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Abstract

The highway networks of most European and North American countries are completed or close to completion. However, many of their
bridges are aging, and in the United States alone a very significant part of the about 600,000 existing bridges is considered to be deficient and
must be replaced, repaired or upgraded in the short term. The funds available for the maintenance of existing highway bridges are extremely
limited when compared with the huge investment necessary, and must, therefore, be spent wisely. In this paper, a model based on lifetime
functions for predicting the evolution in timd the reliability of deteriorating tidges under maintenance is presented. This model uses the
probability of satisfactory system performance during a specified timevates ameasure of reliability and treats each bridge structure as
a g/stem composed of several components. In this manner, it is possible to predict the structural performance of deteriorating structures in a
probabilistic framework. In addition, the optimum maintenance strategy is identified using as objective the minimization of the present value
of the life-cycle maintenance cost. An existing bridge is analyzed using lifetime functions and its optimum maintenance strategy is found.
© 2005 Published by Elsevier Ltd
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1. Introduction Due to the limited funds available for upgrading s
and maintaining the perforamce of existing bridges at s

The highway networks of most European and North acceptable levels, highway ewcies, governments and s
American countries are completed or close to completion. researchers have tried to develop models that predict;
As a result, highway agencies face a decrease in the neeaptimum strategies to be used in the maintenance planning
for new structures and, on the other hand, a very significantfor existing bridges, keeping them safe and serviceable bys
increase in thenumber of bridges that need to be repaired using the smallest msible imestment. 2
or replaced in the short term. In the United States a very  The current br|dge management systems use visuah
significant part of the existing bridges is considered to be jnspection results to assess bridge safé®16,21]. These
deficient and must be repaired, upgraded or replaced in thesystems are based on component level analysis, disregarding
near future. As a result, in ¢hlast decade, research has qyerall system effects such as redundancy, ductility,
shifted from the dsign of new bridges to the assessment zpq component reliability iportance. It has long been s
of existing bridges and prediction of their performance recognized that several relidity measures (e.g., reliability 2
deterioration. index and probability of survival) are consistent and
invariant indicators of structural safety. The reliability index 2
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The deterioration of a bridge depends on several defined as follows: 52

parameters (e.g., environmental conditions, traffic volume, {0 if the system hasdiled @

and quality of workmanship) that cannot be accurately ¢(X) = 1 if the system is finctioning

predicted. Consequently, bridge deterioration must be

modeled in a probabilistic manner, using random variables wherex = vector containing thetate of each component. =
for the parameters defining the deterioration process. To Structures modeled as seviand parallel sysems are s
keep the reliability of a bridge above a minimum target sd&e when all and at least one of their components ares
level during a specified period of time, maintenance actions safe, respctively. For these systems, the associated structure

53

must usually be applied. In geral, these actions reduce functions are, respectively, defined as: 58
the rate of increase of the cumulative time system failure n

probability [5]. Several maintenance strategies satisfying ¢x) = min(xy, xo, ..., Xn) = Hxi (3)

the alve requiements are possible. In general, the cost i—1 59

of each feasible maintenance strategy is different from the n
others. The optimum maintenance strategy, associated withg (X) = max(Xg, X2, ..., Xp) =1 — l_[(l = X). (4)
minimum present value of cumulative cost, must be found. i=1

Most decisions in bridge maintenance must to be made A coherent systemil[7] is asystem that will not upgrade e
with a binary type of information based on visual inspections it 3 omponent degrades (i.€:(x) is non-decreasing in). e
where defects are found or not found. To be able 10 For a given sticture, modeled as a coherent system, thes
correctly assess and preditie performance of existing  associated structure function can be obtained by modeling:
structues using only this information, the performance must the gstem as series of parallel components. This systems
beindicated using the probability of occurrence of a defect can pe successively reduced by using EGs.and @) to
rather than a continuous damage model. This approach isy gngle equivalent component whose structure function ise
less accurate than the continuous damage model approachyefined in terms of all components. However, the state ofs
but can be implemented using the information currently each component can only be expressed in probabilistic terms

60

avalable on most structures. o _ by considering components dedid by their probabilities of 7
In this paper, a model based on lifetime functions gyryival. 7
for predicting the evolution in time of the reliability So far, components and system performance have only:

of deteriorating bridges under maintenance is presented.peen considered at a particular point in time. However, dues
This model uses the probability of satisfactory system to material deterioration and/or increase in environmentake
performance during a specified time interval as a measureand/or mechanical loadings the reliability of a structure
of reliability and treats each bridge structure as a or component under no maintenance is a non-increasing
system composed of several components. In this manner,fynction of time, called the survivor functiors(t). This =
it is possible to predict the structural performance of js g particular type of lifetime distribution function that 7
deteriorating structures in a probabilistic framework. In j,cludes also the hazard function and the mean residuab
addition, the optimum maintenance strategy is identified e function, among others. In this study, two survivor s
using as objective the minimization of the present value fynctions are considered: Weibull and exponential powers:
of the life-cycle maintenance cost. An existing bridge These non-increasing functions are 1 and @ at 0 and &
is analyzed using lifetime functions and its optimum ¢ _, o resgectively. Figs. 1and2 show the efécts of the s
maintenance strategy is found. Probabilistic approaches ton mper of independent componts, each characterized by s
deteriorating and/or maintenance of existing structures canthe ame survivor function (i.e., exponential power function s

also be found in3,20,4.8]. with a failure ratex of 0.005/year), on the survivor function e
of a series and a parallel system up to 10 componentsy

\ o respectively, considering a lifetime of 75 years. 88

2. System reliability and reliability importance based on The survivor functions of a series—parallel system ofss
lifetime functions four components with different exponential power survivor s

functions ¢ = 0.005/year for components 2, 3, and, 4 and «

The safety of a structural system can be analyzed based\ varyingfrom 0.00Y)/year to 0.0Yyear for component 1), <
on the reliability of its components and their role in various analyzed over a lifetime pied of 75 years, are shown in
failure modes. According to Leemislf], the gate of a Fig. 3. As expected, a change in the survivor function of s

componenty;, is assumed to be binary, as follows: component 1 leads to a significant change in the systers
. . survivorfunction. Additional examples on the effects of the «

0 if component has fédled . i . :
X =14 if component is functioning (1) parameters of exponential and Weibull survivor functions ares
provided in [25,26]. o8
The collection of the states of all components forms the  In general, the components of a structural system have
system ector,x = (X1, X2, ..., Xn). Ba®d on the state of  differentimpacts on the overall system reliability. Accordingieo

all components of a system, the structure functidd [is to Leemis [L7], “the component with the largest reliability 101
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Fig. 1. Effect of number of components on cumulative-time failure

probability of series systems.
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Fig. 2. Effect of number of components on cumulative-time failure
probability of parallel systems.
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Fig. 3. Effect of failure rate of component 1 on cumulative-time failure
probability of a four-component system.

importance is that component for which an increase in
its reliability corresponds to the largest increase in the
system reliability”. Consequently, the reliability importance
of component, I, (i), is & fdlows [17]:

or(p)
p;

(i) = ®)

1.0

0.9 a

0.8 -1
0.7 -1
0.6 —
0.5 -
0.4 -

0.3 -
1(3) = 1(4)

0.2

Normalized Reliability Importance Factor, 1,(i)

0.0 1 1 ! ! 1 1 1 1 !
01 02 03 04 05 06 07 08

Component Failure Probability, Pf'

Fig. 4. Normalized reliability impdance factors for a four-component
system versus component failure probability.

wherer (p) = system reliability andp; = probability of 6

failure of componeni. 7
This factor can be normalized as followasl]: 8
4 Ir (i)
I°0) = —— (6)
> (i) .
i=1

where Iro(i) = nomdized reliability importance factor 1
of component, varying from 0 (not relevant to system u
reliability) to 1 (only relevant component to system i
reliability), and n number of components. Since the i
system reliability is time dependent so are the reliability 1.
importance factord, (i) and12(). 15

In Fig. 4 the normalized reliability importance factor i
19(i) of each of the four components of the series—parallek;
system aalyzed inFig. 3is shown for different probabilities s
of failure of the iso-reliabilitycomponents. As expected, 1
component 1, due to its critical function in the system, hasx
the highest reliability importance factor over all the range of
component failure proltmlities consdered.

In most cases, the failure rate of a component is nots
known a priori and, as a result, it must be treated as a random
variable. To illustrate the effect of randomness of the failure s
rate on the survivor function of a systeffig. 5 shows the
ewlution in time of the probability of survival of the four-
component system defined Kig. 3 considering the same 2
random failure rates for all components defined by a uniformes
distribution varying from 0.00413ear to 0.00588year. As
shown, the rage of possible values of the system survival s
probability depads on the randomness of the failure rate of »
components.
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3. Preventiveand essential maintenance models 3

As previously indicated, the reliability of a structure can s
be kept above a specified threshold by applying maintenance
actions. These actions can be divided in two major groupss:
(i) preventive actions; and (ii) essential actions. Preventives
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saies—parallel system considegimandom failure rates of components. ) ) )
Fig. 6. Effect of proactive maintenance on a three-component

series—prallel system.
maintenance actions (such as painting, silane treatment, and

cathodic protection) are defined as scheduled maintenance
actions applied to functioning components. The justification
for preventive maintenance action is that if not undertaken

An example of the effect of proactive maintenance onss
cumulative-time system failure probability is shown in s
o . Fig. nsiderin hree-component series—parallel ey
it will require more funds at a later stage to keep the 9 6 co sde._ gat ee-compone tseries—paralie syste
with a probability of survival of each component described ss

component from becoming critica®,B]. Preventive actions : : . ;
: . . by an exponential function. Both proactive maintenance ands
applied to non-deteriorated components are designated as

proactive and their objective ito deay the time of damage (° maintenanc_e_ s_trate_gies are considered. In this example,

initiation [13]. Preventive miatenance actins applied to Fhe damage initiation time of both compongnts and system;

deteriorated components agdlenoted as reactive, and they is extended fromto e 15 years .(no mamtenance) FO *
) L . . g = 27 years (under eight preventive maintenance actionss

aim at eliminating or reducing the effects of the deterioration applied every three years; = 3 years, to all components)

process. Several maintenance models in a probabilistic P y yeart, y ' P -

context were developed by Frangopol et alQ|[ Bris . . .

et al. [1], Kobbacy and Jeorif], and Lam and ZhangL§], 3.2. Reactive preventive maintenance “

among others. In this section, both preventive and essential

maintenance models are briefly summarized. Additional [N this study, the reactive maintenance model proposeds

information & provided in 4] and 26]. by Kececioglu 13] is used. Thismodel considers that, if

reactive maintenance is applied at regular time inter¥gls,
3.1. Proactive preventive maintenance the suwivor function is as follows 13,26]: 49

S, = [S(tp)]' S(v) (9)

Due to the laclof data on proactive maintenance models, ) _ i

expert judgment is generally used to define the effect of WNere & = suvivor function under no maintenance, s
applying this type of maintenance. In this study, it is Sp(_t) = suvwor_ function und_er re_actlve preventive s
assumed that each proactive maintenance action (appliedh@irenance at timet, t, = time interval between s

f applications of reactiverpventive maintenancg¢,= number s

before damage initiation) postpones the initial time o o ) ) .
of applications of reactive pventive maintenances before s

damage initiation under no maintenanieto [26]:

timet, andt = time since last application. 56

to = to+i . (7) An example of the effect of reactive preventive s
2 maintenance is presented Kig. 7. In this figure each s

wheretg; = time of damage initiation consideringroactive component of the deteriorating two-component parallelss
maintenance actions, antg}j = time interval between  system is subjected to reactive méenance at differenttime

maintenance actions. In order to compute the number intervals,tp,. The survivor function of each independent «
of proactive maintenancactions necessary to obtain a component is ex-0.01t). As shownin this figure, the
specified value oftg, the fdlowing constraint must be  effect of each reactive preventive maintenance action iss
satisfied: to reduce the slope of the cumulative survival function to e
ot <t ) its ir_1itia_| value (att = 0). As ex_pgcted, more frequ_ent 6

P (-1 applications lead to higher probabilities of system survival. e
wheretpi_1) = time of damage initiation considering- 1 If reactive preventive maintenance is applied only toe
proactive maintenance actions. sane components of a system (e.g., two out of foures
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2 08 S 03 (e) Reactive Maint. on Components 1, 2
a o (f) Reactive Maint. on Components 1, 3
S 07 o (g) Reactive Maint. on Components 2, 3
> = (h) Reactive Maint. on All Components
& ©
a 06 100 years L S(t) of Each Comp. = exp(—0.0051)
£ 0.2 | Reactive Maintenance Interval (b) or (c) (a)
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0.0 - . ! y
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Time (years) Fig. 8. Cumulative-time system failure probability of a three-component

saies—parallel system under reactive maintenance applied to one, several,
Fig. 7. Cumulative-time system survivor probability of a two-component or all components.
parallel system under reactive mairaee applied to both components at
different time intervals.

101

T T T T E|
. . . ) . S(t) of Each Compenent = exp(-it)| 7
girders), Eq. 9) is no longer valid and reliability importance 10 )= 0.0005/year E
. . . . e = -10 ]
factors must be taken under consideration as indicated by % 1o-¢ Pi0)=10 |
Yang [24]. As an examplekig. 8 shows the redts obtaned . ot EM 3
considering that one, several, or all the three deteriorating 3
components, characterized by the survivor funct®n= o 10® E
exp(—0.00%), of a seies—parallel system are under cyclic 2 15+ 1
reactive preventive maintenance at five years’ interval. 't , 3
. . 10~ -
Component 3, being the most important, has the largest *3
effect on the cumulative-time system failure probability. @10 ey £ssentil Main. of Component 1 .
_o [ EM_:Essential Main. of Component 2 3
3 3 Essentlal maintenance 10 EM:Essential Main. of Components 1,2,3 '§
10-10 | \ l | | 1 ]
0 10 20 30 40 50 60 70 80

Essential maintenance actions are applied to failed or Time (years)

close to failure components. Since it is desirable to repair _ _ . .

. Fig. 9. System failure probability of a three-component series—parallel
or replace such components as soon as possible, S”Cstuem under essential maintenance
maintenance actions cannot be scheduled a priori. In this
work the only essential maintenance action considered
is replacement of one, several, or all components of a
system, resulting in the restoration of the condition of such
components to their initial values (at= 0).

The three-component system showrFig. 9is used to
explain the essential maintenance model. Each component4, Optimization and data on lifetime functions 30
has an exponential survivor function. It is assumed that all
three components are independent and their failure rate is  The methodology used for optimizing the essentialuo
0.0009year. The survivor function under no maintenance maintenance strategies is adapted from that proposed by
of the three-component systemFig. 9is indicated in R5]. Estes and Frangopo¥]; It consists of the following nine
If essential maintenance is performed on one, several,steps: I
or all components, the survivor function of the system
depends on the time since m@nance was last applied to (a) Construct a system model of the overall structure as.

each component of a series—parallel system, an optimura
mairtenance strategy is formulated next and applied to an-
exiging bridge. 38

actions considered iRig. 9 are replacement of component and establish a time horizon for the system; a6
40 years, respectively. As indicated Fig. 9, replacement component; _ _ _ 48
of components 1 or 2 causes a relatively small reduction in (¢) Compute the survivor function under no maintenance for
the system failure probability. the systen model considered in step (a); 50

Based on a extensdn of the essential maintenance (d) Establish a system rellablllty threshold, at which s
model presented in this section, using survivor functions for ~ maintenance must be applied; 52
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Fig. 11. Cumulative probability of occurrence of severity 4 defect in: (a)

Fig. 10. Cumulative probability of occurrence of severity 3 defect in: (a
9 P vy vy @ slabs, andk)) beams.

slabs, andk)) beams.

service life for severity 3 and 4 defects provided i8]| 2
Figs. 10and 11 show the cumulative-time probabilities of 2
) . — N the first recorded defect forifterent types of slabs and
(f) Determine & malntenance ;trateggs (ie., gomb|nqt|on beams. The Weibull distribution has been shown to properly-

of several maintenance actions during the time horizon); model aging and to analytically derive the conditional z

(9) Compute the system survivor function for each onaiity density function of the residual lifetime when 2

(e) Determine all possible antenance actions and their
associated costs;

maintenance strategy; o the curent age is provided2@. As indicated inFigs. 10 s
(h) Compute the present values of lifetime cost for each gnq 11 for severity 3 and 4 defects, respectively, there iss:
_ maintenance strategy; and o significant dispersion of the probabilities of occurrence of z
(i) Determine the optimum $ation based on the minimum e same severity defect among different types of elements
present value of lifetime cost. and materials. w

In this study, data compiled by Maunsell§ for the
saviceable life of highway strctures and their components 5. Colorado state highway bridge E-17-AH 3
is used. The service life is defined as the time taken for
a spnificant defect to be recorded by an inspector. The As existing bridge located in Colorado, analyzed s
severity of a dedct is classified as followslB]: Severity 1.: previously by a system reliability index approacH],[ is 37
no significant defects; Severity 2: minor defects of a non- presented herein as a case study example using the lifetime
urgent nature; Severity 3: defects which shall be included for function approach. Bridge E-17-AH is located on 40th s
attention within the next annual maintenance program; and Avenue (State Highway 33) between Madison and Gardfieldo
Severity 4: the defect is sevemad urgent action is needed.  Streets in Denver, Coloraddhe bridge has three simple «

Data on the lifetime functions corresponding to each of spans of qual length (13.3 m) and a total length of 42.1 m. 4
these severities is reported ibg for different components  The deck consists of a 22.9 cm layer of reinforced concretes
of the most common types of highway bridges. As an and a 7.6 cm surface layer of asphalt. The east—west bridge
exampe, using the Weibull distribution parameters of has two lanes of traffic in each direction with an averages
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daily traffic of 8,500 vehicles. The roadway width is 12.18 m  Bridge System |
with 1.51 m pedestrian sidewalks and handrailing on each @2 (@3 G4 ) (@8
side. The bridge offers 6.8 m of clearance for the railroad _® % % @
spur that runs underneath. There is no skew or curvature.

The slab is supported by nine standard-rolled, compact, and L[@

non-composite steel girders. The girders are stiffed by end

diaphragms and intermediate diaphragms at the third points.

Each girder is supported at one end by a fixed bearing and grigge system 11

an expansjon bearing_ at the othe.r end. The glevation and @) @) @ @G @)
cross-section of this nine-girder bridge are indicatedin [ —®{ @ @ % @

and P5]. A comprehensive description of this bridge can be

found in [6]. L[@]—I:
In this study, failure of a component is defined as @

occurrence of a defect of waity 4 since this type

of defect is relevant enough to justify the application gridge system Il
of essential maintenance teims. No distinction is made
among different sources of structural defects. As a result,
the defects considered include those caused by corrosion,
excessive loadingpr fatigue, among other sources. Studies
considering defects due to various causes including fatigue
and corrosion in a probabilistic context can be found in
[27,4], and [L9].

Weibull functions are adopted to model the probability
of defect occurrence as they are the best fit of the data
summarized in 8. The occurrence of the defects in the
reinforced concrete slab deck and steel girders of the bridge
E-17-AH is modeled by a Weibull distribution with the shape considered for this bridge as well as the associated costs ake

Fig. 12. System models for bridge E-17-AH.

and scale parametersand A as follows [L§]: slab deck  presented iffable 1[7]. 57

(k = 2.37 andr = 0.0077/year) and girdersi( = 2.86

andx = 0.0106/year). Table 1

Due to redundancy in multi-gder bridge types, single- Maintenance actions anbdir associated costg][

girder failure does not cause bridge failure. If one girder paintenance Maintenance Cost

fails, load redistribution takes place and, usually, the overall identification action (1996 US$)

bridge is capable of carrying additional loads. Multi-girder (1) @ ®3)

bridges can be modeled, in system reliability analysis, as ; Replace deck $225.600

a combination of series and parallel components. For the 2 Replace exterior girders $229,200

bridge analyzed, the following failure modes are considered: 3 Replace deck and exterior girders $341,800
Replace superstructure $487,100

(i) failure of any external girder or any two adjacent internal
girders or deck failure caustne bridge failure; (ii) any

two adjacent girder failures or deck failure cause the bridge . . . .
) g 9 In order to obtain the optimum maintenance strategy, itss

failure; (iii) any three adjacent girder failures or deck failure is necessary to establish the minimum acceptable svstem
cause the bridge failure. These system models, denoted by y b Y

. - . probéahility of occurrence of a defect of severity 4. In this e
I, 1l, and Ill, respectively, are shown ifig.12. In this . . -
; . . study, this minimum acceptable system probability levels:
figure, the failure function D corresponds to the occurrence

. . . . is assume to be 102 and the target service life is 75 e
of a seveNiggd dgject in the decnd the dilure functions . years. All possible combinations of maintenance actions are:
Gl G2, ...,G9correspond to the occurrence of a severity

considered in order to increase the service life to 75 years:

t4h defect in glrde;s |GJ.‘G2’ ...,.Gt9,dre.st|;ect|o\l/.(;:fly. E?(I:h Olf ¢ with the target system probability of 18. 65
€ proposed models IS assocliated with a ditierent 1evel o For comparing funds spent at different times the presents
acceptable damage. This level increases from model | to 11l value of cost o

Consequently, models 11l and | are associated with the least

and most frequent applications of maintenance, respectively.Cpy = ——
The choice of the most adequate system model must be, (14wt
in each situation, made by the bridge owner, considering must be used, wher€py = present value of maintenance
the available funds, and the importance and redundancy of cost,C = cost of maintenance action at time of application, 7
the structure, amongther factors. The maintenance options v = discount rate of money, artd= time of application of =

(10)

68
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maintenance. Historically, discount rates oscillate between |Time Horizon
2% and 8%22]. In this study discount rates of 0, 2, 4, 6, and FH $176.481 (12:19) Tﬂ%‘;“’“”’" Strategy
8% are used. The optimization procedure is described next | 24years 'LLWSW (218) —
for a discount rate of 2%. However, results are provided for =l System |
all values of discount rate considered. T ez
. . ) " r——=——- $407.841 (12-24-26)
For case | (sed-ig. 12), system failure is defined as a 3 12 ca00670 (1224-28)

severity 4 defect being found in the deck, or in an external 36 years 3 8 | sa7e.885 (12-24.32)
girder, or in any two adjacent interior girders. As a result, 3 4 es70201 (12:2436)
the deck and the exterior girders have a very significant % 1 5679,943 (12:24-36-39)
reliability importance. From all systems iRig. 12 system ) 4Byem= : = : 2 detimaiizonins
| is the less redundant and, as a result, the one for which § l l l 1 §736.457 (12:24.36-48)
essential maintenance is necessary sodner2 years). In S ’ 2 ’ : ’ : il it
Fig. 13, the fur possible maintenance actions (1, 2, 3, and £ _—
4 in Table ) at year 12 are compared in terms of lifetime @ | soyeas| |, |, | 4o eaees
extension and present value of cost using a discount rate Coa 4 4saea;i‘;::::::j?“m
of money ofv = 2%. Comparing the present value of (s 4 08 . 4
cost of each maintenance option per year of increase of T P R TP Wi ol
service life (i.e., the cost effectiveness) the optimum action 72 years|' ' ' ' $964,045 (12-24-36-46-60-56)
at timet = 12 years is replacement of deck and exterior _ 5

. . . . . $1,028,093 (12-24-36-48-60-72)
girders (maintenance action 3). After applying maintenance A TR SUNU- SN TS i
action 3 at year 12, a second maintenance action must be $1,072,028 (12-24-36-48-60-73)
applied at year 24. At this time the interior girders are myem'l 2 ;wezl:m“:‘24_36%_60_72_74)
more deteriorated than the other components and must be —_ 4 03 L 4 L 03 42
replaced. As a result, at= 24 years, maintenance action 4 $1,083,174 (12-24-36-48-60-72-76)
(replacement of superstructure) is chosen. The replacemen ! 150 250 GIO 450 550 GIO 750 8%0
of all components leads to a repetition of the lifetime Time (years)

function observed in the first 24 yeafsd. 14). As a result,

28
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51
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53

54

55

56

cydic maintenance Composed of action 3 followed by action Fig. 13. Optimization of maintenance strategy for bridge system I.

4 is appied until year 72. At this time a less expensive
mairtenance action (action 2 iffable ] is sutable to

extend the service life beyond the time horizon (75 years).
The resulting system probability of occurrence of defect 4

associated with the optimum maintenance strategy 3@12, o~

4@24,3@36,4@48, 3@60, and 2@72 (Where 3@12 means 2
maintenance action 3 applied at year 12) is showhim 14.
The present value of the maintenance cost associated with
this strategy, considering 2% discount rate, is $1,083,174
(1996 US$).

Forcase Il inFig. 12, system fdure is defired as finding
a ewerity 4 defect in the deck or in any two adjacent girders.
In this system model no distinction between interior girders
and exterior girders is made. This system is more redundant
than system | and, as a restuhg first maintenance action

System Probabi

is applied later and the time interval between maintenanceFig. 14. System probability of occurrence of severity defect 4 under

10-10L

100g
10-‘;-
1cr2:
10—3;
104;-

1075

108

109k

sond vl vvod vod o ol Nl

0

60 70 80

actions is larger Kig. 15). As indicated inFig. 16, the optimum maintenance strategy for bridge system I.

threshold system probability of 18 is achieved after 18

years (instead of 12 years for system I). At this time, due years occurs. As a result, a cycle composed by maintenance
to the higher reliability importance of the deck, maintenance action 1 followed by action 4 is repeated until the servicess
option 1 (replacement of thdeck) is optimum. At year life is greater or gual to the time horizon of 75 years (see s
28 a second essential maintenance action must be appliedFig. 15).

As for case |, the girders aneow more deteriorated and

60

Finally, for case lll, system failure is defined as finding e

must be replaced. Since tleeis no distinction between  a swerity 4 defect in the deck or in any three adjacente:

interior and exterior girders for the reliability of this system, girders. For this system model, analyzed28][ the results
maintenance option 4 (replace superstructure) is optimumare presented iRigs. 17and18.

In Table 2 thepresent values of optimum lifetime cost of
repetition of the lifetime function observed in the first 28 the three system modelshig. 12 are presented considering

at this time. As all components are repairddg(16), a

63

64

65

66
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Table 2
Comparison of optimum costs for different bridge system models and discount rates
Bridge system model Optimum lifiene maintenance cost (1996 US$)
v =0% v=2% v=4% v =6% v =38%
(1) e 3 4 (5) (6)
| 2,228,800 1,083,174 601,910 370,528 245,476
Il 1,651,000 739,098 375,560 209,997 125,682
1] 1,163,900 526,453 268,039 149,320 88,949
8 SeeFigs. 13and14.
b SeeFigs. 15and16.
€ SeeFigs. 17and18.
TIME HORIZON TIME HORIZON = Optimum Strategy
] §157,643 (18-28) —— Optimum Strategy || ] $156,000 (19-36) v=0.02
2 ) =0. 2
| “$160,159 (No Change) v=002 | $158.581 (No Change) System Il
28 years 36 years a ystem
|;| $238,841 (18-30) System Il | +——————| $236,488 (19-37)
L% | $340373 (18-36) L& |s37.019(19:87)
—|;H $286,966 (18-28-29) 1 ! | $266,903 (19-36-44)
(2]
w |46years I;|—3| $353,576 (18-28-33) g s5years| T ! } 2 | $323,981(19-36-47)
c
£ —_ -] | $436,867 (18-28-46) o Cl : t 1 { $395,351 (19-36-55)
o
Q —_ 2 1| $507,234 (18-28-46-56) 2 rl ! t 2 1 ! {
? 1 4 3 = $472,022 (19-36-55-72)
T |s6years| | f f | $573,779 (18-28-46-56) °° 72years| | 1 , 4 , 3 |
o 1 T T 1
@ s (18284569) §511,513 (19-06-55-72)
1 L s —— . : —
| - 4 | H $601,366 (18-28-46-56-57) $560,893 (19-36-55-73)
7ayears| 1 : — Boyears | L . : —
$639,081 (18-28-46-56-61) $526 453 (19-36-55-72-60)
— - — - : e |
$667.296 (18-28-46-56-74) | } ! : f f f f
84 years [ p | 4 TR S— 4 —— 10 20 30 40 50 60 70 80
$739,098 (18-28-46-56-74-84) Time (years)
| Il Il ] ] ] |
T T T T 1 1 1 1 H H H H H
10 pa 30 40 50 50 70 80 Fig. 17. Optimization of maintenance strategy for bridge system III.

Time (years)

Fig. 15. Optimization of maintenance strategy for bridge system II.

100 g T T T T E
10° T T T T T T T E ]
E E 0 E
3 E E ystem Il E
-1 System || - E E
101 o :
-2 L E — E 3
1072 . O oo =
= 103k g = E 3
T OF 3 5 104 =
2 E E g E E
7 107E 2 o 105f 3
© E 3 o E
o —5 [ b 3
o 1w E E 10 3
= 3 2 E
3 % E E
5 106 E & 107 - -
[ - b o =
@ ok E 108 E
108 - 10k 3
102 F 3 10-10E I I | | I I 1 ]
E 3 0 10 20 30 40 50 60 70 80
10-10 L | - ! ! ! - Time (years)
0 10 20 30 40 50 60 70 80

Fig. 16. System probability of occurrence of severity defect 4 under

Time (years)

optimum maintenance strategy for bridge system II.

discountrates of 0, 2, 4, 6, and 8%. As expected, the increase
in redundancy from system | to lll is accompanied by a significant change in the present values of optimum lifetime 4
significant decrease in cost. It is also noted that there is acost due to the discount rate.

Fig. 18. System probability of occurrence of severity defect 4 under
optimum maintenance strategy for bridge system IIl.
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6. Conclusions Water Maragement is also gratefully acknowledged. Thess
opinions and conclusions presented in this paper are those
In this study, a model for predicting the evolution in ©f the writers and do not necesiareflect the views of the s
time of the reliability of deteriorating structures based on Sponsoring agencies. 5
lifetime functions is presente The approach discussed
in this paper complements that presented26,26]. The
effects of proactive, reactty and essential maintenance
on components and systems are studied and models for
incorporating these effects itné analysis of deteriorating
structures using lifetime functions are discussed.
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