQ}e w |k]vtQ}e 'O=} R |=yxNQJ O=OaD QO
|R=Ux}@W |xNQJ O=OaD QO |}=yp}rLD u}vJ ,qta '|@=QN p=tDL= lJwm Q=}U@
|QU CQwYx@ xm |}=yxv=}=Q =} =yxv=}=QQ@= =@ smCUO =} w umttQ}e uw}r}t OYOvJ
Ovv=t '|L=Q] |=yV}=tR; hrDNt |=yVwQ "CU= |vOW 'Ov=pYDt |R=wt w
OwHw umv@ Tm =@ w |RmQt ?mQt |L=Q] '�p} QwDm =i� pt=m |rt=a KQ] 'xQ=DU
n Qo = "CU= xOW xO=iDU= pt=m |rt=a KQ] VwQ R= 'Q[=L Q=DWwv QO "OQ=O
w (2n + 2n+ 1) ; (2n) ; (2n+ 1) O=OaD x@ 'OW=@ |iO=YD |=yQ}eDt O=OaD
[16]"CU= sRq V}=tR; |x]kv 'xOW xDio |=yVwQ |=Q@ ?}DQD x@ �n2n�1 + 1�
k ?} Q[ Q=Okt "OwW|t xOy=Wt xOW xO=iDU= VwQ \=kv O=OaD '3 pmW j@]
Q[=L Q=DWwv QO xm OwW|t xDiQo Q_v QO 3 |r= 1 ?re= R}v '13 |x]@=Q QO
=Q |iO=YD |=yQ}eDt OwOL Ck}kL QO k Q=Okt "CU= xOW ?=NDv= 1 Q=Okt
j} Q] R= |]N CQwYx@ 'OwW xOR u}tND CU= Q_vOt xm |a@=D "Ovm|t XNWt
VvD |xv}W}@ |OQmrta `@=D Q[=L VywSB QO xm OwW|t xOy=Wt 14 |x]@=Q
?=NDv= "CiQo Q_v QO R}v swU =} swO |xHQO =Q u}tND `@=D u=wD|t "CU= |WWm
|=Q@ '1 pwOH QO "OQ=O |@=} RQ= OQwt `@=D uOw@ |]NQ}e u=R}t x@ xDU@ u; CkO
"CU= xOW xO=O u=Wv V}=tR; |x]kv 8 O=OaD '|iO=YD Q}eDt 3 =@ V}=tR; |L=Q]

�i = �i � k�i (13)

Y exp : = �00 + �01X01 + �02X02 + �03X03 + �04X01X02
+�05X01X03 + �06X02X03 (14)

"pt=m |rt=a KQ] VwQ "3 pmW
"V}=tR; \=kv ?=NDv= "1 pwOH

X3 X2 X1 V}=tR; xQ=tW
(EX�Dam) (DEN�Dam) (NWL�US)

�k �k �k DOE1
�k �k +k DOE2
�k +k �k DOE3
�k +k +k DOE4
+k �k �k DOE5
+k �k +k DOE6
+k +k �k DOE7
+k +k +k DOE8

|Dq=tDL= `@=wD "4"2
p=tDL=|atHD `} RwD `@=D '�PDF� p=tDL=|r=oJ `@=D '|Dq=tDL= `@=wD =@|}=vW;|=Q@

"CU= xOW x�=Q= |iO=YD |=yQ}eDt |=Q@ �S(x)� O=tDa= C}r@=k `@=D w �CDF�
[a; b] |xR=@ QO X|iO=YD Q}eDt xmv; p=tDL= :�PDF� p=tDL= |r=oJ `@=D ��
p=tDL=|r=oJ `@=D |xrwovR Q} RCL=Ut "O};|tCUOx@ 9 |x]@=Q R= 'OwW `k=w

"CU= 1 Q@=Q@ xQ=wty
bZ
a

f (x) dx = Pr [a � x � b] (9)

OQ)@ xm CU= |OwaY |=wvsy w QiYQ}e |a@=D :�CDF� |atHD `} RwD `@=D ��
x R= QDlJwm |Q=Okt X |iO=YD Q}eDt xmv; p=tDL= w xOw@ [0; 1] |xR=@ u;
h} QaD u}= R= FX (x) = P (X � x) %|va} 'OyO|t u=Wv =Q 'OW=@ xDW=O

CiQo xH}Dv =Q 10 |x]@=Q u=wD|t
P (a � X � b) = FX (b)� FX (a) (10)

p=tDL=|r=oJ `@=D T=U=Q@ 11 |x]@=Q CQwYx@ u=wD|t R}v =Q|atHD `} RwD `@=D
:OQm h} QaD

FX (x) =
xZ

�1
f (x) dx (11)

C}r@=k |=yOQ@ Q=m QO ?re= O=tDa= C}r@=k `@=D %�S(x)� O=tDa= C}r@=k `@=D ��
"OyO|t =Q x X=N Q=Okt R= QDnQR@ |Q}O=kt p=tDL= w OwW|t xO=iDU= O=tDa=
=@ O}=@ w Ovm|t p}t QiY Q=Okt x@ G} QOD x@ w ẁQW 1 R= O=tDa= C}r@=k `@=D

:�12 |x]@=Q� OwW xU}=kt CDF

S (x) = Pr [X � x] = 1� F (x) (12)

=yV}=tR; |L=Q] "3
|=yVwQ R= xawtHt l} 'RSM |Q=YDN= CQwY x@ MU=B K]U |SwrwODt
|=yKQ] QO hOy "CU= |@ QHD |=ypOt CN=U |=Q@ |OQ@ Q=m C=}[=} Q w |Q=t;
pkDUt Q}eDt OvJ R= QF-=Dt xm CU= �|HwQN Q}eDt� MU=B |R=Uxv}y@ 'MU=B K]U
xO}t=v =QH= xm CU=yuwtR; R= |QU l} 'V}=tR; l} "CU= �|OwQw |=yQ}eDt�
C=Q}}eD pra u}}aD Qw_vtx@ |OwQw |=yQ}eDt QO C=Q}}eD 'V}=tR; Qy QO "OwW|t
|x} wQ |=ypOt CN=U 'MU=B K]U |=yKQ] QO "OvwW|t O=H}= MU=B Q}eDt QO
'Ot; CUO x@ |@} QkD pOt l} xmv}= ZLt x@ "CU= |Q=QmD Ov}=Qi l} MU=B
&Q}N =} CU= VN@C}=[Q ?=wH =}; xm OwW|t uwtR; VR=Q@ |} wm}v VwQ \UwD
|QDW}@ |=yV}=tR; w OwW|t ẁQW xQ=@ wO Ov}=Qi u}tND 'OwWv O}}-=D ?=wH Qo =
QO QF-wt |=yQ}eDt p}rLD w |}=U=vW '=yV}=tR; |L=Q] QO hOy "OwW|t s=Hv=
s=Hv= |D=@U=Lt |xv} Ry xm |OQ=wt QO "CU= V}=tR; O=OaD u} QDtm =@ =y|HwQN
s=Hv= =} OW=@v QU}t |Q=Ri=sQv w |OOa |=yp}rLD |=Q@ |R=Ux}@W |=yxNQJ
Q_vOt h=Oy= x@ =yV}=tR; |L=Q] s=Hv= =@ u=wD|t 'OW=@v QwOkt |ak=w V}=tR;
|Uwk |vD@ OU Ovv=t |}=yxR=U O=tDa= C}r@=k p�=Ut QO "Ci=} CUO ?} QkD =@
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"O=tDa= C}r@=k |x@U=Lt CQ=Jwri "5 pmW

"OU OwOLt |=RH= pOt CUO u}}=B w CUOq=@ Q}wYD "6 pmW

'VN@ u; <=RH= x@ nQt w OrwD |oS} w X=YDN= \UwD 'OwW xi=[= u; x@ =} hPL
xDi=}X=YDN= |xOQt |oS} w =@ |}=y<RH |=Q@ C}r@=k u}= "CU= |R=UpOt p@=k
T} QD=t x@ (10�6) QiY l}ORv ?} Q[ 'xR=U p}rLD R= X=N |xrLQt l} QO
R}v xOQt <=RH= x@ xDi=}X=YDN= |=yQ=@ w |}=Q}t 'sQH "OwW|t ?Q[ <RH |DNU
|=ypmWQ}}eD |xv} Ro O}=@ Q=O|vat G}=Dv uDW=O |=Q@ "OvwW|t xDiQo Q_v QO QiY
|=yx}q CQwY x@CN=U pL=Qt O=OaD '7 pmW QO "OW=@ p=ai xR=U p}rLD QO nQR@
l} u; |xrLQt Qy xm xrLQt 6 QO|Uwk OU |xvO@ "OwW|t xOy=Wt|ki= |R} QuD@
|U} wvxt=vQ@ |=Q@ "OwW|t p}rLD w |R=UpOt 'CU= OU |xvO@ <=RH= R= |ki=h}OQ
pw= |xrLQt QO "CU= xOW xO=iDU= Q=Ri=sQv QO <=RH= nQt w OrwD C}r@=k R= xUwQB
swO |=yx}q <=RH= w s}_vD xOvR CQwYx@ pw= |x}q |=y<RH |t=tD 'CN=U R=
xt=O= sWW |xrLQt =D CQwY u}ty x@ "OvwW|t s}_vD xOQt CQwY x@ sHvB |r=
xOvR CQwYx@ �<RH 104� pOt |=y<RH |t=tD R}v sWW |xrLQt QO "O@=}|t
xm xrLQt 6� CN=U pL=Qt s=tD= R= TB |O=a |Q=PoQ=@ ?}mQD QO "OvwW|t s}_vD
|Q=PoQ=@ |=Q@ xR=U p}rLD u}tDiy '�OwW|t s=Hv= xR=U p}rLD l} xrLQt Qy QO
O=R; V=aDQ= p}rLD "CU= xOW s=Hv= p=tQv R=QD QO CUOq=@ l}D=DU=wQO}y Q=Wi

"=t}wm =B |vD@ |Uwk OU R= |}=wy Q}wYD "4 pmW

|R=UpOt w h}YwD %|OQwt |xar=]t "4
|OL Cr=L QO |Uwk |vD@ OU |vt}= |Dq=tDL= |xar=]t 'Q[=L Q=DWwv R= hOy
|Q=PoQ=@ pt=W |O=a |Q=PoQ=@ ?}mQD wO CLD |WWm |rY= VvD |xv}W}@ |}=yv
Q=Wi w OU |xvO@ uRw |Q=PoQ=@ w pw= Q=@ ?}mQD u=wvax@ OU |xvO@ uRw \ki
Qy QO "CU= xOW xDiQo Q_v QO swO Q=@ ?}mQD u=wva x@ p=tQv R=QD l}D=DU=wQO}y
xDiQo s=Hv= CN=U pL=Qt p}rLD uDiQo Q_vQO =@ OU |xvO@ uRw Q=@ '?}mQD wO
G=D pw] w `=iDQ= "OwW|t xOy=Wt =t} wm =B |vD@ OU |=tv '4 pmW j@=]t "CU=
p=U QO =t} wm =B OU CN=U "CU= QDt 180 w 113 ?}DQD x@ QwmPt OU |xvO@
u} QDq=@ QO QDt 3 R= OU |xvO@ Ct=N[ "CU= xO}UQ u=}=B x@ |Oq}t 1928
u=tR QO "CU= �xQO hm � u; `=iDQ= u} QDu}}=B QO QDt 30 |r= �OU G=D� u; R=QD
QO "CU= xOW |L=Q] w p}rLD |O=a |Q=PoQ=@ CLD \ki =t} wm =B OU '|L=Q]
<=RH= p}rLD w wrQ=mCvwt VwQ x@ O=tDa= C}r@=k |x@U=Lt CQ=Jwri '5 pmW
O}=@ (�) u=v}t]= C}r@=k XN=W 'OU |vt}= u}t-=D |=Q@ "OwW|t xOy=Wt OwOLt

"OW=@ QDW}@ (�Target) hOy u=v}t]= C}r@=k XN=W Q=Okt R=

|Dq=tDL= OwOLt <=RH= pOt "1"4
QO "CU= xOW xDiQo Q_v QO u=UWm |]N Q=DiQ 'OU |xvO@ uD@ Kr=Yt |=Q@
|m}v=mt C=YNWt uOw@ uoty w wQm =t |R=UpOt VwQ R= OU |xvO@ |R=UpOt
xO=iDU= OwOLt <=RH= pOt |=Q@ 4TU}v= Q=Ri=sQv R= w hrDNt |=y=DU=Q QO Kr=Yt
'6 pmW QO "CU= xOW Q_vhQY R}v xvO@ s�=k |=yRQO |R=UpOt R= "CU= xOW
xOy=Wt 'CU= xOW xDiQo Q_v QO OwOLt <=RH= p}rLD QO xm xOW |R=UxDUUo pOt
|xvO@ CUOu}}=B w CUOq=@ QO VvD QDj}kO |x@U=Lt QO |}=v=wD |=Q@ "OwW|t
'xQo Qy "CU= xOW xO=iDU=Ct=N[ QOl} QDt=Q=B wR}= |}xQo 8 <RH |x}q wO R= OU
xvO@ |=yDv= |=yxQo |t=tD |r=kDv= |O=R; |=yxHQO "OQ=O |r=kDv= |O=R; xHQO xU
QO |DQ=@a x@ "CU= xOW O}kt xv=NOwQ hm w u}L=vH x@ OU |xvO@ T=tD pLt QO
Q=OQ}o x=ox}mD 'CU= xOW pYDt u}tR x@ OU xm |}=H 'xQO hm w OU |=yx=ox}mD
104 ?}DQD x@ |R=UxDUUo pOt |=yxQo w =y<RH O=OaD "CU= xOW xO=O X=YDN=
%pt=W 'OU |xvO@ Kr=Yt |m} R}i w |m}v=mt |=y|oS} w "�6 pmW� OvDUy 225 w
|r=oJ w � = 0=2 uD@ uwU=wB C@Uv 'EC = 21=9GPa 'uD@ |v=UWm pwOt
Q}F-=D |xwLv "CU= xOW ?=NDv= OwOLt <=RH= pOt QO � = 2230kg=m3 uD@
C}r@=k R= xO=iDU= =@ OwOLt <=RH= pOt |xR=U p}rLD QO |}xrLQt CN=U QDt=Q=B
sDU}U l} R= |Lr=Yt Qo = "CU= xOW s=Hv= T}Uv= Q=Ri=sQv QO <=RH= OrwD w nQt
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"|OwQw |=yQDt=Q=B x@ |WWm VvD |xv}W}@ C}U=UL p}rLD "9 pmW

"CU= uRNt hm u=ty =} OU |x}=B R= `=iDQ= h w uRNt ?; XwYNt uRw 
!
Phs = 0=5
!h2 (15)

C}U=UL p}rLD "2"4
C}U=UL 'utQ}BU= |Ov@x@DQ VwQ R= xO=iDU= =@ sDU}U |Dq=tDL= p}rLD Q=R@= x@aH
XNWt =Q OU |xvO@ QO OwHwt |WWm VvD |xv}W}@ x@ |iO=YD |=yQ}eDt
9 pmW QO ST (W +H) |v=QL@ Q=@ ?}mQD C}U=UL p}rLD G}=Dv "CU= xOQm
QDt=Q=B u} QDQ=PoQ}F-=D '(ri = �1) =@ uD@ Kr=Yt XwYNt uRw "OwW|t xOy=Wt
uRw QO |�RH Q}}eD =@ xm |vat u}= x@ 'CU= OwHwt |WWm VvD |xv}W}@ QO
"OwW|t O=H}= OU |xvO@|WWmVvD |xv}W}@ QO C=Q}}eD u} QDW}@ 'uD@ XwYNt
|UwULt Q}F-=D '|v=UWm pwOt w uRNt p=tQv R=QD |iO=YD |=yQDt=Q=B QO |�RH Q}}eD

"OvQ=Ov OU |xvO@ QO xOW O=H}= |WWm VvD |xv}W}@ QO

pOt |=yQDt=Q=B C}a]k sOa "3"4
VwQ "CU= xOW s=Hv= wrQ=mCvwt |R=Ux}@W VwQ ltm x@ O=tDa= C}r@=k p}rLD
|@=} RQ= Qw_vt x@ =Q X |iO=YD |=yQ}eDt Q=OQ@ R= xvwtv N O}rwD u=mt= wrQ=mCvwt
xOW xO=iDU= |Q}oxvwtv |=Q@ 5?w}mQB}=y u}Dq VwQ "OyO|t g(x) |@=QN `@=D
|=yCr=L w|Dtw=kt |=yQDt=Q=B =OD@= QOCU= sRq|Dq=tDL= p}rLD Qw_vt x@ "CU=
hrDNt `H=Qt j@] xm |Dq=tDL= `} RwD R= |Dq=tDL= p}rLD QO "OvwW h} QaD Q=@
'OW=@ xDW=O |OwQw |=yQ}eDt p=tDL= |r=oJ `@=D |=Q@ |QDy@ VR=Q@ w xOw@ pw=ODt
CUOq=@ ?; R=QD |=Q@ "CU= xOW xO=iDU= �N� p=tQv Tw=o `} RwD `@=D R= w ?=NDv=
O}rwD |=Q@ "CU= xOW xDiQo Q_v QO q=@ R= �TN� xOW OwOLt p=tQv `} RwD R=
h=QLv= w u}ov=}t Q=Okt h} QaD x@ R=}v 'xOW QmP |=y`} RwD =@ |iO=YD |=yQ}eDt
%pt=W 'Q}eDt |Q=t; C=YNWt '2 pwOH QO "CU= |iO=YD |=yQ}eDt |=Q@ Q=}at
xm |DQwY QO "CU= xOW x�=Q= C=Q}}eD ?} Q[ w Q=}at h=QLv= 'u}ov=}t Q}O=kt
|Q=t; C=}YwYN 'OvW=@v TQDUO QO |Y=N C}=U |=Q@ |y=oW}=tR; |=yxO=O
x@=Wt |WywSB `@=vt QO OwHwt C=Q}}eD ?} Q[ Q}O=kt w `} RwD `@=D pmW Ovv=t
16 |x]@=Q R= xO=iDU= =@ Kr=Yt R=Ht |WWm VvD Q=Okt [29]"OwW|t xO=iDU=

[33�30'20]"CU= xOW x@U=Lt
ft = 0=324f 02=3

c (16)

"OwOLt <=RH= pOt CN=U pL=Qt "7 pmW

"CUOq=@ l}D=DU=wQO}y ?; Q=Wi "8 pmW

|W=aDQ= Owt Ot=U@ "CU= xOW s=Hv= OwOLt <=RH= pOt |HvUCLY Qw_vt x@
"CU= xOt; CUOx@ fsymm: = 5=42Hz Q@=Q@ � = �5 |}=Q}t C@Uv =@ |rY=
� = �4 �7 |}=Q}t C@Uv =@ fsymm: = 5=35 5=45Hz Ot=U@ =@ Q=Okt u}=

[28]"OQ=O |@ wN Ck@=]t �2017� u=Q=mty w O=SvQ=D Q=DWwv QO xOW x�=Q=
xm CU= sRq |Uwk |vD@ OU |vt}= |Dq=tDL= p}rLD OvwQ |Q}oQ=mx@ CyH
X=YDN= =yu; x@ \w@ Qt |Q=t; C=}YwYN w h} QaD |iO=YD |=yQ}eDt ,q@k
u=wD|t |iO=YD |=yQ}eDt |Q=t; |=yQDt=Q=B X=YDN= w h} QaD |=Q@ "OvwW xO=O
xO=iDU= |y=oW}=tR; |=yxOy=Wt R= =} w |tra |=yQ=DWwv QO OwHwt C=aq]= R=
|}=yQ=@ OU CUOq=@ QO uRNt ?; p=tQv R=QD w xvO@ uD@ Kr=Yt XwYNt uRw "OQm
|=yQDt=Q=B CQwYx@ O}=@ w OvwW|t p=ta= xR=U OwOLt <=RH= pOt x@ xm OvDUy
%pt=W 'OU Ctw=kt hQat |=y|oS} w |xOta u}vJty "OvwW h} QaD |iO=YD
"OvDUy uD@ uwU=wB C@Uv w uD@ |Q=Wi w |WWm R=Ht VvD 'uD@ |v=UWm pwOt
<=RH= p}rLD |=yxNQJ QO xOW xO=O u=Wv uD@ |m}v=mt w |m} R}i |=y|oS} w
R=QD QO R}v C=YDNt QwLt "OvwW|t xDiQo Q=mx@ w O}rwD |iO=YD Qw]x@ OwOLt
Owta X QwLt w xv=NOwQ CyH QO Y QwLt "CU= xOW xO=O u=Wv xv=NOwQ hm
=@ OwOLt <=RH= pOt `=iDQ= "OyO|t u=Wv =Q s�=k |=DU=Q Z QwLt w xv=NOwQ Q@

"CU= xOW xDiQo Q_vQO QDt 102 'u}L=vH w xQO pmW |R=UxO=U
pOt pkF ?=DW w 'uRNt l}D=DU=wQO}y |Q=PoQ=@ '|RQt \}=QW '8 pmW QO
R=QD QO 'QiY Q=Wi w OU |x}=B QO 'Q=Wi u} QDW}@ "OwW|t xOy=Wt OwOLt <=RH=
QO <RH K]U Q@ Owta l}D=DU=wQO}y Q=Wi Q=OQ@ 'x]kv Qy QO "CU= uRNt p=tQv
xm CU= xOW x@U=Lt 15 |x]@=Q j@=]t `=iDQ= QO Q=Wi Q=Okt "CU= CUOq=@
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"CUOq=@ ?; R=QD %|OwQw |iO=YD Q}eDt |Dq=tDL= `@=wD "10 pmW

|xv}W}@ xmv}= p=tDL= xm OQm xOy=Wt u=wD|t R}v O=tDa= C}r@=k Q=Owtv R= "CU=
|xv}W}@ x@ xHwD =@ "CU= QiY 'OW=@ p=mU=B=ot 1=25 R= QDW}@ uD@ |WWm VvD
=t} wm =B OU uD@ R=Ht |WWm VvD Q=Okt w xOW xOy=Wt OwHwt |WWm VvD
w OW Oy=wNv x@ QHD |@=QN I}y 'xOW s=Hv= |xNQJ 20=000 QO Cio u=wD|t
QDW}@ |D=@U=Lt |xv} Ry pw@k CQwY QO "CU= � � 3=89 w pf � 5�10�5

p=tDL= QDlJwm Q}O=kt x@ u=wD|t '�QDW}@ O=OaD =@ |R=Ux}@W |=yxNQJ s=Hv=�
"Ci=} CUO u=v}t]= C}r@=k XN=W QDnQR@ Q}O=kt w |@=QN

VvD |xv}W}@ x@ \w@ Qt xm |@=QN |OQmrta `@=D |Q=t; `@=wD '12 pmW QO

"uD@ w |iO=YD |=yQ}eDt |Dq=tDL= |=y|oS}w "2 pwOH
`H=Qt C=Q}}eD ?} Q[ |Q=t; `} RwD |iO=YD Q}eDt

COV: Dist(�; �) Xi
[6; 7; 15; 30; 31] 0=1 N(21=9; 2=19) EC(GPa)

[3; 16] 0=1 N(2230; 223) �(kg=m3)

[22; 31] 0=05 TN(90; 4=5; 102) NWL(m)

[20] � 23=39 f 0c(MPa)

[20] � 2=65 ft(MPa)

|xQwLtlD|WWm R=HtCtw=kt ft wuD@ |QwLtlD |Q=WiCtw=kt f 0c 'u; QO xm
CUOx@ p=mU=B=ot 2=65 w 23=39 Q@=Q@ ?}DQD x@ =t} wm =B OU |=Q@ xm OvDUy uD@
QO OU |xvO@ QO pw= |rY= VvD u} QDW}@ 'xOW xDWwv |xt=vQ@ QO "CU= xOt;
QO w xOW xQ}NP OwHwt |WWm VvD |xv}W}@ u=wva x@ |R=Ux}@W |xNQJ Qy
CUmW R= x@ QHD l} 'OwQ QD=Qi ft R= Q=Okt u}= xm '|R=Ux}@W R= |}=yxNQJ

"OwW|t xOwRi= OOa l} Ic QoWQ=tW x@ w C@F(Ng(X)�0)

|iO=YD |=yQ}eDt |Q=t; `@=wD "4"4
|r=oJ `@=D "OwW|t xOy=Wt CUOq=@ ?; p=tQv R=QD |Q=t; `@=wD '10 pmW QO
p=tDL= "CU= xOw@ QDt 4=5 Q=}at h=QLv= w QDt 90 u}ov=}t =@ CUOq=@ R=QD p=tDL=
|xv}W}@ w xv}tm Q=Okt "CU= �50 'OW=@ �u}ov=}t Q=Okt� QDt 90 ?; R=QD xmv}=
u=Wv |atHD `} RwD Q=Owtv "OvDUy QDt 102 w 75 OwOL ?}DQD x@ xOW O}rwD
'|DQ=@a x@ &CU= �100 'OW=@ QDt 102 R= QDtm ?; R=QD xmv}= p=tDL= OyO|t
C}r@=k Q=Owtv R= "OvDUy QDt 102 R= QDtmCUOq=@ R=QD |xOW O}rwD |=yxvwtv |t=tD
102 R= QDW}@ CUOq=@ ?; R=QD xmv}= p=tDL= xm OQm xOy=Wt u=wD|t R}v O=tDa=

"CU= QiY 'OW=@ QDt
uRw p=tDL= |r=oJ `@=D O=O u=Wv uD@ XwYNt uRw |Q=t; `@=wD G}=Dv
sQowr}m 223 Q=}at h=QLv= w ?amtQDt Q@ sQowr}m 2230 u}ov=}t =@ uD@ XwYNt
?amtQDt Q@ sQowr}o 2230 uD@ XwYNt uRw xmv}= p=tDL= "CU= ?amtQDt Q@
OwOL ?}DQD x@ xOWO}rwD |xv}W}@ w xv}tm Q=Okt "CU= �50 'OW=@ �u}ov=}t Q=Okt�

"OvDUy ?amtQDt Q@ sQowr}o 3000 w 1400
pwOt p=tDL= |r=oJ `@=D O=O u=Wv uD@ |v=UWm pwOt |Q=t; `@=wD G}=Dv
p=mU=B=o}o 2=19 Q=}at h=QLv= w p=mU=B=o}o 21=9 u}ov=}t =@ uD@ |v=UWm
'OW=@ �u}ov=}t Q=Okt� p=mU=B=o}o 21=9 uD@ |v=UWm pwOt xmv}= p=tDL= "CU=
p=mU=B=o}o 3 w 1=4 OwOL ?}DQD x@ xOW O}rwD |xv}W}@ w xv}tm Q=Okt "CU= �50

"OvDUy
OwOLt <=RH= Q=Ri= sQv QO Q=mOwN CQwYx@ |iO=YD |HwQN |=yQDt=Q=B Q}O=kt
`@=wD '11 pmW QO "CU= xOW x�=Q= xt=O= QO =yu; |Q=t; `@=wD xm CU= xOW O}rwD
|xv}W}@ p=tDL= |r=oJ `@=D "OwW|t xOy=Wt uD@ |rY= VvD |xv}W}@ |Q=t;
p=mU=B=ot 0=068 Q=}at h=QLv= w p=mU=B=ot 0=922 u}ov=}t =@ uD@|WWmVvD
�u}ov=}t Q=Okt� p=mU=B=ot 0=922 uD@|WWmVvD |xv}W}@ xmv}= p=tDL= "CU=
w 0=67 OwOL ?}DQD x@ R}v xOW x@U=Lt |xv}W}@ w xv}tm Q=Okt "CU= �50 'OW=@
|xv}W}@ xmv}= p=tDL= OyO|t u=Wv|atHD `} RwD Q=Owtv "OvDUy p=mU=B=ot 1=25
|t=tD QO |DQ=@ax@ "CU= �100 'OW=@ p=mU=B=ot 1=25 R= QDtm uD@ |WWm VvD
xOw@ p=mU=B=ot 1=25 R= QDtm uD@ |WWm VvD |xv}W}@ 'xOt; CUOx@ |=yxvwtv
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D

"VvD |xv}W}@ |OQmrta `@=D %|HwQN |iO=YD Q}eDt |Dq=tDL= `@=wD "12 pmW

XN=W QDnQR@ Q}O=kt w |@=QN p=tDL= QDlJwm Q}O=kt x@ u=wD|t '�QDW}@ O=OaD
"OwW O=H}= |ivt |OQmrta `@=D CU= umtt w Ci=} CUO u=v}t]= C}r@=k

OW=@ 4=2 smCUO O}=@ =yOU |=Q@ xv=}r=U hOy u=v}t]= C}r@=k XN=W
'u=v}t]= C}r@=k XN=W R= Q}N= Q=Okt u}}aD |=Q@ [34w20'19]"��Target � 4=2�
'MU=B K]U VwQ R= xO=iDU= =@ xm CU= sRq |R=Ux}@W Q=QmD 100000 smCUO
|}xRQr |vt}= K]U u}}aD xm |DQwY QO "CU= R=}v |QDtm |D=@U=Lt |xv} Ry
CU= sRq 1=55 OwOL xv=}r=U u=v}t]= C}r@=k XN=W |xv}tm 'OW=@ Q_vOt OU
|vD@ |=yOU|m}D=DU= p}rLD QO R=}vOQwt|vt}= K]U [35]"��Target � 1=55�
|=yxR=U |=Q@ sRq |vt}= K]U "CU= xOW x�=Q= [36w32'25]'`@=vt |NQ@ QO |Uwk

"xvO@ |WWm VvD |xv}W}@ %|HwQN |iO=YD Q}eDt |Dq=tDL= `@=wD "11 pmW

u}ov=}t '|OQmrta `@=D p=tDL= |r=oJ `@=D "OwW|t xOy=Wt 'CU= uD@ |WWm
`@=D xmv}= p=tDL= "OQ=O p=mU=B=ot 0=27 Q=}at h=QLv= w p=mU=B=ot 1=73
Q=Okt "CU= �50 'OW=@ �u}ov=}t Q=Okt� p=mU=B=ot 1=73 uD@ |@=QN |OQmrta
Q=Owtv "OvDUy p=mU=B=ot 2=8 w 0=62 OwOL?}DQD x@ xOW O}rwD |xv}W}@ w xv}tm
&CU= �0 'OW=@ 0 R= QDtm |@=QN `@=D xmv}= p=tDL= OyO|t u=Wv |atHD `} RwD
|D@Ft Q}O=kt '|@=QN |OQmrta `@=D |xOt; CUOx@ |=yxvwtv |t=tD '|DQ=@a x@
|xNQJ 20000 QO Cio u=wD|t |OQmrta `@=D C@Ft Q}O=kt x@ xHwD =@ "OvQ=O
� � 3=89 w pf � 5 � 10�5 w OW Oy=wNv x@ QHD |@=QN I}y 'xOW s=Hv=
=@ |R=Ux}@W |=yxNQJ s=Hv=� QDW}@ |D=@U=Lt |xv} Ry pw@k CQwY QO "CU=
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"uD@ sQH w uRNt R=QD |=yQ}eDt x@ xDU@=w |WWm VvD |x} wQ "14 pmW

O=OaD x@ xHwD =@ "CU= xOW xO=iDU= 'CU= |L=Q] V}=tR; |awv xm '�p} QwDm =i��
NDOE = 2n = 23 = 8�V}=tR;|L=Q]8O=OaD 'n = 3|iO=YD|=yQ}eDt
x�=Q= |L=Q] |=yV}=tR; T} QD=t =} |L=Q] \=kv '1 pwOH QO "CU= xOW O}rwD
2007 � X2 � 2453; 85=5 � X1 � |iO=YD |=yQ}eDt OwOL "CU= xOW
`@=D '17 |x]@=Q QO "CU= xOW xDiQo Q_v QO 19=71 � X3 � 24=09 w 94=5
K]UtQ}e |x} wQ w OU |iO=YD |=yQ}eDt ?UL Q@ |WWm VvD |xv}W}@ u}tND
w NWL � EX swO |x@DQt CqtH ?} Q[ "CU= xOW x�=Q= 14 pmW QO u;
p=tDL= |L=Q] |=yV}=tR; G}=Dv j@] "CU= xOt; CUO x@ QiY DEN �EX
pf ' 2=52� 10�7 ?}DQD x@ =t} wm =B OU |=Q@ O=tDa= C}r@=k XN=W w |@=QN
x@ R=Ht |WWm VvD Q=Okt xm |DQwY QO "CU= xOt; CUOx@ � ' 5=02 w
200 QO x=ov; 'OwW OwOLt Q=}at h=QLv= Q@=Q@ 3 |=yvt R=Ht |WWm VvD u}ov=}t
pf ' 1� 10�4 ?}DQD x@ O=tDa= C}r@=k XN=W w |@=QN p=tDL= 'Q=QmD uw}r}t
x@ R=Ht |WWm VvD Q=Okt xm |DQwY QO u}vJty "O};|t CUOx@ � ' 3=72 w
600 QO x=ov; 'OwW OwOLt Q=}at h=QLv= Q@=Q@ 2 |=yvt R=Ht |WWm VvD u}ov=}t
pf ' 3=6�10�6 ?}DQD x@ O=tDa=C}r@=kXN=W w|@=QN p=tDL= 'Q=QmD uw}r}t
|Q=Wi VvD 0=1 'R=Ht |WWm VvD Q=Okt Qo = "O};|t CUOx@ � ' 4=49 w
XN=W w |@=QN p=tDL= 'Q=QmD uw}r}t 800 QO x=ov; 'OwW xDiQo Q_v QO R=Ht
xm O};|t CUOx@ � = 5=16 w pf ' 1=14� 10�7 ?}DQD x@ O=tDa= C}r@=k

"CU= xOW x�=Q= 3 pwOH QO
Y exp : = 6=9� 0=065NWL� 0=0046DEN:::

+0=00005NWL �DEN (17)

|Q}oxH}Dv "5
=@ =t} wm =B |Uwk |vD@ OU |vt}= C}a[w |Dq=tDL= |UQQ@ 'Q[=L Q=DWwv R= hOy
C}r@=k 'xOWO=H}= |Oa)@xU pOt "CU= xR=U p}rLD QO CN=U pL=Qt uDiQoQ_vQO
'|iO=YD |=yQ}eDt "OQ=O =Q |iO=YD |=yQ}eDt Q}}eD w xt=vQ@\UwD Q=mOwN |v=wN=Qi
pwOt w 'uD@ XwYNt uRw 'CUOq=@ p=tQv R=QD l}D=DU=wQO}y Q=Wi `=iDQ= %pt=W
OwOLt p=tQv `} RwD pmW "CU= OYQO 10 w 10 '5 C=Q}}eD?} Q[ =@ uD@ |v=UWm
pt=W 'Q=@ ?}mQD "CU= xOW xDiQo Q_v QO p=tQv R}v =yQ}eDt |=Q@ w p=tQv 'q=@ R= xOW

"|oOvvmW |=y|vLvt "13 pmW

xOW x�=Q= [38'37]'Qo}O `@=vt |NQ@ QO R}v |vD@ |=yOU Ovv=t 'O=} R C}ty= =@
"CU=

|oOvvoW |=y|vLvt "5"4
|atHD `} RwD `@=D 'VvD |xv}W}@ |HwQN |iO=YD Q}eDt R= xO=iDU= =@ 'xt=O= QO
pL=Qt uDiQo Q_vQO Q}F-=D |xU}=kt |=Q@ "CU= xOt; CUOx@ |WWm VvD |xv}W}@
|xvO@ uRw |Q=PoQ=@ ?}mQD wO |=Q@ |oOvvmW |=y|vLvt 'xR=U p}rLD QO CN=U
R=QD l}D=DU=wQO}y Q=Wi x=Qty x@ OU |xvO@ uRw |Qo}O w hSTG(W i OU
|=Q@ Q=@ ?}mQD u}ty "OwW|t xOy=Wt 13 pmW QO hSTG(W +Hi p=tQv
|=ys=v =@ \ki |m}D=DU= CQwYx@ CN=U pL=Qt uDiQo Q_vQO uwO@ xR=U p}rLD
Q_vQO xm OwW|t xOy=Wt "CU= xOW s=Hv= R}v hST (W +Hi w hST (W i
|=y|vLvt QO =]N =@ x=Qty G}=Dv x@ QHvt xR=U p}rLD QO CN=U pL=Qt uDiQov
uRw� swO Q=@ ?}mQD QO w xOW �OU uRw� pw= Q=@ ?}mQD QO xS} w x@ |oOvvmW
Q=@ ?}mQD QO "CU= xO=O MQ |QDtm |=]N '�|m}D=DU=wQO}y Q=Wi x=Qty x@ OU
0=32 � 0=52 u}@ OU |xvO@ QO OwHwt |WWm VvD |xv}W}@ 'hSTG(W i
0=43 � 0=65 Q}O=kt hST (W i Q=@?}mQD QO xm|r=L QO 'CU= xOw@ p=mU=B=ot
Q=@ ?}mQD |WWm VvD |xv}W}@ Q}O=kt xmv}= x@ xHwD =@ "CU= xDW=O p=mU=B=ot
pL=Qt uDiQov Q_vQO Cio u=wD|t 'OyO|t x�=Q= |QDj}kO Q}O=kt hSTG(W i
x@ "CU= xOW VvD |xv}W}@ |q=@ |=]N x@ QHvt xR=U p}rLD pOt QO CN=U
Q@=Q@ hSTG(W i Q=@ ?}mQD QO |WWm VvD |xv}W}@ O=ONQ p=tDL= 'p=Ft u=wva
VvD QO =]N �30 =@ p=mU=B=ot 0=56 Q@=Q@ hST (W i QO w p=mU=B=ot 0=43

"CU= xOW xOy=Wt
Q}O=kt ,=@} QkD xm hST (W +Hi w hSTG(W +Hi |=yQ=@ ?}mQD QO
pL=Qt uDiQov Q_vQO w OQ=O Q=Qk p=mU=B=ot 0=8 � 1=1 |xR=@ QO VvD |xv}W}@
xOW |QDnQR@ |ak=wQ}e |=yVvD x@ QHvt u=vJty xR=U p}rLD pOt QO CN=U
Qy |=Q@ CQwY Qy QO "CU= QDtm QwmPt |=]N 'pw= Q=@ ?}mQD =@ T=}k QO =t= 'CU=
p=mU=B=ot 2=65 |WWm R=Ht VvD Q=Okt w CU= ut}= =t} wm =B OU 'Q=@ ?}mQD wO

"CU= xOQmv x@ QHD =Q

|]N MU=B K]U pOt=Qi "6"4
|vt}=XN=W w pf = 5�10�5 R= QDmJwm|@=QN p=tDL= Q}O=kt x@|@=}DUO |=Q@
pt=m|rt=a KQ] VwQ R= O=} R|D=@U=Lt |xv} Ry pw@k uwO@ � = 3=89 R= QDnQR@
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a=C
}r@=k

p}rL
D"MU=B K]U VwQ x@ O=tDa= C}r@=k p}rLD G}=Dv "3 pwOH

COVpf �
|@=QN p=tDL= xNQJ O=OaD VvD R=Ht |WWm VvD

pf Nsim:(�106) f 0t f 0t = ft � k�
0=71 3=72 1=00� 10�4 200 1=85 k = 3
2=15 4=49 3=63� 10�6 600 2=12 k = 2
7=04 5=02 2=52� 10�7 800 2=33 ft = 0=1fc
10=49 5=16 1=14� 10�7 800 2=38 k = 1
0=58 5=78 3=75� 10�9 800 2=65 ft(k = 0)

|m}D=DU= |Q=PoQ=@ Q@=Q@ QO xm Ov=xO=O u=Wv G}=Dv |rmQw]x@ "CU= � ' 5=02 w
lU} Q w ?U=vt OU |vt}= C}a[w 'p=tQv R=QD l}D=DU=wQO}y Q=Wi w OU uRw
CN=U pL=Qt uDiQov Q_vQO OW XNWt u}vJty "CU= xOw@ sm Q=}U@ u; |@=QN
xvO@ uRw Q=@ ?}mQD QO =]N u}= xm 'CU= xOW VvD OQw;Q@ MU=B QO =]N x@ QHvt
VwQ "CU= xOw@ l}D=DU=wQO}y Q=Wi x=Qty x@ OU uRw Q=@ ?}mQD R= QDW}@ |r}N
|vD@ |=yOU u=L=Q] w u=L=Q] |xO=iDU=OQwt Ov=wD|t Q[=L Q=DWwv QO xOW x�=Q=
x@ O}OH |=yOU =} OwHwt |=yOU |vt}= |Dq=tDL= C}a[w |UQQ@ =@ w OQ}o Q=Qk

"Ov@=} CUO |QDu=v}t]= p@=k w QDut}= KQ]

"CU= xOw@ CUOq=@ p=tQv R=QD QO l}D=DU=wQO}y Q=Wi x=Qty x@ OU uRw w OU uRw
20000 O=OaD QO OwOLt <=RH= Q=Ri=sQv w wrQ=mCvwt |R=Ux}@W VwQ R= xO=iDU= =@
CUOx@ OU O=tDa= C}r@=k XN=W w |@=QN p=tDL= Q=Okt '|R=Ux}@W |xNQJ
w pf � 5 � 10�5 w xOWv x@ QHD |@=QN I}y xm O=O u=Wv G}=Dv "CU= xOt;
XN=W w |@=QN p=tDL= QDj}kO Q}O=kt x@ |@=}DUO |=Q@ "CU= xOw@ � � 3=89
|OQ@ Q=mQ}e p}rO x@ xm 'OwW =QH= |QDW}@ |=yxNQJ O=OaD xm CU= sRq |vt}=
|rt=a KQ] VwQ w |L=Q] |=yV}=tR; R= OwOLt <=RH= |=QH= |=yxNQJ uOw@
pf ' 2=52 � 10�7 xm O=O u=Wv G}=Dv "CU= xOW xO=iDU= �p} QwDm =i� pt=m

=yCWwv=B
1. Basbolat
2. Chen
3. Fengjie
4. ANSYS
5. Latin Hypercube
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