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QO xv=iU-=Dt |rw 'OvDUy u=Q}= QO |}xR=U |=yxvwo u} QDpw=ODt R= |}=:v@ |=yu=tDN=U
u}t-=D |rY= |=[a= |}=:v@ |=yQ=w}O '=yxR=U xvwou}= QO "OvQ}PB?}U; Q=}U@ xrRrR p@=kt
xm OyO|t u=Wv |}=:v@ |=yOL=w |wQ Q@ hrDNt |=yV}=tR; "OvDUy |DNU w Ctw=kt
Q=}U@ Kr=Yt Q}=U =@ xU}=kt QO Kr=Yt u}= |DNU w Ctw=kt Q}O=kt QO |Q=t; |oOvm =QB
Crax@ "CU= |}=:v@ Q=w}O Q=DiQ QO |oOvm =QB u}= Q}F-=D |UQQ@ Q=DWwv u}= hOy "CU= O=} R
xO=iDU= wrQ=m Cvwt VwQ R= xar=]t u}= QO 'u=Q}= QO xS} wx@ 'OwHwt |=yxO=O C}OwOLt

|=yQ}eDt `} RwD `@=wD '|}=:v@ Kr=Yt |Dq=tDL= w |Q=t; |=y|oS} w u}}aD R= TB "OwW|t
|R=UpOt QO w CU= xOW xDN=U |v=UWm pwOt w '|WWm '|Q=Wi Ctw=kt |iO=YD
'u; uOQmxQ@}r=m w |OOa pOt |HvUCLY R= TB "OwQ|t Q=mx@ =yQ=w}O OwOLt |=RH=

|xOv}=Ri |Q=PoQ=@ R= �|]NQ}e |}=yv pmWQ}}eD w xv}W}@ Ctw=kt� Q=w}O Q=DiQ |=yQDt=Q=B
MU=B |Dq=tDL= |=y|oS} w Q@ |iO=YD |=yQ}eDt |oOvm =QB Q}F-=D w G=QNDU= Q=w}O |m}D=DU=

"OwW|t |UQQ@ =yu;
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Cvwt VwQ 'Kr=Yt C}a]k sOa '|Dq=tDL= |UQQ@ '|}=:v@ Q=w}O %|O}rm u=oS=w
"|]NQ}e Q=DiQ 'wrQ=m

xtOkt "1
1988 p=U QO "CU= xOW |R=U |tm |}xR=U |=yC}a]k sOa u; QO xm [2]'CU=
|=yuwDU w =yQ=w}O Ctw=kt w |@=QN |=yOwt u}@ |oDU@ty uDiQoQ_vQO =@ R}v
xOW xDN=OQB |}=:v@ |}xR=U sDU}U O=tDa= C}r@=k p}rLD x@ u=tDN=U l} |}=:v@

[3]"CU=
|=yQDt=Q=B QF= w |UQQ@ KrUt |}=:v@ |=yQ=w}O =@ xk@] 10 |}xR=U u}vJty
xOW u}}aD =yQ=w}O O=OaD QF= w '|QwLt Q=@ Q}}eD 'xUOvy 'Kr=Yt C=YNWt |Q=t;
|vt}= |UQQ@ |=Q@ 1 FORM sD} Qwor= R}v |Qo}O |=yVywSB QO [5w4]"CU=
Q=mx@ xLiY uwQO |@v=H w |rkF |=yQ=@ CLD KrUtQ}e |}=:v@ Kr=Yt |=yQ=w}O
XN=W w |@=QN p=tDL= `} RwD 'Q=w}O Q=DiQ |OL Cq=L R= xO=iDU= =@ w xOW xOQ@
O=tDa=C}r@=kXN=W sy|v=QoWywSB [7w6]"CU= xOt;CUOx@ Q=w}O O=tDa=C}r@=k
|x}=B Q@ [8] '=Q xLiY R= GQ=N w |QwLt |=yQ=@ CLD KrUtQ}e |}=:v@ |=yQ=w}O
=@ |N} Q=D |=yu=tDN=U |QH; |=yQ=w}O w [9]'|N} Q=D |=yxR=U O=tDa= C}r@=k
C=YNWt QO C=Q}}eD xm [10]'Ov=xOQm |UQQ@ =Q hrDNt |v=UWm pwOt w Ctw=kt
?U=vt=v \}=QW w QD|t}Ok |=yxR=U Kr=Yt R= OOHt |xO=iDU= Crax@ Kr=Yt
|Q}PB?}U; |Dq=tDL= |xar=]t |=Q@ |OvwQ R}v |}=yVywSB QO "CU= xOw@ CN=U
=yu; QO xm 'CU= xOW x�=Q= =yu=tr=wQm =t R= xO=iDU= =@ |N} Q=D |=yu=tDN=U
xO=iDU= =@ R}v 2001 p=U QO [13�11]"Ov=xOW |}=U=vW ptDLt |@=QN |=ysR}v=mt
p=O =@ u; |xWQa xm |}=:v@ |N} Q=D pB l} QO VvD `} RwD '|Dq=tDL= |=yVwQ R=

|O=} R OYQO sy Rwvy "OvQ=O u=Q}= QO xr=U Q=Ry u}OvJ |xk@=U |}=:v@ |=yxR=U
R= V}@ u=Q}= 2006 p=U |Q=t; |xt=vr=U "OvDUy |}=:v@ Kr=Yt =@ =yu=tDN=U R=
[1]"CU= xOQm VQ=Ro |DWN =} |}=:v@ Q=DN=U =@ =Q QwWm |vwmUt |=yOL=w R= �60
|UQQ@ swRr pra R= |m} '=yxR=U xvwou}= |q=@ |Q}PB?}U; =@ x=Qty xOQDUo OQ@ Q=m
O=} R |oOvm =QB "CU= |}=:v@ Kr=Yt X=N |Dq=tDL= C}y=t Qo}O Cra "CU=yu;
xv=v}@`k=w Q}e |a]k VwQ =@ =Q =yxR=U xvwou}= |L=Q] 'Kr=Yt |DNU w Ctw=kt QO

"Ovm|t
u}}aD |=v@t '|}=:v@ |=yu=tDN=U |}xRQr pQDvm w |L=Q] G}=Q |=yVwQ QO
|=yOL=w V}=tR; R= xm CU= Kr=Yt u}ov=}t C=YNWt '=yQ=w}O Q=DiQ w Ctw=kt
|Dq=tDL= C=Q}}eD uwO@ w u}aDt Kr=Yt Q=DiQ 'Qo}O CQ=@a x@ "O};|t CUOx@ |}=:v@
p@=k Q}F-=D Ov=wD|t |}=:v@ C=YNWt |oOvm =QB 'OQ=wt |NQ@ QO "OwW|t xDiQo Q_v QO
CU= umtt =yu; R= Q_vhQY xm 'OW=@ xDW=O =yQ=w}O Q=DiQ |v}@V}B QO |}x_Lqt

"OvW=@v |vt}= CyH QO C=Q}}eD
C}r@=k w |}=:v@ Kr=Yt C=YNWt |oOvm =QB Q}F-=D |xQ=@ QO |OOaDt C=ar=]t
|UQQ@ x@ 1982 p=U QO ,qFt "CU= xOW s=Hv= |}=:v@ |=yxR=U w =yQ=w}O O=tDa=
xOW xDN=OQB O=tDa= C}r@=k R= xO=iDU= =@ OwHwt |}=:v@ Q=w}O l} |R=Uy@ |=yxv} Ro

pw�Ut xOvU} wv �
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"O};|tCUOx@ u; pmWQ}}eD w 'Ctw=kt 'xOWxDN=U Q=w}O OwOLt |=RH= pOt '=yu;
|oOvm =QB QF= w Q=w}O pmWQ}}eD w Ctw=kt |Dq=tDL= `} RwD G}=Dv u}= |Ov@`tH =@

"OwW|t swrat =yu; Q@ =yxO=O
u}}aD |r}rLD pOt w OwHwt |y=oW}=tR; C=aq]= T=U=Q@ |OwQw |=yQDt=Q=B
|R=Ux}@W |=Q@ OQD Q=DiQ =@ uoty OwOLt |=RH= pOt R= j}kLD u}= QO "OvwW|t
w Ctw=kt x@ \w@ Qt C=aq]= u; ?U=vD x@ w CU= xOW xO=iDU= |}=:v@ Kr=Yt
'|WWmCtw=kt u}vJty "OwW|t u}}aD Cqt w QH;?}mQD '|}=:v@ |=yOL=w|DNU
w pOt |iO=YD Q}eDt CQwYx@ |}=:v@ Kr=Yt |v=UWm pwOt w '|Q=Wi Ctw=kt

"Ov=xOW ZQi xQ=Okt OvJ =} w u}aDt |Q=PoQ=@ |UOvy |=yQDt=Q=B Q}=U

Kr=Yt |iO=YD |=yQ}eDt |Dq=tDL= |R=UpOt "3
=yu; C=Q}}eD |Q=t; |=y|oS} w CU= sRq =OD@= |iO=YD |=yQDt=Q=B |R=Ux}@W |=Q@
?}=Q[ u}ov=}t '1 pwOH QO "OvwW G=QNDU= OwHwt |=yV}=tR; |ak=w G}=Dv R=
"CU= xOW CUQyi 'xOt;CUOx@ V}=tR; R= xm C=YNWt u}= `} RwD ẁv w VNB
=Qu; u=wD|t 'xYNWt Qy `} RwD `@=D ?=NDv= w VNB ?} Q[ w u}ov=}t uDW=O =@

"OQm |R=UpOt |Dq=tDL= Qw]x@
Q_v QO ASCE41�06 OQ=Ov=DU= |=yCtw=kt pO=at u}ov=}t Q}O=kt =Hv}= QO
|xv=Qm xm Ov=xOW ?=NDv= R}v \UwDt w ?wN Kr=Yt xwQo wO "CU= xOW xDiQo
|xv=Qm w 0 7 kg/cm2 w 1 4 kg/cm2 ?}DQDx@ =yu; |WWm Ctw=kt u}�=B
xOW ?=NDv= 40 kg/cm2 w 60 kg/cm2 ?}DQDx@ xwQo Qy |Q=Wi Ctw=kt u}�=B
Q=}at h=QLv= l} |=yvt u}ov=}t Q@=Q@ Kr=Yt Ctw=kt u}�=B |xv=Qm uwJ "CU=

%OQm x@U=Lt 1 |x]@=Q j} Q] R= =Q u}ov=}t Q}O=kt u=wD|t 'CU=

mf = fCL
(1� CVf )

(1)

w 'Ctw=kt u}ov=}t mf 'Kr=Yt u}�=B |xv=Qm Ctw=kt fCL 'x]@=Q u}= QO
=yQ}eDt |Q=t; C=YNWt T=U= u}= Q@ "CU= Ctw=kt VNB ?} Q[ CVf
Q=Okt "CU= x@U=Lt p@=k \UwDt w ?wN Kr=Yt |=Q@ 2 pwOH =@ j@=]t
u}ov=}t Q=Okt ?ULQ@ Em = 550fm |x]@=Q R= |v=UWm pwOt u}ov=}t
?}=Q[ 'Kr=Yt C}i}m QF= uDiQoQ_vQO |=Q@ "OwW|t u}}aD |Q=Wi Ctw=kt
xOW Qw_vt xYNWt Qy QO \UwDt |xDUO R= QDtm �10 ?wN |xDUO VNB

"CU=
|v=UWm pwOt w |Q=Wi w |WWm |=yCtw=kt `} RwD `@=D '=yVywSB |NQ@ QO
xm =Hv; R= [23�16]"CU= xOW VQ=Ro |tD} Q=or p=tQv w p=tQv CQwY wO x@
w[a l} `]kt |xOvyOp}mWD |=RH= |=yCtw=kt `tH R= Kr=Yt Ctw=kt
Q_v QO p=tQv =Q =yu; `} RwD |RmQt OL |x}[k T=U=Q@ u=wD|t 'O};|t CUOx@
=@ |v=UWm pwOt |=Q@ |tD} Q=or p=tQv w p=tQv `} RwD `@=wD |=yQ=Owtv "CiQo
xO=iDU= |R=UpOt QO p=tQv `} RwD R= |oO=U |=Q@ w OvQ=O |R}J=v hqDN= sy

"OwW|t
|=yQ}eDt |=Q@ |iO=YD O=Oa= R= |}xawtHt CU= sRq wrQ=m Cvwt VwQ |=Q@
Ctw=kt |=Q@ "OwQ Q=mx@ p}rLD QO w O=H}= xOW?=NDv= `} RwD `@=wD T=U=Q@ w |iO=YD
|oO=Ux@ |iO=YD O=Oa= O}rwD 'CU= xOW ZQi Qo}O Q}eDt wO R= pkDUt xm |WWm
Ctw=kt |iO=YD O=Oa= CN=U |=Q@ "CU= umtt p=tQv |atHD `} RwD `@=D ltm x@

|=yxR=U OQwt QO R}v |D=ar=]t [14]"CiQo Q=Qk |UQQ@ OQwt 'Ow@ xOW C} wkD |vD@
s=Hv= 'OwW|t u; K]U Vy=m x@ QHvt xm xOvQwN pt=wa ZQat QO |ovU |N} Q=D
=Q |Dq=tDL= |=yVwQ =@ u; |xar=]t 'xO}OB u}= |iO=YD C}y=t [15]"CU= xOW

"Ovm|t ?=H}=
'VywSB u}= QO =yQ=w}O Q=DiQ Q@ Kr=Yt C=YNWt |oOvm =QB Q}F-=D |UQQ@ R= p@k
j}kOD |=Q@VywSB u}= QO "OW Oy=wN x�=Q=|iO=YD |=yQ}eDt |R=UpOt |xwLv =OD@=
|]NQ}e OwOLt |=RH= VwQ R= |Dq=tDL= VwQ x@ |}=:v@ |=yQ=w}O |xar=]t QO
pL |=Q@ |Dq=tDL= pt=m C=aq]= uwJ w 'CU= xOW xO=iDU= |R=Ux}@W |=Q@
OwOLt |=RH= pOt |HvUCLY w wrQ=m Cvwt VwQ x@ p}rLD 'OQ=Ov OwHw xr�Ut

"CU= xOW s=Hv= OwHwt |=yV}=tR; G}=Dv =@ xU}=kt =@ Q=w}O

|}=:v@ Kr=Yt |=y|oS} w |Q=t; C=YNWt "2
|=yV}=tR; R= xOt;CUOx@ |}=:v@ Kr=Yt C=YNWt VNB ?} Q[ '1 pwOH
?}=Q[ 'xU}=kt |=Q@ u; QO xm OyO|t u=Wv =Q QwWm GQ=N w pN=O QO hrDNt
VNB ?} Q[ 'OwQ|t Q=_Dv= xm Qw]u=ty "CU= xOt; R}v |Oqwi Kr=Yt Q_=vDt
|v=UWm pwOt Q}O=kt VNB ?} Q[,qFt 'CU= Oqwi R= QDW}@ Q=}U@ |}=:v@ Kr=Yt
|oOvm =QB u}= "CU= �8 Oqwi |=Q@ u; \UwDt Q=Okt w �42 OwOL |}=:v@ Kr=Yt
Q}F-=D =D OQ=O QDj}kO |UQQ@ l} x@ R=}v |}=:v@ Kr=Yt |Dtw=kt w |DNU Q}O=kt QO
VwQ xar=]t u}= |=Q@ ?U=vt Q=R@= "OwW XNWt QDy@ |}=:v@ |=yQ=w}O Q=DiQ QO u;

"CU= |Dq=tDL= |@=} RQ=
Ctw=kt |x@U=Lt |=Q@ |}=ypwtQi [26] ASCE41�06 OQ=Ov=DU= QO xmv; =@
u=R}t 'Ctw=kt Q@xwqa QDj}kO |R=UpOt R= xO=iDU= 'CU= xOW xO=O Q=w}O
Q=w}O pQDvm w |L=Q] |=Q@ xm Ovm|t u}at R}v =Q Q=w}O |OL |=ypmWQ}}eD

"CU= sRq

"|}=:v@ w |Oqwi Kr=Yt QO VNB ?}=Q[ u=R}t |xU}=kt "1 pwOH
[24�17]|}=:v@ Kr=Yt

ẁv ���� C.V. ���� C.V. |iO=YD Q}eDt`} RwD �|v=Q}=� �V}=tR; 25�
N,LN 19 4�27� 17 5�83��� |Q=Wi Ctw=kt

N 7 7�3� 13 4�11� |WWm Ctw=kt
N,LN 23 9�21� 42 4�374� |v=UWm pwOt
N,LN - 40 0 |WQ@ pwOt

- - 37 0 uwU=wB ?} Q[
[26w25]|Oqwi Kr=Yt

���� C.V. |iO=YD Q}eDt
6 3�5 3 uOW|Q=H Ctw=kt
4 0�2 9 |WWm |}=yv Ctw=kt
10 0�6 0 |v=UWm pwOt

"\UwDt ?} Q[ �
"OvDUy =yxvwtv O=OaD RDv=QB pN=O O=Oa= ��
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t "�kg/cm2 =yOL=w� Kr=Yt |iO=YD |=yQ}eDt |Dq=tDL= |=y|oS} w "2 pwOH
Kr=Yt C}i}m

\UwDt ?wN
|Q=Wi Ctw=kt |WWm Ctw=kt |v=UWm pwOt |Q=Wi Ctw=kt |WWm Ctw=kt |v=UWm pwOt |Q=t; |=yQDt=Q=B

19 40 13 40 23 90 17 50 12 10 21 5 ��� VNB ?} Q[
49 6 0 8 550 fm 72 7 1 6 550 fm u}ov=}t
9 6 0 11 6519 12 7 0 2 8597 Q=}at h=QLv=
p=tQv p=tQv p=tQv p=tQv p=tQv p=tQv `} RwD ẁv

Q=w}O OwOLt |=RH= pOt uw}U=Q@}r=m w |HvUCLY "4
|y=oW}=tR; G}=Dv w xt=vu}�;\@=wQ =@ u; G}=Dv 'OwOLt |=RH= pOtCLY O}�-=D |=Q@
|=Q@ "Ov=xOt; CUOx@ xU}=kt u}= R= sRq |=yQDt=Q=B |[a@ w CU= xOW xU}=kt
G}=Dv |xU}=kt "CU= xOW xO=iDU= �10 V}=Q} w�ANSYS Q=Ri=sQv R= |R=UpOt
|}=yu=tr= =@ xm OyO|t u=Wv xDU@ \@=wQ =@ u=UWm Q=DiQ =@ Q=w}O l} OwOLt |=RH=
=yu=tr= pw] p=Lu}= =@ "O};|t CUOx@ |@ wN G}=Dv Q=w}O pw] 0 1 OwOL O=a@= x@
xOW ?=NDv= Q=w}O pw] s=|U� l} x@ l}ORv w QDlJwm |]NQ}e |=yp}rLD QO

"CU=
Q=w}O 2 |y=oW}=tR; G}=Dv R= pOt |]NQ}e MU=B CLY R= u=v}t]= |=Q@
[23]Q=Ohqm w hqm uwO@ |=yQ=w}O |wQ V}=tR; "CU= xOW xO=iDU= Oy=W
"CU= xOW C@F =yu; MU=B w xDiQo Q=Qk |}xNQJ |@v=H u=mtQ}}eD CLD
R= xOt;CUOx@ Q}O=kt =@ G}=Dv 'Qw@ Rt |=yQ=w}O p}rLD w |R=Ux}@W R= TB
xOt; 3 pwOH QO xOWV}=tR; |=yxvwtv C=YNWt "CU= xOW xU}=kt V}=tR;

"CU=
|Ov@pwtQi |mvQ=w� sq} w pOt T=U=Q@ hqm uD@ w |}=:v@ Q=w}O |oDN}Uo pOt
Qo}O |m =m]Y=- xOv@UJ Kr=Yt w uD@ |@=QN |v}@V}B |=Q@ pOt u}= "CU= xOW
|=Q@ QwmPt pOt R= VywSB u}= QO [27]"OwQ|t Q=mx@ l}t=QU w 'l =N 'nvU Ovv=t
=Q |mvQ=w� sq} w |oDN}Uo Q=}at "CU= xOW xO=iDU= |}=:v@ Kr=Yt |R=Ux}@W

%CWwv 4 |x]@=Q CQwYx@ VvD |=yQ}eDt=v R= |a@=D CQwYx@ u=wD|t

f =
p
J2 + �(J2; J3)(

I1
3 �B) = 0 (4)

|=yQDt=Q=B R= |a@=D B w VvD QwUv=D |=yQ}eDt=v J3 'J2 R= |a@=D � 'x]@=Q u}= QO

[23]"xOWV}=tR; |=yQ=w}O C=YNWt "3 pwOH
sQowr}m 750 Q=w}O Q=@ QU 3 45 kg/cm2 u}ov=}t |WWm Ctw=kt

86 34kg/cm2 u}ov=}t |Q=Wi Ctw=kt
�cm� Q=Ohqm Q=w}O |UOvy O=a@= �cm� hqm uwO@ Q=w}O |UOvy O=a@=

260 Q=w}O pw] 300 Q=w}O pw]
180 Q=w}O `=iDQ= 200 Q=w}O `=iDQ=
22 Q=w}O Ct=N[ 22 Q=w}O Ct=N[
20 hqm ZQa

uDiQoQ_vQO =@ xQ}eDt wO p=tQv |atHD `} RwD `@=D R= O}=@ |v=UWm pwOt w |Q=Wi
"OwW xO=iDU= ASCE OQ=Ov=DU= j@=]t Em = 550fm |x]@=Q j@] |oDU@ty
"CU= sRq =yQ}eDt Tv=} Q=wm 'Q=}at h=QLv= w u}ov=}t Q}O=kt Q@ xwqa Qw_vt u}= x@
|xrO=at Qo = "O};|tCUOx@ =yxO=O R= |}xawtHt |]N VR=Q@ |x]@=Q R=Tv=} Q=wm
%Ov};|tCUOx@ 2 |x]@=Q R= b wm|=yQDt=Q=B 'OW=@ Y = m:X+bVR=Q@\N

m = COV (x; y)
�2
x

; b = mY �m �mX (2)

w m |=H x@ 0 w 550 Q}O=kt w 'Y |=H x@ Em 'X |=H x@ fm |Q=Po|=H =@
%OwW|t xH}Dv 3 |x]@=Q 'b

COV (X;Y ) = 550�2
X (3)

w |Q=Wi Ctw=kt |xDU@=w |=yQ}eDt |=Q@ xOWO=H}= |iO=YD O=Oa= '1 pmW
\N pwL |iO=YD O=Oa= xm OwW|t x_Lqt "OyO|t u=Wv =Q |v=UWm pwOt
"OQ=O |@ wN j@=]D xt=vu}�; Q=}at \N =@ VR=Q@ \N "OvRmQtDt Em = 550fm

"CU= 0 81 Q@=Q@ pmW O=Oa= |oDU@ty ?} Q[
|=Q@ "CU= xOW Q=QmD \UwDt w ?wN Kr=Yt ẁv wO |=Q@ QwmPt pL=Qt
Ctw=kt� |}=DxU CQwYx@ |iO=YD O=Oa= R= |U} QD=t '|Dq=tDL= |=yp}rLD s=Hv=
u}Dq |Q=OQ@xvwtv VwQ R= xO=iDU= =@ �|v=UWm pwOt w '|Q=Wi Ctw=kt '|WWm
|}=Qosy x@ |QDtm |xvwtv O=OaD =@ u=wD|t VwQ u}= =@ "CU= xOW ?=NDv= ?w}mQB}=y

"O}UQ G}=Dv QO |OOa

"Em = 550fm|x]@=Q R= xO=iDU= =@fm wEm xDU@ty|iO=YD O=Oa= "1pmW
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Kr=Yt ẁv '|@v=H |Q=PoQ=@ ẁv 'Q=w}O C}akwt Ovv=t hrDNt |=yQDt=Q=B QF= "OvDUy
"CU= xOW |UQQ@ hqm uwO@ w =@ Q=w}O |=Q@ =yu; |Q=t; C=Q}}eD =@ G}=Dv u}= Q@ """w
x�=Q= xv}W}@ u=mtQ}}eD w Q=w}O |xv}W}@ Ctw=kt |=Q@ xv=o =OH Qw]x@ G}=Dv u}= p=L

"OwW|t

Q=w}O |xv}W}@ Ctw=kt "1"6
|UQQ@ R= TB xm OQ}o|t Q=Qk |irDNt |=yQDt=Q=B Q}F-=D CLD Q=w}O |xv}W}@ Ctw=kt
=@ G}=Dv u}= TBU "OwW|t xU}=kt |}xt=vu}�; \@=wQ =@ xOt;CUOx@ G}=Dv =yu;
u}aDt |UQQ@ |=Q@ |}=:v@t =D OwW|t xU}=kt Ctw=kt u}ov=}t |=v@t Q@ p}rLD

"O}; CUOx@
xv}W}@ Ctw=kt Q@ hrDNt |=yQDt=Q=B QF= "1"1"6

QO u; Q=Okt R= QDtm Cq=L s=tD QO |vwt=Q}B |=yQ=w}O |xv}W}@ Ctw=kt u}ov=}t
Ctw=kt Q@ |rkF VvD V}=Ri= s}kDUt Q}F-=D |rY= Cra xm 'CU= |v=}t |=yQ=w}O
xH}Dv u}= "OwW|t Ctw=kt uDiQq=@ Ea=@ |rkF VvD O=}OR= |va} "CU= Q=w}O
|y@=Wt G}=Dv Q=Ohqm |=yQ=w}O |=Q@ "CU= jO=Y |Q=PoQ=@ |=ywor= |x}rm |=Q@
Q=Okt R= hqm OwHw Crax@ Q=Ohqm Q=w}O Ctw=kt u}ov=}t "CU= xOt; CUOx@

"CU= xOt; CUOx@ QDW}@ hqm|@ Q=w}O |=Q@ u;
|=Q@ |YNWt |xOa=k '|vwt=Q}B w |v=}t |=yQ=w}O VNB ?} Q[ |xU}=kt
OQwt QO ?r]t u}= "OyO|tv CUOx@ Q=w}O C}akwt ?ULQ@ Ctw=kt VNB u=R}t
Q=Ohqm Q=w}O |xv}W}@ VNB ?} Q[ |rw "Ovm|t jOY hqm uwO@ w =@ Q=w}O
hqm C@Ft Q}F-=D |xOvyOu=Wv OwN xm 'CU= hqm uwO@ Q=w}O R= QDtm xvwtvQw]x@

"CU=
uwO@ Q=w}O QO "OQ=O Q}F-=Dxv}W}@ Ctw=kt Q}O=kt Q@ R}v |@v=H |Q=PoQ=@ |wor=
w uD 15 Q@=Q@ CA |Q=PoQ=@ QO u}ov=}t |xv}W}@ Ctw=kt |xv}W}@ Q=Okt hqm
OyO|t u=Wv G}=Dv |UQQ@ "CU= xOt; CUOx@ uD 5 7 Q@=Q@ D Q=@ QO u; u} QDtm
"OyO|t xH}Dv =ywor= Q}=U =@ xU}=kt QO =Q u}ov=}t Ctw=kt u} QDtm D Q=@ ,=twta xm
QO Ctw=kt VNB ?} Q[ "Ov=xDW=O x@=Wt V}@ w sm |H}=Dv R}v Qo}O |wor= xU
VNB ?} Q[ u} QDq=@ "Ovm|tv |wQ}B |YNWt |xOa=k R= hrDNt |=y|Q=PoQ=@

"CU= �37 Q@=Q@ w TA |Q=PoQ=@ QO
V}=Ri= =Q xv}W}@ Ctw=kt u}ov=}t Q}O=kt |}x_Lqt p@=k Qw]x@ hqm OwHw
u; u} QDtm w uD 39 Q@=Q@ |}xrB ?=DW p=ta= QO u}ov=}t (Vmax) u} QDW}@ "OyO|t

78



|@=@
Q=u

wO}Q
iw

xO=R
Q=@H

O=wH
OtL

t

hqm uwO@ Q=w}O� OwOLt |=RH= |r}rLD pOt =@ xt=vu}�; \@=wQ |xU}=kt "9 pmW
"�ACR= 1 007 'W-35-G-I-TA pOt�

OwOLt |=RH= |r}rLD pOt =@ xt=vu}�; \@=wQ Ctw=kt Q}O=kt |xU}=kt "10 pmW
x@ |WQ@ R= Q=w}O Q=DiQ Q@ sm =L Owt 'W-22-F-O-TA pOt� hqm uwO@ Q=w}O-

"�ACR= 1 045 CU= xOW p}O@D |Q=Wi |xHvB CUmW

W-22-F-O-TA pOt x@ \w@ Qt |yHwD ?r=H |xO}OB '10 pmW QO
Q}}eD Q=w}O CUmW Owt |WWm Ctw=kt V}=Ri= =@ xm |vat u}O@ "OwW|t xOy=Wt
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PROBABILISTIC STUDY OF NONLINEAR BEHAVIOR OF MASONRY WALLS 
WITH OR WITHOUT TIE BEAMS 

 
M. J. Jabbarzadeh 

F Arbabi 
Department of Structural Engineering, IIEES 

Iran 
Abstract: 
Masonry buildings are some of the most popular structures in Iran. Unfortunately this type of 

building is very vulnerable during earthquakes. Masonry walls are the basic elements providing 
strength and stiffness to masonry structures. Experimental results of masonry prisms show 
significant variations in the strength and stiffness of the units. The purpose of this paper is to 
study the effects of variations in the properties of masonry units in the behavior of masonry 
walls. In view of the lack of material data, Monte Carlo simulations are used in the analysis of 
walls. Statistical data collected on real materials are used in the analysis. These include 
compression strength, tensile strength and modulus of elasticity.  These basic parameters are 
modeled as random variables. A finite element model of the wall is used, along with the said 
random variables. The validity of the finite element model is established by three different 
checks: Comparison with closed form solutions, experimental results and code formulas. From 
the Monte Carlo simulation, two parameters were obtained; ultimate displacement and maximum 
strength. These were extracted from a pushover, nonlinear analysis.  

A parametric study was conducted in order to establish the effect of various parameters on the 
behavior of walls. The parameters included wall thickness (with two values 22 and 35cm), 
gravity load, based on the tributary area of the roof (roofs with  2 or 4 m spans), quality of 
material (fair, good), and type of lateral load simulating earthquake (with uniform,  stepped and 
triangle accelerations, as well as displacement of a point of the roof).  The last parameter was in 
the presence or absence of tie beams. The results show that gravity load will affect the maximum 
strength of the wall, as well as the final displacement. The type of lateral load will affect 
maximum strength, final displacement and their distribution probabilities. This is a noteworthy 
result, because the pattern of lateral load is a significant factor in pushover analysis. In masonry 
walls without tie beams, the strength of the wall increases with the use of good material. 
However, for the same type of wall, the final displacement is reduced with the use of good 
material.  This is despite the fact that the use of good material increases both strength and final 
displacement in walls with tie beams. In other words, in the latter, wall ductility is increased. 
Another conclusion is that the coefficient of variation of the final displacement is larger than that 
of the maximum strength. This discrepancy can be up to 20 times. Therefore, when designing a 
masonry wall, it is much more difficult to reach a target displacement than a specific value of 
strength.  

 
Keywords: Masonry Walls, Probabilistic Study, Material Uncertainty, Monte Carlo 

Simulation, Nonlinear Finite Elements. 
 


