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Vw=m |=[i 'OQix@ QYLvt |wHwCUH |xw}W T=U=Q@ '|Q=mD@==Qi |=ysD} Qwor=
O}=@ sD} Qwor= Qy Qw_vt u}O@ "Ovvm|t wHwCUH O}OWD w ẁvD pwY= Q@ |vD@t =Q
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|=yKQ] O=OaD NP "OQ}o|t Q=Qk NP x=o}=H QO KQ] u} QDxDU}=W=v w 1 |x@DQ
CU= wHwCUH |=[i QO lQLDt \=kv O=OaD pO=at xm CU= C}atH QO OwHwt
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new k = 1; � � �NP (3)
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new w Xk

old 'u; QO xm
QO KQ] u}t)=k |}=Hx@=H Q=Okt R}v. �Xk
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p@k C}atH |=yQDt=Q=B Q@ |vD@t O}OH C}atH QO KQ] Qy O}OH C}akwt w
x@ |O=yvW}B sD} Qwor= Q@ sm =L |x]@=Q |rm Cr=L QO u}=Q@=v@ "OwW|t XNWt

%OwW|t x@U=Lt 16 |x]@=Q KQW
Xk
new = Xk

old + r0�Xk
old

+ r1

24 rand1[ '1
'Avg

(XAvg �Xk
old)]

+rand2[ '1
'Avg�cp (XAvg�cp �Xk

old)]

35
+ r3

NcpX
j=1

['1
'j

(Xj �Xk
old)] k = 1; :::; NP (16)

p@=k O}OH C}atH 'Q[=L C}atH |=yKQ] |t=tD |=Q@Xk
new |x@U=Lt =@

"O@=}|t xt=O= xtD=N \QW |Q=QkQ@ =D |@=}xv}y@ Ov}=Qi 'u; p}mWD =@ w CU= p}mWD
|iQat xv}y@ KQ] u=wvax@ =Q KQ] u} QDy@ sD} Qwor= 'OwW jkLt xtD=N \QW xm |v=tR
xtD=N \QW |=Q@ =ypLx=Q u} QDxO=U R= 'XNWt Q=QmD C=aiO O=OaD u}}aD "Ovm|t
O=OaD x@ =Q Q=QmD pL=Qt sD} Qwor= Qw_vtu}O@ "CU= |Q=mD@= =Qi |=ysD} Qwor= QO
"Ovm|t |iQat xv}y@ KQ] u=wvax@ =Q KQ] u} QDy@ C}=yvQO w s=Hv= XNWt C=aiO

"OyO|t u=Wv =Q |O=yvW}B sD} Qwor= pL=Qt '1 pmW
P=ND= 'OyO|t V}=Ri= =Q |O=yvW}B sD} Qwor= |};Q=m xm |}xS} w C=O}ytD R=
=@ 'Qo}O CQ=@a x@ "CU= C}atH Qy QO ?NDvt \=kv CmQL |=Q@ |]QW Ov}=Qi
?NDvt \=kv CmQL |=Q@ |k]vt \QW Qo = xm OW XNWt xOWs=Hv= |=y|UQQ@
Qw_vt u}= |=Q@ "O@=}|t V}=Ri= sD} Qwor= |};Q=m 'OW=@ xDW=O OwHw C}atH Qy QO

"|O=yvW}B sD} Qwor= \UwD =yxR=U |@=}xv}y@ sD} Qwor= pL=Qt C=}rm "1 pmW
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"""|
L=Q]

|=Q@
|Q=

mD@=
=Qi|

@}mQD
sD}Q

wor=

"|}xr}t 52 |=B QN |=Q@ |@=}xv}y@ Ov}=Qi |}=Qosy Q}U "3 pmW

"|}xr}t 72 |=B QN "4 pmW

|=QH= Q=@l} =@?}DQDu}O@ "OyO|t u=WvhrDNt |=y=QH= QO =Q sD} Qwor= |Q=O}=B w
"Ci=} CUO pw@k p@=k w ?U=vt |LQ] x@ u=wD|t |O=yvW}B sD} Qwor=

=@ T=}k QO =Q |O=yvW}B sD} Qwor= T=U=Q@ pY=L KQ] u} QDy@ '2 pwOH
u} QDy@ uRw Q=Okt u}@ |}xU}=kt R}v QwmPt pwOH QO "OyO|t u=Wv `H=Qt Qo}O
xOy=Wt xm Qw]u=ty "CU= xOW s=Hv= =QH= 40 |xv}y@ uRw Q}O=kt u}ov=}t w =QH=
Q=}U@ |O=yvW}B sD} Qwor= T=U=Q@ KQ] u} QDy@ w Q}O=kt u}ov=}t hqDN= 'OwW|t
<=R= x@ xv}y@ KQ] xm =QH= u} QDy@ QO =yR}r=v; O=OaD xm CU= QmP x@ sRq "CU= lOv=
x@ Q=QmD Qy QO x]kv 20 OwHw x@ xHwD =@ 'CU= xOW pY=L 189 Q=QmD QO u;

"CU= x@U=Lt p@=k |DL=Q

|}xr}t 72 |=B QN "2"3
"CU= xOW xDN=OQB 4 pmW j@=]t |}xr}t 72 |=B QN |@=}xv}y@ x@ Q[=L p=Ft QO
10000Ksi(68947 6MPa) Q@=Q@ ?}DQD x@ � w E 'QwmPt |=B QN |=Q@
|=Q@ VvD |xOwOLt "Ov=xOW xDiQo Q_v QO 0 1 lb=in3(2767 99 kg=m3)
|}xQo u=mtQ}}eD |xv}W}@ w �25Ksi(�172 369MPa) Q@=Q@ =B QN <=[a=
|Ov@xDUO xwQo 16 QO xR=U w[a72 "CU= xOWZQi�25 in (0 635 cm) Q@=Q@
"CU= |@=}xv}y@ Ov}=Qi |=Q@ OwHwt `]=kt CUQyi pt=W '1 pwOH "CU= xOW
Q_v QO 3 pwOH KQW x@ C}a[w wO QO |}xr}t 72 |}=[i |=B QN QO QF-wt |=yQ=@

"CU= xOW xDiQo

"|}xr}t 52 |=B QN "2 pmW

|=Q@ u}ov=}t |}=Qosy Q}U TBU "CU= xOW s=Hv= x}rw= |=yQDt=Q=B |=Q@ hrDNt
u}vJty "CU= xOW xU}=kt =QH= 40 u}@ QO |}=Qosy Q}U u} QDy@ =@ w sUQ =QH= 40
|xv}y@ |=yKQ] u}ov=}t w xv}y@ KQ] u} QDy@ Q=Okt 'sD} Qwor= |};Q=m uOwtR; |=Q@
u}ov=}t |}=Qosy Q}U w u} QDy@ |}=Qosy Q}U |m}ORv "CU= xOW xU}=kt R}v =QH= 40
|Q=O}=B w C=@F Qov=}@ '=QH= 40 |}=yv KQ] u}ov=}t Q=Okt w KQ] u} QDy@ Q}O=kt R}v w
w CU= x}rw= |=yQDt=Q=B Q}O=kt x@ C@Uv pqkDU= w hrDNt |=y=QH= QO sD} Qwor=
?U=vt |LQ] x@ |@=}CUO |=Q@ sD} Qwor= Q=@ l} |=QH= x@ u=wD|t ?}DQDu}O@
|O=yvW}B sD} Qwor= uOw@ |iO=YD sOa Qov=}@ QwmPt G}=Dv 'Qo}O |wU R= "OQm O=tDa=

"CU= xv}y@ |x]kv x@ p}v QO

|}xr}t 52 |=B QN "1"3
|=B QN '2 pmW "CU= xOW xDN=OQB |}xr}t 52 |=B QN |@=} RQ= x@ p=Ft u}rw= QO
uDw}vwr}m 200 w 100 Q@=Q@?}DQD x@Py wPx Q}O=kt u; QO xm OyO|t u=Wv =Q Q_vOQwt
2 07�105 MPa Q@=Q@ ?}DQD x@ � w E 'QwmPt |xR=U QO "Ov=xOW xDiQo Q_v QO
xwQo 12 QO =B QN <=[a= 'Qo}O |wU R= "CU= xOW ZQi 7860 kg=m3 w
=B QN <=[a= |=Q@ �180MPa R=Ht |xOwOLt =@ VvD O}k \ki w |Ov@xDUO
x@ Q[=L |=B QN |xv}y@ |L=Q] |=Q@ OwHwt `]=kt CUQyi "CU= xOW ^=Lr

"CU= xOW ZQi 1 pwOH KQW
|@=}xv}y@ OvwQ '|O=yvW}B sD} Qwor= T=U=Q@ xv}y@ |L=Q] Ov}=Qi s=Hv= R= TB
|=QH= 40 u}ov=}t Q=Owtv 'QwmPt pmW QO "CU= xOW pY=L 3 pmW CQwYx@
<=R= x@ �u}ov=}t� |O=yvW}B sD} Qwor= T=U=Q@ |@=}xv}y@ C=}rta |r=wDt w pkDUt
|@=}xv}y@ Ov}=Qi |=Q@ OvwQ u} QDy@ x=Qty x@ 'VwQ |=yQDt=Q=B |=Q@ hrDNt Q}O=kt
'OwW|t xOy=Wt xm Qw]u=ty "CU= xOW sUQ �=QH= u} QDy@� |r=wDt |=y=QH= QO
syt u}= "OvDUy l}ORv Qo}Om} x@ |r=wDt |=y=QH= u}ov=}t w Cr=L u} QDy@ Q=Owtv
C=@F w CU= |O=yvW}B sD} Qwor= T=U=Q@ |@=}xv}y@ Ov}=Qi uOw@ |iO=YD sOa Qov=}@
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2/
2|

xQ=t
W'

34
�2

|xQ
wO'

�13
97

u=DU
@=D�

h}
QW

u=Qt
a|

UOv
yt "|}xr}t 72 w 52 |=y=B QN |=Q@ `]=kt CUQyi "1 pwOH

A�mm2(in2) xQ=tW A�mm2(in2) xQ=tW A�mm2(in2) xQ=tW A�mm2(in2) xQ=tW
741943 �11 5� 49 2477 414 �3 84� 33 1008 385 �1 563� 17 71 613 �0 111� 1
8709 66 �13 5� 50 2496 769 �3 87� 34 1045 159 �1 62� 18 90 968 �0 141� 2
8967 724 �13 9� 51 2503 221 �3 88� 35 1161 288 �1 8� 19 126 451 �0 196� 3
9161 272 �14 2� 52 2696 769 �4 18� 36 1283 868 �1 99� 20 161 29 �0 25� 4
9999 98 �15 5� 53 2722 575 �4 22� 37 1374 191 �2 13� 21 198 064 �0 307� 5
10322 56 �16� 54 2896 768 �4 49� 38 1535 481 �2 38� 22 252 258 �0 391� 6

10903 204 �16 9� 55 2961 284 �4 59� 39 1690 319 �2 62� 23 285 161 �0 442� 7
12129 008 �18 8� 56 3096 768 �4 8� 40 1696 771 �2 63� 24 363 225 �0 563� 8
12838 684 �19 9� 57 3206 445 �4 97� 41 1858 061 �2 88� 25 388 386 �0 602� 9

14193 52 �22� 58 3303 219 �5 12� 42 1890 319 �2 93� 26 494 193 �0 766� 10
14774 164 �22 9� 59 3703 218 �5 74� 43 1993 544 �3 09� 27 506 451 �0 785� 11
1580 42 �24 5� 60 4658 055 �7 22� 44 729 031 �1 13� 28 641 289 �0 994� 12
17096 74 �26 5� 61 5141 925 �7 97� 45 2180 641 �3 38� 29 645 16 �1 0� 13
18064 48 �28� 62 5503 215 �8 53� 46 2238 705 �3 47� 30 792 256 �1 228� 14
19354 8 �30� 63 5999 988 �9 3� 47 2290 318 �3 55� 31 816 773 �1 266� 15

21612 86 �33 5� 64 6999 986 �10 85� 48 2341 931 �3 63� 32 940 000 �1 457� 16
"(mm2) |}xr}t 52 =B QN <=[a= `]kt K]U |=Q@ xv}y@ KQ] G}=Dv "2 pwOH

Q[=L Q=DWwv [27] [26] [25] [24] [23] =[a=
4658 055 4658 055 4658 055 4658 055 4658 055 4658 055 A1 �A4
1161 288 1161 288 1161 288 1161 288 1161 288 1161 288 A5 �A10
494 193 388 386 506 451 494 193 363 225 494 193 A11 �A13
3303 219 3303 219 3303 219 3303 219 3303 219 3303 219 A14 �A17
940 000 940 000 940 000 1008 385 940 000 940 000 A18 �A23
494 193 494 193 506 451 285 161 494 193 641 289 A24 �A26
2238 705 2238 705 2238 705 2290 318 2238 705 2238 705 A27 �A30
1008 35 1008 35 1008 385 1008 385 1008 385 1008 385 A31 �A36
494 193 494 193 388 386 388 386 388 386 363 225 A37 �A39
1283 868 1283 868 1283 868 1283 868 1283 868 1283 868 A40 �A43
1161 288 1161 288 1161 288 1161 288 1161 288 1161 288 A44 �A49
494 193 494 193 506 451 506 451 792 256 494 193 A50 �A52

� 0 001143 0 000116 0 002725 � � O}k Xkv
1902 605 1897 62 1899 35 1904 83 1905 495 1903 36 kg � uRw
1946 641 � � � � � u}ov=}t

"|}xr}t 72 |=B QN x@ |r=ta= |=yQ=@ CyH w Q}O=kt "3 pwOH
PZ �Kips(kN) PY �Kips(kN) PX �Kips(kN) xQo |xQ=tW |Q=PoQ=@ C}a[w

�5 ��22 241� 5 �22 241� 5 �22 241� 17
1� � � 18

� � � 19
� � � 20

�5 ��22 241� � � 17
2�5 ��22 241� � � 18

�5 ��22 241� � � 19
�5 ��22 241� � � 20
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"""|
L=Q]

|=Q@
|Q=

mD@=
=Qi|

@}mQD
sD}Q

wor="in2(mm2) |}xr}t 72 |=B QN =[a= `]kt K]U |=Q@ xv}y@ KQ] G}=Dv "4 pwOH
Q[=L Q=DWwv [29] [20] [17] [28] [25] =[a=

2 31 �1374 191� 1 8 �1161 288� 1 563 �1008 385� 1 99 �1283 868� 1 99 �1283 868� 1 8 �1161 288� A1 �A4
0 563 �363 225� 0 563 �363 225� 0 563 �363 225� 0 602 �388 386� 0 442 �285 161� 0 442 �285 161� A5 �A12
0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 141 �90 968� A13 �A16
0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 141 �90 968� 0 111 �71 613� A17 �A18
1 228 �792 256� 1 266 �816 773� 1 266 �816 773� 1 266 �816 773� 1 228 �792 256� 1 228 �792 256� A19 �A22
0 442 �285 161� 0 563 �363 225� 0 563 �363 225� 0 442 �285 161� 0 602 �388 386� 0 563 �363 225� A23 �A30
0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 111 �71 613� A31 �A34
0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 141 �90 968� 0 111 �71 613� A35 �A36
0 442 �285 161� 0 563 �363 225� 0 391 �252 25� 0 442 �285 161� 0 563 �363 225� 0 563 �363 225� A37 �A40
0 563 �363 225� 0 442 �285 161� 0 536 �363 225� 0 602 �388 386� 0 563 �363 225� 0 563 �363 225� A41 �A48
0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 111 �71 613� A49 �A52
0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 111 �71 613� 0 25 �161 29� A53 �A54
0 196 �126 451� 0 196 �126 451� 0 196 �126 451� 0 196 �126 451� 0 196 �126 451� 0 196 �126 451� A55 �A58
0 563 �363 225� 0 602 �388 386� 0 563 �363 225� 0 563 �363 225� 0 563 �363 225� 0 563 �363 225� A59 �A66
0 391 �252 25� 0 391 �252 25� 0 391 �252 25� 0 391 �252 25� 0 307 �198 064� 0 442 �285 161� A67 �A70
0 563 �363 225� 0 563 �363 225� 0 602 �388 386� 0 442 �285 161� 0 602 �388 386� 0 563 �363 225� A71 �A72
389 79 �176 806� 389 87 �176 84� 390 18 �176 983� 391 607 �177 63� 392 84 �178 189� 393 38 �178 434� lb(kg) � uRw
395 84 �179 552� � � � � � u}ov=}t

"|}xr}t 72 |=B QN |=Q@ |@=}xv}y@ Ov}=Qi |}=Qosy Q}U "5 pmW

Q_v QO QN; |xk@] |=yxQo |=Q@ 5 08 cm R=Ht Q=Okt =@ u=mtQ}}eD O}k \ki w
<=[a= "CU= xOW ZQi 6 pmW CQwYx@ xR=U QO QF-wt |=yQ=@ "CU= xOW xDiQo
W `]=kt |}=D268 CUQyi R= w |Ov@xDUO 6 pmW Ovv=ty xwQo 8 QO QwmPt ?=k

"Ov=xOW ?=NDv= 5 pwOH KQWx@
|r=wDt |=QH= 40 '|O=yvW}B sD} Qwor= |};Q=m |@=} RQ= |=Q@ R}v Q[=L p=Ft QO
CQwY xOWQmP VwQ |x}rw= |=yQDt=Q=B |=Q@ hrDNt Q}O=kt <=R= x@ |@=}xv}y@ Ov}=Qi
u}ov=}t |}=Qosy Q}U R}v wCr=L u} QDO@ w u} QDy@ |}=Qosy Q}UTBU "CU= xDiQ}PB
'OwW|t xOy=Wt xm Qw]u=ty "CU= xOW sUQ 7 pmW QO Q=Owtv CQwYx@ =QH= 40

u}ov=}t |wor= R}v w �=QH= u} QDy@� Cr=L u} QDy@ <=R= x@ |}=Qosy Q}U '5 pmW
VwQ |x}rw= |=yQDt=Q=B |=Q@ Cw=iDt Q}O=kt T=U=Q@ hrDNt |=QH= �u}ov=}t� 40
xOy=Wt xm Qw]u=ty "OyO|t u=Wv |}xr}t 72 |}=[i |=B QN |=Q@ =Q xOWQmP
CiQo xH}Dv u=wD|t u}=Q@=v@ "OvDUy l}ORv Qo}Om} x@ Q=}U@ Q=Owtv wO u}= 'OwW|t
|@U=vt KQ] w OQ=O |rw@k p@=k OQmrta 'hrDNt |=y=QH= QO |O=yvW}B sD} Qwor= xm
w C=@F Q@ CrqO QwmPt |}=Qosy Q}U wO |m}ORv 'Qo}O |wU R= "OyO|t x�=Q= =Q
w OQ=O |}=OD@= hrDNt |=yQDt=Q=B x@ C@Uv |O=yvW}B sD} Qwor= |@Uv pqkDU=
|O=yvW}B sD} Qwor= T=U=Q@ |L=Q] |=[i |wHwCUH C}y=t xm CU= u; Qou=}@
sD} Qwor= T=U=Q@ =Q pY=L |xv}y@ KQ] G}=Dv '4 pwOH "CU}v |iO=YD CQwYx@
u} QDy@ |xH}Dv 'QwmPt pwOH QO "OyO|t u=Wv `H=Qt Qo}O =@ T=}k QO |O=yvW}B
|O=yvW}B sD} Qwor= |=Q@ pkDUt |=QH= 40 |}=yv |xH}Dv u}ov=}t x=Qty x@ =QH=
l}ORv Q=}U@ Qo}Om} x@ Q=Okt wO u}= 'OwW|t xOy=Wt xm Qw]u=ty "CU= xOW x�=Q=
w xv}y@ ,=D@Uv KQ] x@ |O=yvW}B sD} Qwor= |=QH= Q=@ l} =@ u=wD|t u}=Q@=v@ "OvDUy
u} QDy@ <=R= x@ KQ] u} QDy@ R}v |vwvm p=Ft |=Q@ 'Qo}O |wU R= "Ci=} CUO |@U=vt
'Q=QmD Qy QO R}r=v; 20 OwHw x@ xHwD =@ xm 'CU= xOW pY=L 276 Q=QmD QO =QH=
xOw@ 5520 Q@=Q@ xv}y@ KQ] x@ |@=}CUO CyH Cr=L u} QDy@ QO =yR}r=v; pm O=OaD

"CU=

xv=yO 1 w xk@] 8 ?=k "3"3
xOW xDN=OQB 6 pmW KQW x@ xv=yO 1 w xk@] 8 =@ |@=k |UQQ@ x@ Q[=L p=Ft QO

"CU=
76 8 kN=m3 w 200GPa Q@=Q@ ?}DQDx@ � w E '?=k <=[a= |x}rm |=Q@
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xQ=t
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34
�2

|xQ
wO'

�13
97

u=DU
@=D�

h}
QW

u=Qt
a|

UOv
yt [30]"xv=yO 1 'xk@] 8 ?=k |=Q@ `]=kt CUQyi "5 pwOH

Sy � cm3 Iy � cm4 Sx � cm3 Ix � cm4 A� cm2 `]kt s=v `]kt |xQ=tW
2458 059 29947 771 23105 76 1294479 734 634 1923 W44� 335 1
2179 479 43704 299 20319 959 1127987 163 553 5473 W44� 290 2

...
...

...
...

...
...

...

20 811 312 589 139 454 886 573 30 1934 W5� 16 267
16 387 160 665 89 473 470 341 24 7096 W4� 13 268

"xv=yO 1 'xk@] 8 ?=k |=Q@ |@=}xv}y@ Ov}=Qi Q}U "7 pmW

"xv=yO 2 'xk@] 5 ?=k "8 pmW

(WL) O=@ Q=@ w (LL) xOvR '(DL) xOQt |=yQ=@ "CU= xOW xDiQo Q_v QO xv=yO
|=yQ=@ CyH w Q}O=kt� CU= xOW p=ta= xR=U x@ =y?}mQD u}= KQW x@ Cr=L 3 QO

"�CU= xOW h} QaD 7 pwOH QO QwmPt
i)DL+ 0 9(LL+ +WL) ii)DL+WL iii)DL+ LL

78 kN=m3w 205GN=m2 Q@=Q@ ?}DQDx@ � w E 'xR=U <=[a= |x}rm |=Q@
ZQi T=U=Q@ xR=U <=[a= |x}rm |=Q@ R=Ht VvD Q=Okt "CU= xOW xDiQo Q_v QO

"xv=yO 1 'xk@] 8 ?=k "6 pmW

"OvDUy l}ORv Qo}Om} x@ Q=}U@ u}ov=}t R}v w =QH= u} QDy@ w u} QDO@ |}=Qosy Q}U
|x]kv x@ p}v QO sD} Qwor= |Q=O}=B w C=@F Qov=}@ R}v Q[=L p=Ft QO syt u}=
7 pmW |=yQ=Owtv |m}ORv "CU= wHwCUH Ov}=Qi uOw@ |iO=YD sOa R}v w xv}tm
<=[a= O=OaD T=U=Q@ Q[=L |xR=U xm =QJ "OQ=O |}xS} w C}ty= 'Q[=L p=Ft QO
sD} Qwor= xm CiQo xH}Dv u=wD|t u}=Q@=v@ "OQ=O |oQR@ |L=Q] |=[i '`]=kt CUQyi
|wHDUH |}=v=wD w CU= jiwt R}v nQR@ |L=Q] |=[i =@ |}=yp=Ft QO |O=yvW}B
u=wD|t |@=}xv}y@ Ov}=Qi |=QH= Q=@ l} =@ w OQ=O Ot;Q=m |}xw}W x@ =Q |L=Q] |=[i
Qy |=Q@ xmv; x@ xHwD =@ 'Qo}O |wU R= "Ci=} CUO ?U=vt w pw@k p@=k |LQ] x@
Q=QmD QO =QH= u} QDy@ QO sD} Qwor= w xOW ZQi x]kv 20 |O=yvW}B VwQ R= xrLQt
9780 Q@=Q@ =QH= u} QDy@ QO =yR}r=v; pm O=OaD 'CU= xDi=} CUO xv}y@ KQ] x@ 489

"CU= xOw@
Qo}O =@ T=}k QO =Q |O=yvW}B sD} Qwor= T=U=Q@ xv}y@ KQ] |xH}Dv '6 pwOH
hqDN= '|L=Q] |=[i |oQR@ seQ|ra R}v Q[=L p=Ft QO "OyO|t u=Wv `H=Qt
�4 6 Q@=Q@ w lOv= |r=wDt |=y=QH= u}@ QO xH}Dv u} QDy@ w =QH= 40 u}ov=}t Q=Okt
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25 w 24 '""" '18 '17 '16 <=[a= wy = �11 76 kN=m
xOQt Q=@2w 1 |=yxQo Py = 19 6 kN=m

15 w 13 '12 '10 '9 '7 '6 '4 |=yxQo Py = �40=2 kN=m

25 w """ '17 '16 <=[a= wy = �10 78 kN=m xOvR Q=@

1 |xQo Px = 5 684 kN=m

O=@ Q=@
4 |xQo Px = 7 252 kN=m
7 |xQo Px = 6 664 kN=m
10 |xQo Px = 5 978 kN=m
13 |xQo Px = 6 272 kN=m

R=Ht u=mtQ}}eD w �166MPa Q@=Q@ [37w36]'=yVywSB |NQ@ QO xDiQ}PBCQwY
ZQi "CU= xOW xDiQo Q_v QO ?=k `=iDQ= 1 500 Q@=Q@ xk@] u} QN; |=yxQo |=Q@
"OvW=@ xDW=O |v=Um} `]kt K]U xk@] Qy |=yuwDU '|L=Q] Ov}=Qi QO CU= xOW
15 ẁtHt QO u}=Q@=v@ "Ov=xOW |L=Q] ,qkDUt xR=U |=yQ}D |x}rm 'Qo}O |wU R=
OwHwt `]=kt CUQyi R= xm CU= xOt; O}OB |@=}xv}y@ |xr�Ut |=Q@ |L=Q] Q}eDt

"Ov=xOW ?=NDv= 8 pwOH QO
9 pmW CQwYx@ '|O=yvW}B sD} Qwor= T=U=Q@ |@=}xv}y@ Ov}=Qi |xH}Dv
|@=}xv}y@ C=}rta |r=wDt w pkDUt |=QH= 40 u}ov=}t Q=Owtv u; QO xm CU=
|=yQDt=Q=B |=Q@ hrDNt Q}O=kt <=R= x@ �u}ov=}t� |O=yvW}B sD} Qwor= T=U=Q@
Ov}=Qi |=Q@ �=QH= u} QDy@� OvwQ u} QDy@ w �=QH= u} QDO@� OvwQ u} QDO@ x=Qty x@ 'x}rw=
R}v Q[=L p=Ft QO xm Qw]u=ty "CU= xOW sUQ |r=wDt |=y=QH= QO |@=}xv}y@
x@ |r=wDt |=y=QH= u}ov=}t w Cr=L u} QDy@ w u} QDO@ Q=Owtv 'OwW|t xOy=Wt
T=U=Q@ |@=}xv}y@ Ov}=Qi uOw@ |iO=YD sOa Qov=}@ syt u}= "OvDUy l}ORv Qo}Om}

54



2/
2|

xQ=t
W'

34
�2

|xQ
wO'

�13
97

u=DU
@=D�

h}
QW

u=Qt
a|

UOv
yt QO KQ] u} QDy@ 'Q[=L p=Ft QO "CU= �0 5 Q@=Q@ hqDN= u}= u=R}t w CU= lOv=

Qy QO R}r=v; 20 s=Hv= x@ xHwD =@ xm CU= xOW pY=L 105 Q=QmD QO =QH= u} QDy@
"CU= R}r=v; 2100 Q@=Q@ =QH= u} QDy@ QO =yR}r=v; pm O=OaD 'Q=QmD

|Q}oxH}Dv "4
'GA 'PSO sD} Qwor= s}y=it |x}=B Q@ |O}OH |@}mQD sD} Qwor= 'Q[=L Q=DWwv QO
'|O=yvW}B |@}mQD VwQ QO "CU= xOW x�=Q= =yxR=U |@=}xv}y@ |=Q@ CSS w HS

VwQ QO "OvwW|t wHwCUH p=ai w lQLDt \=kv |QU l} \UwD Vw=m |=[i
\=kv |xawtHt w Vw=m |=[i QO p=ai w lQLDt |}x]kv Qov=}@ KQ] Qy QwmPt
?@U 'Vw=m |=[i QO |}=Hx@=H w CmQL =@ \=kv "OvDUy C}atH l} Qov=}@
xv}y@ |x]kv |wU x@ w OvwW|t |B QO|B |=y C}atH |=Q@ |rt=mD Ov}=Qi O=H}=
x@ |L=Q] |=[i QO CmQL =@ C}atH Qy \=kv Qw_vt u}= |=Q@ "Ovvm|t CmQL
C}atH ?NDvt \=kv C}akwt R}v w ?NDvt \=kv RmQt '\=kv |x}rm RmQt |wU
C}i}m u=R}t u}ov=}t =DU=Q u}= QO "OvyO|t p}mWD =Q O}OH C}atH 'Q[=L
u=R}t R}v w ?NDvt \=kv |xawtHt C}i}m Q=Okt u}ov=}t w Q[=L C}atH \=kv
"OvDUy QF-wt lQLDt \=kv |}=Hx@=H u=R}t QO ?NDvt \=kv R= l} Qy C}i}m
CmQL C=Q}}eD u=R}t 'C}atH Qy \=kv |}=yv C}akwt QO QF-wt pt=wa Qo}O R=
xDiQo Q_v QO \=kv |}=Hx@=H QO pkDUt |rt=a CQwYx@ xm CU= x]kv Qy u}W}B

"OwW|t
|}=Hx@=H QO QF-wt pt=wa R= l} Qy ?}=Q[ |O=yvW}B VwQ QO 'Qo}O |wU R=
Q}}eD |@=}xv}y@ Ov}=Qi Q}U QO p=ai w =} wB CQwYx@ '|@=} RQ= w |UQQ@ =@ lQLDt \=kv
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1. particle swarm optimization (PSO)
2. colliding bodies optimization (CBO)
3. ant lion optimization (ALO)
4. genetic algorithm
5. harmony Search
6. charged system search (CSS)
7. tabu Search
8. ant colony optimization (ACO)
9. simulated annealing

�References� `@=vt
1. Dreo, J., Petrowski, A., Siarry, P. and Taillard, E.

\Metaheuristics for hard optimization", Springer-Verlag,
Berlin, Heidelberg (2006).

2. Fogel, L.J., Qwens, A.J. and Walsh, M.J., Arti�cial Intel-
ligence trough Simulated Evolution, John Wiley & Sons,
Chichester, UK (1966).

3. Holland, J.H., Adaptation in Natural and Arti�cial Sys-
tem, University of Michigan Press, Ann Arbor, MI
(1975).

4. Goldberg, D.E., Genetic Algorithm in Search Optimiza-
tion and Machine Learning, Addision-Wesley, Boston
(1989).

5. Metropolis, A.W., Rosenbiuth, M.N., Rosenbiuth, A.H.
and Teller, E. \Equation of state calculations by fast
computing machines", J. Chem. Phys., 21(6), pp. 1087-
1092 (1953).

6. Kirkpatrick, S., Gerlatt, C.D. and Vecchi, M.P. \Opti-
mization by simulated annealing", Science., 220(4598),
pp. 671-680 (1983).

7. Glover, F. \Future paths for integer programming and
links to arti�cial intelligence", Computer and Operations
Research, 13(5), pp. 533-549 (1986).

8. Colorni, A., Dorigo, M. and Maniezzo, V. \Distributed
optimization by ant colony", Proc. 1nd European Conf.
Arti�cial life, USA, pp. 134-142 (1991).

9. Kennedy, J. and Eberhart, R. \Particle swarm optimiza-
tion", Proc. IEEE, Int. Conf. Neural Networks, 4, pp.
1942-1948 (1995).

10. Geem, Z.W., Kim, J.H. and Loganathm, G.V. \A new
heuristic optimization algorithm: Harmony search, sim-
ulation", Society of Computer Simulation, 76(2), pp. 60-
68 (2001).

11. Erol, O.K. and Eksin, I. \New optimization method: Big
bang-big Crunch", Adv. Eng. Softw., 37(2), pp. 106-111
(2006).

12. Rashedi, E., Nezamabadipour, H. and Saryazdi, S.
\GSA: A gravitational search algorithm", Inform. Sci-
ences, 179(13), pp. 2232-2248 (2009).

13. Kaveh, A. and Talatahri, S. \A noval heuristic opti-
mization method charged system search", Acta. Mech.,
213(3-4), pp. 267-289 (2010).

14. Kaveh, A. and Khayatazad, M. \A new meta-heuristic
method: Ray optimization", Comput. Struc., 112-113,
pp. 283-294 (Dec., 2012).

15. Kaveh, A. and Mahdavi, V.R. \Colliding bodies op-
timization: A novel meta-heuristic method", Comput.
Struc., 139(15), pp. 18-27 (2014).

16. Mirjalili, S. \The ant lion optimizer", Adv. Eng. Softw.,
83, pp. 80-98 (May, 2015).

17. Kalatjari, V.R. and Talebpour, M.H. \Sizing and topol-
ogy optimization of truss structures by modi�ed multi-
search method", J. Civil Surveying Eng., 45(3), pp. 351-
363 (2011).

18. Kaveh, A., Kalatjari, V.R., Talebpour, M.H. and Torka-
manzadeh, J. \Con�guration optimization of trusses us-
ing a multi heuristic based search method", Int. J. Op-
tim. Civil. Eng., 3(1), pp. 151-178 (2013).

19. Kaveh, A., Kalatjari, V.R. and Talebpour, M.H. \Op-
timal design of steel towers using a multi-metheuristic
based search method", Period. Polytech. Civil Eng.,
60(2), pp. 151-178 (2016).

20. Talebpour, M.H., Kaveh, A. and Kalatjari, V.R. \Opti-
mization of skeletal structures using a hybridized ACO,
HS and GA algorithm", Iran. J. Sci. Technol., 38(C1),
pp. 1-20 (2013).

21. Yang, X.S., Nature Inspired Metaheuristic Algorithm,
2nd Edition, Luniver Press, UK (2008).

22. Haftka, R.T. and Gurdal, Z., Elements of Structural Op-
timization, 3rd Edition, Kluwer Academic Publishers,
Boston, MA (1992).

23. Lee, K.S., Geem, Z.W., Lee, S.H. and Bae, K.W. \The
harmony search heuristic algorithm for discrete struc-
tural optimization", Eng. Optimiz., 37(7), pp. 663-684
(2005).

24. Li, L.J., Huang, Z.B. and Liu, F. \A heuristic particle
swarm optimization method for truss structures with dis-
crete variables", Comput. Struc., 87(7-8), pp. 435-443
(2009).

25. Kaveh, A. and Talatahari, S. \Particle swarm ant colony
optimization for truss structures with discrete vari-
ables", J. Constr. Steel Res., 65(8-9), pp. 1558-1568
(2009).

26. Capriles, V.S.Z., Fonseca, L.G., Barbosa, H.J.C. and
Lemonge, A.C.C. \Rank-based ant colony algorithms for
truss weight minimization with discrete variables", Com-
mun. Numer. Meth. Eng., 23(6), pp. 553-575 (2007).

27. Kaveh, A. and Talatahari, S. \A charged system search
with a 
y to boundary method for discrete optimization
design of truss structures", Asian J. Civil Eng., 11(3),
pp. 277-293 (2010).

28. Kaveh, A. and Bakhshpoori, T. \Optimum design of
skeletal structures using imperialist competitive algo-
rithm", Comput. Struc., 88(1-2), pp. 1220-1229 (2010).

29. Kaveh, A. and Bakhshpoori, T. \Optimum design of
space trusses using cuckoo search algorithm with levy

ights", Iran. J. Sci. Technol., 37(C1), pp. 1-15 (2013).

30. AISC., Manual of Steel Construction - Load & Resistance
Factor Design, 2th Edition, American Institute of Steel
Construction, Inc. (1994).

31. Camp, C.V., Pezeshk, S. and Cao, G. \Optimized design
of two dimensional structures using a genetic algorithm",
J. Struct. Eng. ASCE, 124(5), pp. 551-559 (1998).

56



2/
2|

xQ=t
W'

34
�2

|xQ
wO'

�13
97

u=DU
@=D�

h}
QW

u=Qt
a|

UOv
yt

32. Kaveh, A. and Shojaee, S. \Optimal design of skeletal
structures using ant colony optimization", Int. J. Nu-
mer. Meth. Eng., 70(5), pp. 563-581 (2007).

33. Kaveh, A. and Malakoutirad, S. \Hybrid genetic al-
gorithm and particle swarm optimization for the force
method-based simultaneous analysis and design", Iran.
J. Sci. Technol., 34(B1), pp. 15-34 (2010).

34. Kaveh, A. and Talatahari, S. \An improved ant colony
optimization for the design of planar steel design
frames", Eng. Struct., 32(3), pp. 864-873 (2010).

35. Kaveh, A. and Talatahari, S. \A discrete particle swarm
ant colony optimization for design of steel frames", Asian
J. Civil Eng., 9(6), pp. 563-575 (2007).

36. Chai, S. and Sun, H.G. \A relative di�erence quotient
algorithm for discrete optimization", Struct. Optim.,
12(1), pp. 46-56 (1996).

37. Juang, D.S. and Chang, W.T. \A revised discrete
lagrangian-based search algorithm for the optimal design
of skeletal structures using available section", Struct.
Multidiscip. Optim., 31(3), pp. 301-210 (2006).

57




