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Life-Cycle Cost-Effective Optimum Design of Steel Bridges

Considering Environmental Stressors
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ABSTRACT : This paper presents a practical and realistic Life-Cycle Cost (LCC) optimum design methodology for steel
bridges considering the long-term effect of environmental stressors such as corrosion and heavy truck traffics on bridge
reliability. The LCC functions considered in the LCC optimization consist of initial cost, expected life-cycle maintenance
cost, and expeeted life-cycle rehabilitation costs including repair/replacement costs, loss of contents or fatality and injury
losses, road user costs, and indirect socio—economic losses. For the assessment of the lifecycle rehabilitation costs, the
annual probability of failure. which depends upon the prior and updated load and resistance histories, should be accounted
for. For the purpose, Nowak live load model and a modified corrosion propagation model, which takes into consideration
corrosion initiation, corrosion rate, and repainting effect, are adopted in this study. The proposed methodology is applied to
the LCC optimum design problem of an actual steel box girder bridge with 3 continuous spans (40m+50m+40m=130m)}.
Various sensitivity analyses are performed to investigate the effects of various design parameters and conditicns on the
L.CC-effectiveness. From the numerical investigation. it has been observed that local corrosion environments and the
volume of truck traffic significantly influence the LCC-effective optimum design of stecl bridges. Thus. these conditions
should be considered as crucial parameters for the optimum LCC-effective design.
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(constraint  deletion method), FEAJlA 714
(structural reanalysis technique)dt #2 thdel A1}
71 (approximation technique)@t oAl A4 714
(multi-level optimiza- tion method)e} AlMMdel E&A
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2 AellA Ale Zwe] LeC AAdAC g 2
J_%-__[%HE?] Hell, 34 g9 F 4ol 130m(=40m+
50m+40m)Ql AR wE A oA dugoz A
Aotsich, oA wake] Yukabee ® 1o vehliglen], 13
4ol digmFe e} Hue 9 wEdR|te] 241 4
A5 UEpSIT

2 HLde] dgduge AAE A ok Ady o
ARE Q1 mEF|R|RE pRAQ] nAE ) B dyduk
%}(ADT\#L)— Fosle oiEAS AE duHdusH
(ADTV-8) & 7He ATA] A49] m24e] Ad=dcka 7}
st

a9 59} 62 %” 2 T AR odd el
EMME/2E R8sl wia|d 2 srafsly] glaf mdalg v
o3 o}, Eak 29} 3& AT F 203 Eete viEAg
FaEALY] E2ef g by dBTuEs k)
ik

g 78 e LCCHAGA AME HARNSFES
UrE}LL itk 19lol] uhEhd upe} o] B olpx Fgo] A

A 1%‘, A(b)el AAZFHEZ 7} - 3% FUx|e T

(tpoty), S5-I FA ()8} mabddo] Ax) BRo| o

(h )5 HAETE 819

ofr

E 1. chdme| gt ofjojg
[EEL) VAT 9% 2@ %)
g A3(m) 40nv+50n+40m=130 SVH90(f, =3, 200kgf /e,
& A . 2
2% 2(m) 12145m £,~1,900kgf/crr?)
(Skew) 9x° ,
A (A A A A 403) ) AR fck=270kgf/cm‘
L ; SELEE Azl -8
X8l < B SDAO(F,=4,000kgf/c)
AA &F DB/DL-24 (HS-20/0.75)
12048 a, . G, o G,
p 11415 YKil G. 's m hJ m G
G arSiab ! I 10m 1sm 10m " 10m o6
[_! “1 ol Road ;7“ (o] o]
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Imersection

lL.ocation of
the Bridge

E 2. 2062 7|ch LHEREZ (LA ADTV-S)

SAGEIXtE Tafsh Zmo| MoiFI|BlE A G

45 S TG L
Ly i F I S RS W

22 6. ol 4T BEYEND 23

E 3. 20442 7|ch dEdese (Al ADTV-L)

Year | 2007 | 2011 | 2015 | 2019 | 2023 | 2027 Year | 2007 | 2011 | 2015 | 2019 | 2023 | 2027
1]15.419 | 18.487 | 21,276 | 23.850 | 25 936 | 26,758 1]29.450 | 42,486 | 55.760 | 69.408 | 81,320 | 86,162
87| 1] 15.606 | 19,047 | 21.914 [ 24.562 1 26,711 | 27,557 +-&aF| 11| 29,762 | 43,774 | 57,432 | 71,480 | 83.750 | 88.734
11| 14.424 [ 17.596 | 20.262 | 22,716 | 24,703 | 25.486 111} 27,508 | 40,430 | 53.103 | 66,108 | 77.455 | 82065
1] 1793 | 2.076 | 2.200 | 2.456 | 2.554 | 2,575 1] 3419 | 4.771 | 6,002 | 7.147 | 8.008 | 8202
Ma 10| 1847 | 2130 | 2,358 | 2,529 | 2.630 | 2,653 W& |11 3522 | 4.916 | 6,180 | 7,360 | 8,246 | 8,543
] 1,707 | 1977 | 2,180 | 2,339 | 2.433 | 2.452 1| 3.225 | 4.543 | 5.713 | 6.807 | 7.628 | 7.895
1110057 | 11.984 | 13,531 | 14.882( 15.883 | 16,238 1]19.179 | 27,541 ] 35.462 | 43,310 | 49.800 | 52,286
9 [ 1]10.360]12.347 [ 13.937| 15,325 | 16,358 | 16,723 =2} | 11] 19,757 | 28.376 | 36.525 | 44.509 | 51,289 | 53.848
11| 9.576 | 11.406 | 12,886 | 14,174 | 15.129 | 15.467 111] 18,262 | 26.213 | 33.772 | 41,249 | 47.436 | 49,804
[omRey ~odgags 1w ~ JAD 1L JAS~ 1 maay ~ddme 11 oolded ~ J49 101 JA9 - &
TARIV A1V
. 4y, Ho 2 FAska 9= ADS (Automated Design Synthesis:
| ] AR Vanderplaats, 1986)& col-&std alsiSith
| b 4.2 MolF7|H|R2| MEES 2[5 BlofE]
P R , B Aol ol e me) 271688 A
’ 8 rRebiel ganangel A81Ee LYaRT
T 7. gasitius] g SIRIST, 1998)9] /AR RS ol g}, 2olm, AAME
o) e Bnl e b2k A gulgel 199 3% Vst

2000)] <+A%
BN = e ) *l%@ﬂl% ks
nprjeko g LCCHALA 2AE &7 f]OH AHgE A3
e HAs|e] AlEA 8 ALM(Augmented
Lagrange Multiplier) ¥ BFGS (Broy don-Fletcher-
Coldforb-Shanno) W& A8l wat Tl 8o
HAs e SRy (Golden Section Method)} 2 ©]4

gtk olsh 22 LalHE AFAHNPMEESE TR

&2 ul the) & (x10.000%])
i d)E(ton) 133.09
A v &(ton) 41.99

e Qe S ) 23.60

A O*JEJ Hlo} o] Bmwa-e A4 %%Hlﬂ—ﬁ} 7+
i?ﬂl ‘5%@2} T ok 2H B ge LCCe 1H
of WAsh= 2 Al By 17}

X

hoJ
o
&
i
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B
=N
ri
ol
o
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A el A bk
Bouk Retrofit Bolting repair
oo Ay EE 175 /ten s
(x10,000 ) 3.12 /ton (#7148 450 /54
7| o) 57 4 A4 3F
2] e 271 T2 E BAR AR) F A gl
¥ 6. 78 Mol AREE Hiolg]
g £ o w9 FaAs
aol& 4.00 % EanER (2003)
WE AR HE 1.2 b
W o
27 3% 2% Aus 220 24l / km e S
(http://traffic.metro.seoul .kr)
oA nF AlE 190 ol / km
AWl b & 35 o5
AL : = o4k A1l (1997)
L ARES 2,100 el
AR} Al BEEd 21.517 /91 S w B | el
7. ST e HA| ZU(x|of st A7 M=FaEe] e
Retrofit Bolting repair
B
AEAREE A8 | ARARED AR | ARAwEY A4 | dEAREF H8
A B8 x 10,000 4) 38.196 (3%) 38,196 (1%) 450 (100 %) 450 (100%)
R Bee = 10,000 €) 1,425,450 (97%) 7,127,250 (99%) - -
Z B8« 10,000 ) 1.463.646 (100%) 7.165.446 (100%) 450 (100%) 450 (100%)
E 8 Aol EAIY 24 dolE
A w9 t3 Fxay it Mg ZoEd
Falof) Al ZAe 35 g8 (kgffem’) F, AR 3552.0 0.12 Nowak (1993)
F& o) 3o gt A=A Y g AR 1.11 0.11 Nowak (1993)
"ZI’-;% 9} ;ﬁ‘a'oﬂ IH'EE} _‘f_%‘%ﬂ’é‘ﬁ]%‘— }’m\u /gﬁ’\i_\'_:%- 114 012 NOVVELR (1998)
ofAHEQ] el gk ) FAAS Atphat A 1.00 0.25 Nowak {1993)
Zagles] W9 FE har wgdnls Ao AR 1.05 0.10 Nowak (1993)
el gl e izl B A Aeer IR 1.03 0.078 Nowak (1993)
%ok@‘cﬂ g SadA DF AR 0.926 0.124 Zokaie % (1991)
=AAG thet BeAle (A7 1, AE3) Lo AR 1.045 0.10 Nowak 5. (1994)
271 ek BEAASE (2] 2) Lim FEE 1.027 0.10 Nowak 5. (1994)
st Agd) thg B3 Al (1D S, R S - 0.1718* Albrecht (1983)
SAAA A Ty YT 15 0.3 Nowak {1999}
N &7 Ton ATEE 20 0.25 Maunsell L4d (1999}
FAg /At Hd v (ENV-R) C M AR 34/0.65 0.09/0.10 Albracht® Naeemi
825 /A28 B upEs (ENV-0) C. M AL 80/0.593 | 0.42/0.40 (1984)
oA ol ik Zieual AU (=RAAZ)E 2000)
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Te i wgole] A BT gL A
sAg, wRolgA g, A

t}.

2 Ao e JIErage] b dag @
S 7Pl fsl] F¥e 4w % g A ED
59} Golle tiidu®@e LCC A e 8l 1dd

I 57 Hl%@ & g dlele (B -

o, i#

7F Az ) B A alsled] i‘”ﬂ—
ole} 7& dlo|ejs AMALALA (http://www. csr.
co.kr)®] 7FARE, AMel FAlee #E Fob HEr

A, AuFR(ME5EA A de B, 2002 AAgH
1B, 2000) $9l e ALS 0L il 9
o) % 7e @l 7 A glel 7 DART g @

ARARE HolT gk A ule} o] AL ool
dgFaEHe] e e e A de ERo]
2} v)gol that Alel-Aal &4 B8-S 217} 150%% 50%
Agalgith, & 7oA AAE wpek Zo] FH B eg
i) g-o] 97-99% 3 Eol7] Wi mEEA 7L HAohs
B33 Aol hnlgo] LCCAHel glolAl wfs-
g3 zefslojof & Aoz fokdd

ppR|ute 2 Bootdld LCCE 2Hgelr] $la Hast Al

opt w oo fir

soold 9 AR e Aol AMgE 7 Weie] HE 544
PExge] g 2 Babee 7 8o Fulsle] Bt &

8 A dlolel= ket B3 (Nowak, 1993, 1994,
Zokaie et. al.. 1991:. Albrecht, 1983: Albracht and
Naeemi, 1984: Maunsell Ltd, 1999)¢ 71%3t2 St}
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LOCHAGAA S 427 2 5

e gve nEE 2] 9 H
E 99 78 4714 Cagedll Ul &

# 9 o ndEEo| LiE PR O REREN
nEZ 2ls B2E Cass

Case 1D o HE et 2
Case 1 ADTV-L ENV-1
Case 2 ADTV-L ENV-R
Case 3 ADTV-S ENV-U
Case 4 ADTV-S ENV-R
ADTV-L @ B it nEe  ENV-R - dit 248
ADTV-S © A2 87 2% BNV-U @ 428 248

A ) ‘E} el Jehd vieh 2
ouk -‘?’*ﬂ%@(Case 2, 4) A= i AL i d o
1

274 (Case 1, 3)7 vug of 27 vepto
A& v g 5

N O
Soo
o
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j=!
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o

4>

J
“r re
o,

fr oy on & 1= %2

Ul
o A v
off M ¥o de 10 pff

ero]q a9
ste] e 74]1* 29 ] BHEd| BlXE JEs
el 3 ok Aol whE delgel elat o) thase] i
s} E5AE e el B dAldMe dAwET B2
WAA7EA A AATE DB-18 sk dgdke HS-20 EE
of sl AAE Nowake ZeZ(Nowak, 1993)5 A&
k. el ok 4= lel, HS-20 E=ldf tigh &8

i

AN
HE B& B2 dydnEH(Ee gEEtuEdds 7%4%
& Case 1, 290M 1.0~1.55¢]x, A2YdHAaFH(S2

AezalekEs el & A28 (lase 8, A(RE ADTV7} A 4)
ol 1.0~1.532% vehdtl & nEdo| W A5 Ao
Fob o] & dhdo] wbAg £ gl S-S B B B €9
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& 3l

4
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Aofs7leete <

k&85 tigh k 5 48-S UERRD Sith
aeA & 4 dEe], Case 1, 33 o] 4zigt B2
M= AlZtel Alddl wel o sEgEe] FrbEY, ES
Case 13 o] wheke] Ba Mzieh FagAcl 245+ o
2 e A e & S o ubd bl Agldel
tase 2, 49| thet o wEEEe JdHdFmETe] BAgle]
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o|Je] AgogHr] rf&}gpgﬂ} WEFS BT F2EY
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E
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2 ~ 1060004
- ] s
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2 5 105,000
® o J =
a &=
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] mean - standard deviation of Cuse | and 3
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Case land 2

Case 3 and 4 E 10 EHQ k l LCC J.JX'U"‘}‘:”O"}\‘] -_L’-?_:‘E._] ZEI_'J
ST s 20 25 Ti‘m:l‘i\i:, ni‘ra S M 65 70 75 80 _‘TI. ’\t[]‘ )é ﬂ]u&-\g gi%/}j] %73
MR x| #0h & Case Ad A A 44 ENV-L
ug GHAE 290 doi) Ao B 2HE Case B4 2719 & A% 47 ENV-L
("ase C4 Ay ENV-U
s
—— Case D4 LCC3m4A ENV-R
775; Case 1 - 744 ENV-L
Case [] &7t LecaA ENV-R
ENV-U+ADTV-L '_‘]_E) 11 Mﬁl%ﬂ —)r“ﬁf‘ ]’Oﬂ @'d Case I H-J _1_7] ]
AP &9 #7010 LoCE BeFa grk aedelA vehd vieh
I i kAN o
" Y l“i 20 25 30 15 40 4'5 50 0S¢ 60 85 0 75 %0 01 T‘W%%O“ l’ o;]\O] cr‘se I I 6_‘ [<3K+] “1"1 85%01
Time (Year) - L -
a7 10, chakme MATIE 29 MolE)| of mawE Ao LCCHBAAZ He Acs ehgen 7Y
LCCE A9 285 2 4 slvh ofgat Afe a9 8 1}
4.4, SEAA 208 8 Eft Zjelal e & gl Fas i ek A3}
2 BEE + U ST olela sk sl g F
441, AL ARNARETS Hokehs wgd Bid 2@ 2% 4FE MRAe e usE HyE I8 d4UE ¢ 9
2 oy Aokd FHowho]l LCCEHAMY A& o}, ol tr 2ol AR At
AgEdRS] &l didmEe] FE 20 AAE il e AL
ARTAEYE Felohs A9 vl Quel f@zEn
A7k edel ol LOCHAEAE FASAEHE 10
H2). 0|29 A F 119 hehhol .,
w3t =7} LOC #HADA (equivalent LCC optimum ra
design) 2 471 Sl A AWH AN s $4E e e
A ge AA AELA} 8T ¢ Rlenw (ZRY W R T i e
1998), ®A2&n]7} ey R7vg HXAA S 1,00 #HA a2 11 X pEae Hoksis D2t
A A3E - BAE] fis 88899 60%~100% slEgsus| we =88 ¥ LCC
E 1. FxIelY chad wakel RMA] A (4% dolE)
_ A=A ,i]w% P LOC HARA 3 s7h LT L“ A
TR Case Ad FHAMA Azkgt BASHH(ENV-U) AR 73 (ENV-R)
¢ ) (Case B) Case Ci Case | Case DA Case
B =o] (m) 200 209 250 250 250 250
wEaA AA2E 1 10/12/12 10/10/10 10/10/10 10/10/10 10/10/10 10/10/10
/ A& 2 12/12/14 10/10/10 10/10/10 10/10/10 10/10/10 10/10/10
BRI AAE 3 16/12/16 10/10/10 11/10/10 12/10/10 11/10/10 12/10/10
/ QA 2% 4 2,/12/24 14/10/13 19/11/18 20/11/18 19/11/18 20/11/18
SH-E A AATE 5 16/12/16 10/10/10 11/10/10 12/10/10 11/10/10 12/10/10
o) AAIE 6 12/12/14 10/10/10 10/10/10 10/10/10 10/10/10 10/10/10
27914 081725 0.68687 0.71826 0.71994 0.71595 0.71994
H]& 71 el G2 e v] & 0.09259 0.09506 0.10611 011245 010611 0.11245
(billion wor) | 7]OA R B & 001541 012052 0.00863 0.00801 0.00319 0.00299
7|l 5] 2-BH] £ 0.04930 010911 0.03233 0.02603 003446 0.02011
2= 7ty LCC 0.97305 1.01155 (186533 0.86643 0.85971 (0.85549
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0.20 g
0.10 ¢ 7% ! -‘n'g“i E-j | i - ..% 7 -
0.00 - i3 S22 40 e e A S e g
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1S doluy] g3, 710 Bu| g A 7MY
84 2o shQl dHvuEEe] wed e e A8
ZA(Case TN gk B¢ (Case IVioll digh 5719
LCC #AALAE #Eok&iﬂ. AAe &g Hijel 5
Fol 7HHoE nuEE HSlt
a8 138 *4741% 2 Wl whE Case I11, VO] 27]
v 2l 27 LOCE ioﬁ—ﬂ itk oA Ut niet
o] Case 1119] A2l H48]4-g=7 3710 LCCe A4
65%9 11.9599elH, Cage VOl A= 217 70%9)
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Hot o] gopA 4 A
sl U] wfio lD} %‘— o wEEe Pdshks Fad
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I 0% o0 RS % 1 65 50 NS R0 4% J0 35 M 2€ 01
Applied Allowable Stress Ratio (%)

a8 13 RS DEUS S B

s EgMate e F7H|E F LCC

® R oIE QY el $71g
Selu) g g9 QEsH Zus AR ]

3 Mol F7|u]&(Life-Cycle Cost: ©]d} LCC) #A4A
ug—@ OI% Al zﬂ 70111]1-5_7131 i}_o]] 2 g_g—}oq
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(2) o
dAMe} 27|HIERG 27 o HAAHo|A T F
7Idl LOCEHA e Lec 3 “—iﬂIOﬂ og F 71
LCC7} 27188 FHAHA A ek F 7o) LCCEY
AAHolct, ol 271§ HHuA A5 2AL 2
Belthe BHoR st Q] vl @A delel] th@
£38Hge] LCC AAAA N Y 20gEE8T Arhe
dlell 5 €gle] 9l

(3) 71 eH=EA A 28 &-2 ol AeiaA P
£ AR LCCAHAAA Y 24¢ 478 A4g &+
Tk oldg WL AR LCC HEEAE
HE 4 ol Al o ARA g8 7hed
Hilolg) & 4 E‘E}

(4) = & 1“-v-°ﬂf\1t

T
%
ot
be
rok
[y
')

'®)
e

7] Wi LCCEAAA A
Ao F28 FEE vAE AE #IE 5 Ut

4w

2o EE

AL (2003) 2] HadAeh Ax4Q1 fAdel g )%
LCCEA 71 3 AlzmlZpd 1ARd W 3iA],

AR/ AREA71 23 H2000) =g F847 o
oA ARKVlsed AR, BR-2000-
R1-37.

72001 DAl A7 71

AINEATU(1999) = SRHIE B4 B ERAA

AT, HEEIA,
AEHES] =2 wERE(2000) EEWEAYE
MESEAAAPIRER(2002) E2IRIRIA: AJEE-RX]
HapgAl dAAEL

MEEENTAAHTR ER(2002) E2delae]s AEERA
HpgAL AAAA,

o]3RI2000) o] Life-Cycle Cost
T e

Ol"‘:” A (1997) wEAlmEe]l Fo)9h AP a0l wE

S AN, AFEA, pp.97-09.

ﬂ%(1998 ) 7Hd8mel ARdA =2 a3W(CAOD-sh) g
RIS AT B,

S RER(1997) néExe] Yust Tgalel] ) A
FHERTA,

Albrecht, P{1983) SN Fatigue Reliability Analysis of
Highway Bridges, Probabilistic Fracture Mechanics
and Fatigue Methods: Application for Structural
Design and Maintenance, ASTM STP 798.

Albrecht, P. and Naeemi, A.H.(1984} Performance of
Weathering Steel in Bridges National Cooperative
Highway Research, Report 272.

Ang, A H-S.. and Tang, W. H.(1984) Probability
Concepts in Engineering Planning and Design, Vol |
and 11, John Wiley, 1984.

Berthelot, C. F., Sparks, G. A., Blomme, T., Kajner,
L., and Nickeson, M.(1996) Mechanistic-probabilistic
vehicle operating cost model, Jownal of Trans
-portation Engineering, ASCE 1996.122(5): pp.
337-341.

Cho, H. N., and Lee, K. M., Choi, Y. M.(2004) Life-Cycle
Cost. Effective Optimum Design of Steel.
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