WEo| MOHZI18| S F A

Pl

Bs - 4194
ofFTiEtE FHoE BV LR ETHR
(2010. 7. 15. A<= /2010 11. 29. A H)

Optimal Life Cycle Cost Design of a Bridge
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Abstract : The importance of the life cycle cost (LCC) analysis for bridges has been recognized over the last decade.
However, it is difficult to predict LCC precisely since the costs occurring throughout the service life of the bridge
depend on various parameters such as design, construction, maintenance, and environmental conditions. This paper
presents a methodology for the optimal life cycle cost design of a bridge. Total LCC for the service life is calculated
as the sum of initial cost, damage cost, maintenance cost, repair and rehabilitation cost, user cost, and disposal cost.
The optimization method is applied to design of a bridge structure with minimal cost, in which the objective function
is set to LCC and constraints are formulated on the basis of Korean Bridge Design Code. Initial cost is calculated
based on standard costs of the Korea Construction Price Index and damage cost on damage probabilities to consider
the uncertainty of load and resistance. Repair and rehabilitation cost is determined using load carrying capacity curves
and user cost includes traffic operation costs and time delay costs. The optimal life cycle cost design of a bridge is
performed and the effects of parameters are investigated.
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1. Introduction to bridge structures. However, the concept of design
objective is gradually changing from initial cost to
life cycle cost'™. Thus, the total cost does not only
include initial construction cost but also other costs
that may befall all along the service life of the struc-
fure such as maintenance cost, user cost, and disposal
cost, etc. Accordingly, LCC became to occupy an im-
portant position in the design of structures and various
cost models were developed to take LCC into account
rationally%). However, it is difficult to predict LCC

" To whom correspondence should be addressed. precisely because the cost in the service life depends
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Traditionally, the objective of structural design is
to select member sizes within optimal proportioning
of the overall structural geometry so as to achieve
minimum initial cost design that meets the perfor-
mance requirements specified in the conventional de-
sign code. A number of researchers have made efforts
to develop optimization algorithms that are applicable
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on various parameters such as design, construction,
maintenance, and environmental conditions.

This paper presents a methodology for the optimal
life cycle cost design of a bridge. Total LCC for the
service life is calculated as the sum of initial cost, da-
mage cost, maintenance cost, repair and rehabilitation
cost, user cost, and disposal cost. The optimization
method is applied to the design of a bridge structure
with minimal cost, in which the objective function is
set to LCC and constraints are formulated on the basis
of Korean Standards. Initial cost is calculated based
on standard costs of the Korea Construction Price In-
dex and damage costs calculated from the damage pro-
babilities to consider the uncertainty of load and resis-
tance. Repair and rehabilitation cost is determined
using load carrying capacity curves. The load carry-
ing capacity curves together with the repair and reha-
bilitation histories are derived from bridge diagnostic
results and condition grade curves suggested by the
Korea Infrastructure Safety and Technology Corpora-
tion™*"®, User cost is calculated based on the user
cost model proposed by National Institute of Standard
and Technology”. The types of superstructure consi-
dered in this study are steel box girder, plate girder
and PSC-I girder, and those of substructure are single-
colunmn pier and double-column pier. The optimal life
cycle cost design of a bridge was performed for
various service lives and the effects of parameters
were investigated.

2. Condition grade curves and load
carrying capacity curves

2.1. Condition grade curves
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Fig. 1. Condition grade curves,
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KISTC suggests condition grade curves as shown
in Fig. 1 to estimate the level of damage”. In these
curves, the conditions of the bridge members are
classified into 5 grades. The curves were hypotheti-
cally developed through economic analysis in order
to estimate the Life Cycle Profile of bridge member
conditions and are the result of a regression analysis
using a method similar to Delphi study.

2.2. Load canrying capacity curves

Load carrying capacity curves without repair and
rehabilitation were derived using results of two con-
secutive bridge diagnostics and condition grade curves.
The curves were derived on the assumption that,
under high condition grade, the decline of load carry-
ing capacity curve of the structure is shight and the
slope of the load carrying capacity curve decreases
rapidly as the condition grade decreases. The slope
of the curve can be obtained with data of bridge dia-
gnostics in high condition grade. However, in low
condition grade, the slope cannot be obtained with
data of bridge diagnostics alone, since the structure
generally experiences repair and rehabilitation. There-
fore, in fow level, the slope of load camrying capacity
curve was calculated by using a boundary condition
at the end of service life**'®'". Fig. 2 shows load
carrying capacity curves proposed for superstructure
members and pier without repair or rehabilitation. In
general, the bridge composed of girder, deck and pier
experiences several repairs and rehabilitations through-
out its lifecycle. Therefore, the derivation of load carry-
ing capacity curves considering repair and rehabilita-
tion is complex and needs more maintenance data.

Condition grade below grade C means that the
bridge member has general damage, defect, etc. When
the condition grade reaches grade C, the structural
member has to be repaired in order to prevent addi-
tional and rapid decrease of load carrying capacity.
Proper repair increases its condition grade to grade B
and makes the load carrying capacity and its slope
recover those somewhat corresponding to grade B.
However, the slope of the load carrying capacity after
the repair is just assumed to be identical with the
one at the beginning of grade B since it is difficult
to predict the change in the structural load carrying
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Fig. 2. Load carrying capacity curves,

capacity after repair. In the case of rehabilitation, the
load carrying capacity itself is assumed to be increased
and its slope to be restored to the required level of
capacity. Many alternative scenarios can be made for
maintenance of bridge superstructure including repair
and rehabilitation. In this study, 2 repairs and 1 reha-
bilitation are decided to be the most appropriate plan
in concrete slab, 2 repairs pertinent in steel girder, 1
repairs and 1 rehabilitation in PSC-I girder, and 1

rehabilitation adequate for pier™”.

3. Formulation of optimal design of a
bridge structure

The optimal design problem is formulated as a non-
linear mathematical programming problem'”. In this
paper, various types of bridge structure with span
composition of 4@40m and width of 15.6 m (Fig. 3)
are selected to analyze LCC and evaluate the econo-
mical efficiency. The types of superstructure consi-
dered in this study are steel box girder, plate girder
and PSC-I girder, and those of substructure are single-
column pier and double-column pier. Optimal design
is carried out from concrete deck to pier sequentially.

3.1. Design variables

The first type of superstructure consists of steel
box girders and a concrete deck. The design varia-
bles for the concrete deck are the slab height and
amount of steel reinforcing bars. Those for steel box

Fig. 3. Bridge structure considered for optimal LCC design,
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Fig. 4. Design variables of steel box girder,

girder are the thickness of flange and web, height of
web, and dimensions of stiffeners. These are illustrated
in Fig. 4.

The second type of superstructure consists of ration-
alized plate girders and a precast prestressed concrete
deck. The design variables for the precast prestressed
concrete deck are the slab height, amount of steel
reinforcing bars and amount of prestressing strands.
Those for the plate girder are the thickness of flange
and web and, height of web as shown in Fig. 5.

The last type of superstructure consists of PSC-I
girders and a concrete deck. The design variables for
the concrete deck are the slab height and amount of
steel reinforcing bars. Those for PSC-I girder are the
thickness of flange and web, height of web, and area
of prestressing strands as shown in Fig. 6.
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Fig. 5. Design variables of plate girder.
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Fig. 6. Design variables of PSC—1 girder,
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Two types of substructure such as single-column
pier and double-column pier are considered. The de-
sign variables of concrete pier with single column
and double column are the coping thickness, amount
of reinforcement in coping, diameter of colurm, amount
of reinforcement in column (Fig. 7 and 8).

3.2. Constraints

The design constraints are formulated based on the
ultimate strength design method for concrete mem-
bers, and the allowable stress design method for steel
members. For the optimization of bridge structure,
the behavior and constraints are formulated on the
basis of the Korean Bridge Design Code".

3.3. Life cycle cost function

The objective function is set to the total LCC in-
cluding initial cost, damage cost, maintenance cost,
repair and rehabilitation cost, user cost, and disposal
cost for the whole service life*®. The total costs can
be expressed as follows;

Ct:CI+PD'CD+CM+”'CR+CU+CP (1)
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where €, = total LCC; C; = initial construction cost;
Pp + Cp = damage cost; Cy = maintenance cost; #
Cr = repair and rehabilitation cost; Cy = user cost;
and Cp = disposal cost, n means the pumber of
repair or rehabilitation.

* Initial cost

The initial cost includes cost for design, construc-
tion, management, and performance test before public
use of the bridge. Construction cost is calculated by
the standards of Korea Construction Price Index.
Cost for design, management, and testing is usually
estimated in terms of a percentage of comstruction
cost on the basis of applicable engineering fees and
experience.

Table 1, Construction cost

steel PC tendon  concrete rebar
(dollar/Ton)  (day/Ton) (doll::\r/m3 ) {(day/Ton)
C°“Sc'f)‘;fﬁ°“ 28596 68617 666.0 24575

* Damage cost

The damage cost is estimated as the product of
expected construction cost and damage probability14).
The damage probability is evaluated based on the
limit state models for stress and strength. The limit
state fimctions of bridges can be formulated as follows;

8C) = Fyliow ~ Oreal

@

g0)=9p-M,-M, €))
where O = allowable stress; j* M, = nominal
ultimate strength specified in the code; G.a = stress
due to design load; M, = ultimate strength. In the
evaluation of element reliability, the Advanced First
Order Second Moment method by Hasofer and Lind

is used".

* Maintenance cost

The routine bridge maintenance cost consists of
costs for usual diagnostics, cleaning, and minor repair.
This cost associated with the routine bridge mainte-
nance has been estimated by various methods. In this
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study the maintenance cost is estimated in terms of a
percentage of the initial cost.

* Repair and rehabilitation cost

In this study, 2 repairs (19 year and 32 year) and
1 rehabilitation (45 year or 46 year) are assumed in
concrete slab, 2 repairs (26 year and 45 year) in steel
girder, 1 repairs (24 year) and 1 rehabilitation (46
year) in PSC-I girder, and 1 rehabilitation (32 year)
adequate for pier. The repair and the rehabilitation
costs are estimated from data such as dimension of
members, cost per unit area, and expected period listed
in Table 2.

triction on the use of a bridge may cause additional
vehicle-operating cost due to time delay, detours, raise
of accident rate, etc., which should be included in
the user cost. In this study, user cost is calculated

Table 2, Repair and rehabilitation cost

Repair cost Rehabilitation cost
(doflar/m®) (dollar/m’)
Concrete slab 159.8 2653
Steel box girder 161.6 -
PSC-I girder 1322 368.1
Concrete pier - 391.8

Table 3. Ratio of Vehicle Types

National National highway  Provincial road
Vehicle expressway
type Traffic  Ratio  Traffic  Ratio  Traffic  Ratio
* User .
User cost . ) . . (vehicle/day) (%) (vehicle/day) (%) (vehicle/day) (%)
. The usc?r cost is primarily attributable to the long- Car 25912 562 7610 665 2094 570
time restriction on the use of a bridge for repair, Bus 4814 104 373 33 641 122
ey s . Truck 15394 334 3449 302 161 30.8
rehabilitation, exchange, and reconstruction. The res- s
Table 4. Optimal design for each deck considering LCC
Service life (year) 60 65 70 75 80 85
Initial load carrying capacity 1.75 2.18 292 4.09 5.84 834
Deck for steel box girder Height of deck (cm) 222 243 274 316 36.9 474
Amount of rebar (cmz) 26.7 29.7 34.1 40.1 476 50.0
Initial load carrying capacity 1.74 1.93 2.31 2.98 4.05 567
Deck for plate girder Height of deck (cm} 395 412 44.3 493 56.4 65.8
Amount of rebar (cmz) 526 548 590 657 752 876
Initial load carrying capacity 1.76 2.18 292 4.09 5.84 834
Deck for PSC-I girder Height of deck (cm) 22.0 23 227 26.1 304 355
Amount of rebar (cm’) 162 20.4 269 317 37.8 45.1
Table 5, Optimal design for each girder considering LCC
Service life (year) 60 65 70 75 80 85
Initial load carrying capacity 1.76 1.96 229 2.80 3.54 458
Upper flange width (mm) 2640 2640 2640 2640 2640 2640
e Upper flange thickness {mm) 9.6 9.7 9.9 10.2 10.8 12.0
Bteel hor. girder o max. Height of web (mm) 2500 2500 250 2500 2500 250
P Thickness of web (mm) 120 120 120 120 12.0 120
Lower flange width (mm) 2640 2640 2640 2640 2640 2640
Lower flange thickness (mm) 10.3 11.4 13.1 169 232 333
Initial load carrying capacity 1.82 2.15 2.66 3.40 4.44 5.83
Upper flange width (mm) 500 500 500 500 500 500
. o Upper flange thickness {mm) 152 15.2 152 15.2 152 15.2
Plate g“de;sfng‘ﬁx' positive Height of web (mm) 3000 3000 3000 3000 3000 3000
Thickness of web (mm) 144 144 144 144 14.4 144
Lower flange width (mm) 628 689 783 849 850 1207
Lower flange thickness (mm) 192 21.1 240 29.6 39.8 373
Initial load carrying capacity 281 3.62 4.74 6.28 830 1091
Upper flange width (mm) 600 645 727 823 956 1128
1ot Upper flange thickness {mm) 196 254 331 346 462 614
Pscoiitig‘j?zoﬁe‘;‘f"' Height of web (mm) 1624 1558 1481 1301 1181 1051
P Thickness of web (mm) 200 200 200 200 200 200
Lower flange width (mm) 610 731 894 925 1167 1485
Lower flange thickness (mm) 178 187 187 350 356 334
BHROKHIELS|R|, 257 H|62, 2010 119
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Table 6. Optimal design for each pier considering LCC
Service life (year) 60 65 70 75 80 85
Coping thickness 1 (m) 4.17 4.18 418 418 4.16 4.13
- Coping thickness 2 (m) 2.09 2.09 2.09 2.09 2.08 2.06
Pler (1 col) for steel B Amount of rebar (coping, o) 311 342 389 453 539 666
g Diameter of column (m) 1.75 1.80 1.88 1.98 2.12 2.29
Amount of rebar (column, cm®) 378 400 434 484 554 647
Coping thickness 1 (m) 1.30 142 148 1.56 1.81 2.10
. Coping thickness 2 (m) 0.66 0.71 0.81 0.84 0.96 1.05
Pier i(r?iefoalx't) ;gtrhs:eigisbox Amount of rebar (coping, cm’) 183 187 209 234 257 321
g Diameter of column (m) 1.57 1.59 1.62 1.66 1.72 1.82
Amount of rebar (column, cm?) 432 442 459 484 521 584
Coping thickness 1 (m) 472 4.73 4.73 4.73 472 471
. . Coping thickness 2 (m) 2.36 236 237 237 236 236
Fler (1 col) for plete BIAer 5 ot of rebar (coping, om’) 375 404 448 514 604 720
Diameter of column (m) 1.84 1.89 1.96 2.07 2.21 2.34
Amount of rebar (column, cm”) 418 440 474 527 602 673
Coping thickness 1 (m) 1.69 1.85 1.92 2.03 2.35 2.73
. . Coping thickness 2 (m) 0.86 0.92 1.05 1.09 1.25 37
Fler (2 col) o Bite 8T 5 pyount of rebar (coping, om’) 237 24 21 304 335 417
Diameter of column (m) 1.60 1.62 1.65 1.70 1.77 1.86
Amount of rebar (column, cm?) 451 461 479 507 549 608
Coping thickness 1 (m) 3.67 3.66 3.78 3.63 3.59 3.55
. . Coping thickness 2 (m) 1.84 1.83 1.89 1.81 1.79 177
Ple;r d(elr ca(:l'l))oigr sli)dSeSI Amount of rebar (coping, cm’) 406 440 478 584 702 852
g Diameter of column (m) 1.79 1.83 1.90 2.01 2.16 230
Amount of rebar (column, cm’) 393 412 442 496 572 650
Coping thickness 1 (m) 1.22 1.34 1.39 1.47 1.70 1.97
. . Coping thickness 2 (m) 0.62 0.67 0.76 0.79 0.90 0.99
Fier (& col) for PSCT pmount of rebar (coping, cm’) 172 176 196 20 212 301
g Diameter of column (m) 1.58 1.60 1.62 1.67 1.74 1.83
Amount of rebar (column, cm’) 439 448 463 491 532 588

based on the user cost model proposed by National
Institute of Standard and Technology”. The user cost
expected during the period of repair, rehabilitation,
and exchange is considered in the form of time
delay costs and vehicle-operation cost. However, the
user cost during regular maintenance and management
is ignored since it is small portion of total user cost.
The time values for vehicle types are estimated as
77.3dollar/hr for a bus, 10.3dollar/hr for a car and
10.6dollar/hr for a truck. The used average daily traffic
of each vehicle for road types is shown in Table 3.

+ Disposal cost

Disposal cost is a typical cost generated when a
bridge has reached the end of its service life. This
cost consists of costs for dismantlement, disposal,
and recycling.

4. Result of optimal life cycle cost design

The optimal life cycle cost design of a bridge
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structure was performed for various target service
lives. The results obtained from optimization process
are summarized in Tables 4, 5 and 6.

It is seen in Tables 4 and 5 that for increased tar-
get service life, the initial load carrying capacity as
well as the structural dimension increases. LCC also
increases with larger dimensions of the section. Since
the service life and the LCC increase at the same
time, it is needed to calculate the annual cost for the
evaluation of economical efficiency regard to the ser-
vice life. The annual cost is obtained by dividing the
LCC by the service life.

4.1. Effects of service life on LCC and annual
cost

Life cycle costs for superstructures and substruc-
tures are calculated by sum of initial cost, damage
cost, maintenance cost, repair and rehabilitation cost,
user cost, and disposal cost for the whole service
life. Fig. 9 shows the trend of costs with respect to
the service life for the considered three bridge super-

Joumal of the KOSOS, Vol. 25, No. é, 2010
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structures. The annual cost decreases monotonically
to reach a minimum at the intended service life but
increases for longer period of service, while the total
life cycle cost increases gradually. The annual cost
for PSC-I girder has the smallest value at the small
service lives and ones for steel box girder has at the
large service lives. Fig. 10 shows the trend of annual
costs with respect to the service life for the substruc-
tures corresponding to the considered three superstruc-
tures. As shown in Fig. 9 and 10, the annual cost
with respect to the service life is exhibiting concave
variation from which an optimal service life can be
decided. '

4.2. Effects of superstructure on pier

It is seen in Fig. 10 that the double-column pier
appears to be more economical or cost-cffective than
the single-column pier since the thickness of coping
in the single-column pier is thicker than in double-
column pier. Therefore, double-column pier can be
selected for optimal design.
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4.3. Effects of user costs on LCC

Fig. 11 plots the annual cost of the bridge struc-
ture, which consists of concrete deck, steel box girder,
and double-column pier, for different road system.
The considered road systems are provincial road, na-
tional expressway and national highway systems,
which determine the bridge classifications and subse-
quently its fraffic capacity and service life. The user
costs differ for each road type and decrease monoto-
nically while other costs are same for each road type.
These result shows that the user cost is the important
factor in the optimal design of the bridge considering
life cycle cost. Therefore, the user cost should be
considered more appropriately.

5. Conclusion

This study was performed on optimal LCC design
of a 4@40 m bridge with a number of different types
of superstructure and substructure. The types of super-
structure considered in this study were steel box girder,
plate girder, and PSC-I girder, and those of substruc-
ture were single-column and double-column pier.
The analysis results make it possible to derive the
following conclusions for the design of a bridge con-
sidering LCC.

1) The annual cost for PSC-I girder has the smal-
lest value at the small service lives and ones for
steel box girder has at the large service lives in the
example.

2) Piers being influenced by the dead load of the
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superstructure, the primary factors considered in de-
sign were the span length as a factor influencing the
self-weight of the superstructure, and the distance
between the girders as a factor affecting the thick-
ness of the deck.

3) Optimal design results shows that as the service
life increases, economical efficiency of steel girders
increase compared to PSC-I girder. Since the weight
of PSC-I girder increases rapidly as the service life
increases, initial cost of PSC-I girder also increases
rapidly compared to one of steel girders.

4) To obtain more reliable results for the optimal
design considering life cycle cost, the load carrying
capacity curves should be updated by collecting more
diagnostic data and maintenance histories including
repairs and rehabilitations.
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