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Abstract

The purpose of this paper is to describe and compare two maintenance models for deteriorating civil infrastructures that can be used to

insure an adequate level of reliability at minimal life-cycle cost. These models, referred to Rijkswaterstaat’s model and Frangopol’s model

have been independently developed by the authors of this paper and their associates. The former model has been applied by the Netherlands

Ministry of Transport, Public Works and Water Management (Rijkswaterstaat). It can be used for justification and optimisation of

maintenance measures. The latter model contributed to the further development of the bridge management methodology that has been set up

by the UK Highways Agency.

q 2004 Elsevier Ltd. All rights reserved.

Keywords: Life-cycle costing; Deterioration; Maintenance optimisation; Lifetime extension; Bridge management; Renewal theory; Simulation; Gamma

process

1. Introduction

The purpose of this paper is to describe and compare two

maintenance models for deteriorating civil infrastructures

that can be used to balance structural reliability and life-cycle

cost. These two models are the Rijkswaterstaat’s model and

Frangopol’s model. The former model has been applied for

justification and optimisation of maintenance measures by

the Netherlands Ministry of Transport, Public Works and

Water Management (Rijkswaterstaat); detailed information

on this model can be found in Refs. [1,2]. The latter model

contributed to the further development of the bridge

management methodology that has been set up by the UK

Highways Agency [3–5]; additional information on this

model can be found in Refs. [6–10,35]. Both models can be

applied to determine the best maintenance strategy to insure

an adequate level of reliability at minimal life-cycle cost.

These two models have been presented and discussed during

the workshop on Optimal Maintenance of Structures [11].

The outline of this paper is as follows. The two

maintenance models are described in Section 2. The actual

comparison of the condition-based maintenance model of

Rijkswaterstaat and the reliability-based maintenance

model of Frangopol is presented in Section 3. Finally,

conclusions are given in Section 4.

2. Maintenance models

Civil infrastructure systems are deteriorating with time.

Designing these systems for a particular service life and

maintaining them in a safe condition during their entire

service life have been recognised as very critical issues

worldwide. According to Ref. [12] there are two types of

maintenance work: preventive maintenance which if it is not

done it will cost more at a later stage to keep the structure in

a safe condition, and essential maintenance which is

required to keep the structure safe. Whilst it is easy to
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defend essential maintenance work on safety grounds, since

failure consequences are in general extremely large,

preventive treatments are more difficult to justify.

Engineering judgment or best practice is usually put forward

as reasons for undertaking such work. Some have

questioned as whether some types of preventive work,

including both proactive preventive maintenance

(i.e. applied before any indication of deterioration is

apparent) and reactive preventive maintenance (i.e. applied

only after some deterioration is evidenced) are necessary at

all. There is an urgent need, therefore, to justify

preventive work in a rational manner [4]. For highway

bridges, some of the preventive maintenances currently in

practice include cathodic protection, silane treatment,

painting of steelwork, and concrete patch repairs. Many

engineers believe that these preventive measures are

worthwhile in the long term, but cannot defend this

viewpoint on a reliability basis. This is simply because

this basis does not exist. For this reason, a reliability-based

approach has to be developed and used to identify optimal

preventive maintenance strategies based on lifetime

reliability and life-cycle costs for different civil infrastruc-

ture systems. The use of condition-based and reliability-

based maintenance optimisation models is therefore of

considerable interest for optimum life-cycle maintenance of

deteriorating civil infrastructures.

2.1. Condition-based maintenance model

2.1.1. Maintenance

The area of optimising maintenance through mathe-

matical models was founded in the early sixties. This

pioneering work is summarised in Refs. [13,14]. The

interest in maintenance optimisation had been brought

about by the high cost of military-industrial equipment such

as jet airliners, electronic computers, and ballistic missiles,

among others. A well-known model of this period is the age

replacement model. The age replacement strategy involves

replacement upon failure or upon reaching a predetermined

age, whichever occurs first. The predetermined age in an age

replacement strategy is called the age replacement interval.

According to Refs. [15,16], the age replacement model is

one of the maintenance optimisation models that has been

applied most.

As a basis for optimising maintenance, Rijkswaterstaat

implemented the age replacement model with discounted cost.

The criterion of expected discounted cost (net present value)

over an unbounded horizon is used for comparing mainten-

ance decisions (for arguments on whether to use a bounded or

unbounded horizon, see Section 3.4). By using this criterion,

the cost of preventive maintenance can be balanced against the

cost of corrective (also called essential in Frangopol’s model)

maintenance. For a discussion about which cost-based

criterion can best be used, we refer to Ref. [17].

The maintenance of structures can often be modelled as

a (discrete) renewal process ([18], chapters 12–13; [19],

chapter 3), whereby the renewals are the maintenance

actions that bring a component back into its original

condition or ‘as good as new state’. After each renewal we

start, in statistical sense, all over again. A discrete renewal

process {NðnÞ; n ¼ 1; 2; 3;…} is a non-negative integer-

valued stochastic process that registers the successive

renewals in the time interval ð0; n�: Let the renewal times

T1; T2;…; be non-negative, independent, identically

distributed, random quantities having the discrete prob-

ability function Pr{Tk ¼ i} ¼ pi; i ¼ 1; 2; 3;…; where pi

represents the probability of a renewal in unit time i: We

denote the cost associated with a renewal in unit time i by

ci; i ¼ 1; 2; 3;… In mathematical terms, the (present)

discounted value of the cost ci in unit time i is defined to

be aici with a ¼ ½1 þ ðr=100Þ�21 the discount factor

per unit time and r the discount rate per unit time,

where r . 0:

The expected discounted cost over a bounded time

horizon can be obtained with a recursive formula. To obtain

this equation, we condition on the values of the first renewal

time T1 and apply the law of total probability. The cost

associated with occurrence of the event T1 ¼ i is ci plus the

additional expected discounted cost during the interval

ði; n�; i ¼ 1;…; n: Hence, the expected discounted cost over

the bounded horizon ð0; n�; denoted by EðKðn;aÞÞ; can be

written as

EðKðn;aÞÞ ¼
Xn

i¼1

aipi½ci þ EðKðn 2 i;aÞÞ�;

n ¼ 1; 2; 3;…; Kð0;aÞ ; 0:

ð1Þ

By using discrete-time renewal theory ([18], chapter 13),

the expected discounted cost over an unbounded horizon

can be written as [20]

lim
n!1

EðKðn;aÞÞ ¼

X1

i¼1
aicipi

1 2
X1

i¼1
aipi

: ð2Þ

For cost-optimal investment decisions, we are interested in

finding an optimum balance between the initial cost of

investment and the future cost of maintenance, being the

area of life-cycle costing. In this situation, the monetary

losses over an unbounded horizon are the sum of the initial

cost of investment c0 and the expected discounted future

cost in Eq. (2). A similar result can be obtained for

continuous-time renewal processes [21].

2.1.2. Deterioration

In the condition-based maintenance model of Rijkswa-

terstaat, ageing has been modelled in three ways with

increasing complexity:

1. Lifetime model on the basis of the probability

distribution of the lifetime or time of failure.
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2. Deterioration model on the basis of the stochastic process

of deterioration, where failure is defined as the event in

which—due to deterioration—the condition (resistance)

drops below the failure level (load). It is assumed that the

expected deterioration at time t can be described using a

power law; that is, the expected deterioration at time t

can be written as atb for a; b . 0:

3. Deterioration and lifetime-extension model on the basis

of the stochastic process of deterioration combined with

lifetime extension, where failure is defined as the event in

which the condition drops below the failure level.

The deterioration process with lifetime extension has

been approximated by a deterioration process without

lifetime extension. The approximate expected

deterioration is a least squares power law fit to the

lower envelope function of the exact deterioration

process with lifetime extension. The coefficient of

variation of the deterioration at the time at which the

expected deterioration equals the failure level is

unchanged.

For all three models, the optimal preventive replacement

interval follows from an age replacement model based on a

lifetime distribution. For the deterioration models, the

probability of failure per year (discrete lifetime distribution)

is defined as the probability that the condition drops below

the failure level per year.

Since deterioration is uncertain, it can best be regarded as

a stochastic process. At first glance, it seems possible to

represent the uncertainty in a deterioration process by the

normal distribution. This probability distribution has been

used for modelling the exchange-value of shares and the

movement of small particles in fluids and air. A character-

istic feature of this model—also denoted by the Brownian

motion with drift (see e.g. [19], chapter 7)—is that a

structure’s resistance alternately increases and decreases,

like the exchange-value of a share. For this reason, the

Brownian motion is inadequate in modelling deterioration,

which proceeds in one direction. In order for the stochastic

deterioration process to proceed in one direction, we

consider it as a so-called ‘gamma process’. In mathematical

terms, a gamma process is a stochastic process with

independent non-negative increments having a gamma

distribution.

A random quantity X . 0 has a gamma distribution with

shape parameter v . 0 and scale parameter u . 0 if its

probability density function (PDF) is given by:

Gaðxlv; uÞ ¼ ½uv
=GðvÞ�xv21exp{ 2 ux} ð3Þ

where GðvÞ ¼
Ð1

t¼0 tv21exp{ 2 t}dt is the gamma function

for v . 0: Let XðtÞ denote the amount of deterioration at

time t; t $ 0; and let the PDF of XðtÞ be given by

fXðtÞðxÞ ¼ Gaðxl½atb�=u; 1=uÞ ð4Þ

for u . 0 with mean and variance EðXðtÞÞ ¼ atb and

VarðXðtÞÞ ¼ uatb; respectively. The stochastic process

{XðtÞ; t $ 0} is then called a gamma process. The parameter

u represents the uncertainty in the deterioration process; the

larger u; the more uncertain the deterioration process [22].

A component is said to fail when its deterioration

exceeds a certain level y; where y is defined as the initial

resistance r0 minus the failure level s: Let the time at which

the failure level is crossed be denoted by the lifetime T

(in years). Due to the gamma distributed deterioration (4),

the lifetime distribution can then be written as:

FðtÞ ¼ Pr{T # t} ¼ Pr{XðtÞ $ y} ¼
ð1

x¼y
fXðtÞðxÞdx

¼
Gð½atb�=u; y=uÞ

Gð½atb�=uÞ
; ð5Þ

where Gðv; xÞ ¼
Ð1

t¼x tv21exp{ 2 t}dt is the incomplete

gamma function for x $ 0 and a . 0: The probability of

failure per year follows immediately from Eq. (5):

qi ¼ FðiÞ2 Fði 2 1Þ; i ¼ 1; 2; 3;… ð6Þ

2.1.3. Age replacement

Under an age replacement policy ([14], chapters 3–4), a

replacement is carried out at age k (preventive replacement)

or at failure (corrective replacement), whichever occurs

first, where k ¼ 1; 2; 3;… A preventive replacement entails

a cost cP; whereas a corrective replacement entails a cost cF ;

where 0 , cP # cF : According to Eq. (2), the expected

discounted cost of age replacement over an unbounded

horizon is

lim
n!1

EðKðn;aÞÞ¼

Xk

i¼1

aiqi

 !
cFþak 12

Xk

i¼1

qi

 !
cP

12
Xk

i¼1

aiqi

 !
þak 12

Xk

i¼1

qi

 !" # ; ð7Þ

where k is the age replacement interval. The optimal age

replacement interval kp is an interval for which the expected

discounted cost over an unbounded horizon is minimal.

Note that the replacement model can also be applied for

determining the optimal initial resistance of a structure,

which balances the initial cost of investment cP optimally

against the future cost of maintenance in Eq. (7) (see also

[23]). The expected discounted cost can also be calculated

over a bounded horizon using Eq. (1). In situations with a

bounded time horizon larger than 50 years, the cost over an

unbounded horizon (2) may serve as a good approximation.

As a simplified example, we study the maintenance of a

cylinder on an existing swing bridge (adapted from Ref. [1]).

Preventive maintenance of a cylinder mainly consists of

replacing the guide bushes and plunger, and replacing the

packing of the piston rod. In the event of corrective

maintenance, the cylinder has to be replaced completely

because too much damage has occurred. The cost of

preventive maintenance is cP ¼ 30; 000 Dutch guilders,
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whereas the cost of corrective maintenance is cF ¼ 100; 000

Dutch guilders. Both maintenance actions bring the cylinder

back into its ‘good as new state’. The expected deterioration

is assumed to degrade linearly in time from the initial

condition of 100% down to the failure level of 0%. The time

at which the expected condition equals the failure level is 15

years. For an annual discount rate of 5%, the expected

discounted cost of preventive and corrective maintenance is

displayed in Fig. 1, where the vertical axis shows the net

present value in 1000 Dutch guilders (i.e. KFL).

The expected discounted cost over an unbounded horizon

is minimal for a preventive replacement interval of 13 years.

On the basis of the expected deterioration, this

preventive replacement interval can approximately be

transformed into the optimum preventive maintenance

(condition) level of 13%.

2.1.4. Failure

In structural engineering, we can roughly identify two

types of failure: structural failure and condition failure.

Structural failure can be a collapse, whereas condition

failure means that a certain predetermined norm level has

been exceeded. Condition failure is defined as the event at

which a structure fails to meet its main functional

requirements. It can be used to prevent structures from

being unsafe by the safety requirement (often expressed in

terms of the reliability index; see Section 3.3).

Therefore, structures usually do not fail due to physical

failure, but due to condition failure. Inspections must be

carried out to insure that condition failure will be detected.

Physical failure is more common in mechanical and

electrical engineering. In these fields, one often considers

equipment, which can assume at most two states:

the functioning state and the failed state. For example, a

motor or switch is either working or not. A structure, on the

other hand, can be in a range of states depending on its

degrading condition.

In situations where the cost of structural failure is very

high, failure norms can only be optimised in the design

phase. Because the bulk of the maintenance programme is

devoted to existing structures, failure norms should

generally be treated as constraints. Given these constraints,

a maintenance manager can optimise the preventive

maintenance level. A cost-optimal preventive maintenance

level optimally balances the cost of preventive maintenance

and the cost of corrective maintenance. The cost of

corrective maintenance may include cost of traffic-jam,

detour, vehicle-weight restriction, closure, etc. The load is

generally be taken into account in the design phase by

incorporating it into the functional requirements and thus

into the failure norm.

2.1.5. Lifetime extension

The deterioration model has been extended for the

possibility of lifetime-extending maintenance. With this

model both the interval of preventive replacement and

lifetime extension can be optimised. Through replacement,

the condition of a component is restored to its original

condition. Through lifetime extension, the deterioration can

be delayed so that failure is postponed and the lifetime of a

component is extended (e.g. a coating protecting steel).

Possible effects of lifetime-extending measures are the initia-

tion period (time interval in which no deterioration occurs)

and the condition improvement. In addition, the rate of

deterioration after lifetime extension can be ‘repeating’ (after

every lifetime extension the rate of deterioration is the same

Fig. 1. Maintaining a cylinder on an existing swing bridge. The expected discounted cost over an unbounded horizon as a function of the age replacement

interval.
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and equals the rate of deterioration at the initial condition; see

Fig. 2) and ‘non-repeating’ (after every lifetime extension the

rate of deterioration is different and equals the rate of

deterioration at the corresponding condition; see Fig. 3).

Let the rate of deterioration now be based on periodic

lifetime-extending maintenance at a frequency of once in w

years. The cost of lifetime-extending maintenance is cL:

Suppose either a preventive replacement or a corrective

replacement is carried out at unit time i; then the lifetime is

extended at the units of time w; 2w; 3w;…; bði 2 1Þ=wcw;

where bxc is the largest integer less than or equal to x: Using

the geometric series, the discounted cost of a lifetime

extension at unit time i can be written as

a1wcL þa2wcL þ…þabði21Þ=wcwcL

¼
aw 2aðbi21Þ=wcþ1Þw

12aw
cL ¼ xiwcL; w ¼ 1;2;3;… ð8Þ

Fig. 3. Expected (hypothetical) condition of the steel with ‘non-repeating’ lifetime extension in terms of condition improvement.

Fig. 2. Expected condition of the steel with ‘repeating’ lifetime extension in terms of grit blasting.
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Then, it follows from Eq. (2) that the expected discounted

cost of lifetime extension and age replacement over an

unbounded horizon is

lim
n!1

EðKðn;aÞÞ

¼

Xk

i¼1

½xiwcLþaicF;i�qiþ½xkwcLþakcP;k� 12
Xk

i¼1

qi

 !

12
Xk

i¼1

aiqi

 !
þak 12

Xk

i¼1

qi

 !" # ; ð9Þ

where cP;k is the time-dependent cost of preventive

replacement at age replacement interval k and cF;i is the

time-dependent cost of corrective replacement at unit time i:

The probability of failure qi now depends on the lifetime

extension strategy.

The lifetime-extending maintenance model can be used to

optimise maintenance in both the design phase and the

application phase. In the design phase, the initial cost of

investment can be optimally balanced against the future cost

of maintenance. In the application phase, the cost of

preventive maintenance (lifetime extension and preventive

replacement) can be optimally balanced against the cost of

corrective maintenance (corrective replacement and

failure) The lifetime-extension model enables optimal

maintenance decisions to be determined on the basis of the

uncertainties in the deterioration (e.g. the loss of steel

thickness due to corrosion). The model has been successfully

applied in Ref. [2] to optimise the application of a protective

steel coating. Two examples of a cost-optimal frequency of

lifetime-extending maintenance are shown in Figs. 2 and 3

with repeating and non-repeating lifetime extension, respect-

ively. In the first example, the lifetime of the steel can be

extended by grit blasting (with 0.1 mm loss of steel

thickness), as well as placing the new coating. The expected

condition without lifetime extension in Fig. 2 represents the

corrosion process given initiation at time zero.

2.1.6. Inspection

Strictly speaking, maintenance on the basis of preventive

maintenance levels depends on two decision variables:

(i) the rate of inspection (depending on both frequency and

accuracy) and (ii) the preventive maintenance level.

These two variables are interdependent: with a high rate

of inspection it suffices to choose the preventive mainten-

ance level to be close to the failure level, whereas with a low

rate of inspection the preventive maintenance level should

be larger than the failure level. Therefore, preventive

maintenance levels determined with an age replacement

model are approximately cost-optimal. If the cost of

inspection is taken into account, a more complex model of

condition-based preventive maintenance should be used [see

[24,25]]. Other tailor-made examples include determining

cost-optimal rates of inspection for berm breakwaters and

the block mats of the Eastern–Scheldt barrier [see [26,22],

respectively].

2.2. Reliability-based maintenance model

2.2.1. Condition and reliability deterioration

Currently available structure management systems,

including PONTIS [27] and BRIDGIT [28], are directly

related to the condition states of bridge elements.

The number of condition states is limited (e.g. five) for

each bridge element. Each condition describes the type and

severity of element deterioration in visual terms. PONTIS

and BRIDGIT assume that the condition states incorporate

all the information necessary to predict future deterioration

and use a Markovian deterioration model to predict the

annual probability of transitions among condition states.

As indicated in Refs. [7,9], the Markovian approach used

in currently available bridge management systems has

several important limitations, such as: (a) severity of

element deterioration is described in visual terms only;

(b) element condition deterioration is assumed to be a single

step function; (c) transition rates among condition states of a

bridge element are not time dependent; and (d) bridge

system condition deterioration is not explicitly considered.

Experience gained in different countries shows that the

major part of the work on existing bridges depends on

the load carrying capacity (or structural reliability) of the

bridge system rather than the condition states of the bridge

elements alone [7]. Consequently, bridge management

systems have to consider bridge reliability deterioration.

Fig. 4 shows simplified (i.e. linear) condition index and

reliability index deterioration models (also called profiles).

These profiles are each defined by three variables:

Fig. 4. (a) Condition and (b) reliability profiles.
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(a) the condition profile is defined by the initial condition

index, C0; the time of condition deterioration initiation, tiC;

and the condition deterioration rate, aC; (b) the reliability

index profile (also called reliability profile) is defined by the

initial reliability index, b0; the time of reliability index

deterioration initiation, ti; and the reliability index deterio-

ration rate, a: As indicated in Ref. [29] there are

fundamental differences between the condition deterioration

profile (Fig. 4(a)) and the reliability deterioration profile

(Fig. 4(b)).

First, the condition deterioration profile refers to

deterioration in visual terms. The reliability deterioration

profile refers to the deterioration of a proper measure of

structural performance defined by the reliability index.

For example, considering the element 107 from PONTIS

[27] representing painted steel open girders, Fig. 5(a) shows

the gradual transition among five condition states: no

corrosion (paint system sound and functioning as intended),

t # tic ¼ tC1; paint distress, tC1 , t # tC2; rust formation,

tC2 , t # tC3; active corrosion (corrosion present but any

section loss resulting from active corrosion does not yet

warrant structural analysis), tC3 # t # tC4; and section loss

(i.e. corrosion has caused section loss sufficient to warrant

structural analysis to ascertain the effect of damage),

t . tC4: In contrast to the visual conditions indicated in

Fig. 5(a), the reliability index deterioration profile in

Fig. 5(b) refers to the element performance deterioration

measured in terms of reliability index. The reliability

deterioration states (e.g. those indicated in Fig. 5(b)) are

different from the condition deterioration states in Fig. 5(a).

Second, the condition and reliability deterioration

profiles may have little or no correlation even if they refer

to the same element. In fact, an element may fail suddenly

(i.e. brittle failure) even if its visual condition immediately

before failure is perfect, or may be extremely safe even if its

visual condition is extremely poor.

Third, a maintenance action due to loss in condition

index (i.e. condition-based maintenance) can have no effect

on reliability index (see Fig. 6) or, vice versa, a maintenance

action due to loss in reliability (i.e. reliability-based

maintenance) can have no effect on the condition index

(see Fig. 7).

Finally, system effects (e.g. combined effects of different

failure modes associated with a bridge element, combined

effects of failure modes of different members in a bridge,

combined effects of serviceability and ultimate limit states)

can only be captured by reliability deterioration profiles [9].

2.2.2. Reliability index profile and reliability states

The reliability profile is defined as the variation of the

reliability index with time bðtÞ: As demonstrated in Ref. [7],

similar bridges designed and constructed to the same

requirements, for various reasons, end up with different

reliability levels. This variation of reliability index

influenced by various factors can be captured by using

random variables.

The reliability profile bðtÞ is difficult to predict for

bridges under various maintenance interventions. Fig. 8

(adapted from Ref. [30]) shows examples of reliability

profiles of deteriorating structures associated with different

maintenance scenarios. E0 represents the no maintenance

scenario, and E1 represents a maintenance scenario with

one essential maintenance. E0;P and E1;P represent cyclic

preventive maintenance scenarios without and with one

essential maintenance, respectively.Fig. 5. (a) Condition and (b) reliability states.

Fig. 6. (a) Condition and (b) reliability profiles: condition-based

maintenance; improvement in condition without effect on reliability.
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In general, the service life of deteriorating structures is a

progression of reliability states. In Ref. [9] five reliability

states are defined for steel/concrete composite bridges as

follows: excellent (i.e. State 5:b ^ 9:0), very good (i.e. State

4: 9:0 . b ^ 8:0), good (i.e. State 3: 8:0 . b ^ 6:0), fair

(i.e. State 2: 6:0 . b ^ 4:6), and unacceptable (i.e. State 1:

b , 4:6). Notice that a new (i.e. as constructed) bridge

belonging to a group of similar bridges is not necessarily in

State 5, since the initial reliability index of the bridge group is

not completely known.

2.2.3. The eight random variables maintenance model

The eight random variables affecting the lifetime

reliability profile of an individual deteriorating structure

or a group of deteriorating structures under maintenance are

shown in Fig. 9 (adapted from Ref. [9]). These random

variables are: the initial reliability index B0; the time of

damage initiation TI ; the reliability index deterioration rate

A; the time of first application of preventive maintenance

TPI ; the time of reapplication of preventive maintenance TP;

the duration of preventive maintenance effect on reliability

TPD; the deterioration rate of reliability index during

preventive maintenance effect Q; and the improvement in

reliability index (if any) immediately after the application of

preventive maintenance G: The PDFs of B0; TI ; A; TPI ; TP;

Fig. 7. (a) Condition and (b) reliability profiles: reliability-based

maintenance; improvement in reliability without effect on condition.

Fig. 8. Reliability profiles associated with different maintenance scenarios.
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TPD; Q; and G; and their main descriptors for a group of

steel/concrete composite bridges are indicated in Ref. [9].

2.2.4. Monte Carlo simulation

Monte Carlo simulation is used to generate the random

numbers for the PDFs of the eight random variables B0; TI ;

A; TPI ; TP; TPD; Q; and G and to capture the propagation of

uncertainties during the entire service of existing deterior-

ating structures. As a qualitative example, Fig. 10 shows the

time variation of the mean and standard deviation of the

reliability index of a bridge group for the options with and

without preventive maintenance.

The simulation process is also computing the PDF of the

time when the reliability profile down-crosses a target

reliability level (also called rehabilitation time). As an

example, a group of 100 steel/concrete composite bridges is

studied assuming that all bridges are constructed at the same

time (say, at t ¼ 0). The reliability states are those defined

previously and the eight random variables of the mainten-

ance model in Fig. 8 are defined in Ref. [9]. The time

variation of the number of bridges in each reliability state is

indicated in Fig. 11 [10] for the options with and without

maintenance. The beneficial effect of preventive mainten-

ance is clearly indicated by the substantial decrease in the

number of bridges in critical States 1 and 2.

2.2.5. Probability and cost profiles for different bridge types

In order to choose the optimal maintenance strategy for

each bridge type, the present value of the expected cost of

rehabilitation with and without preventive maintenance

interventions has to be computed. As a first step in this

complex computation, the probability of rehabilitation has

to be obtained [31]. Figs. 12 and 13 (adapted from Ref. [31])

show the probability of rehabilitation for four bridge types

assuming that no preventive maintenance has been done and

preventive maintenance has been done, respectively.

The computation of these probabilities is based on triangular

Fig. 9. Reliability profiles and associated random variables for the options with or without preventive maintenance.

Fig. 10. Time variation of the mean and standard deviation of the reliability

index of a bridge group for the options with and without preventive

maintenance.

Fig. 11. Expected number of bridges in each reliability state from a group of

100 bridges for the options with or without preventive maintenance.
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distributions of rehabilitation rates predicted by experts [31]

for two different situations: (a) rehabilitation assuming no

preventive maintenance has been done and (b) rehabilitation

assuming preventive maintenance has been done. For each

bridge type, computations were performed according to the

following assumptions (Maunsell Ltd. and Transport

Research Laboratory, [32]): (a) the preventive maintenance

intervention is defined by repeating the application of the

triangular distribution [10,20,25], where 10, 20, and 25

indicate the minimum, mode, and the maximum number of

years, respectively; and (b) the triangular probability

distributions of rehabilitation rates with and without

preventive maintenance and the unit maintenance costs

are those indicated in Maunsell Ltd. and Transport Research

Laboratory [32].

The results are illustrated for steel/concrete composite

bridges in Fig. 14 (adapted from Ref. [31]), where the

expected cumulative costs are discounted to present values

using a net discount rate for cost of 6%. From this figure it is

clear that after about 30 years the strategy using preventive

maintenance is the most economical.

2.2.6. Optimisation

Recently, Kong and Frangopol [30] developed a

computer program for life-cycle analysis and optimisation

of deteriorating structures. This program provides

a reliability-based framework for life-cycle maintenance

analysis and optimisation of deteriorating structures based

on the model shown in Fig. 10. Most input data are

represented by random variables. In this manner, the

uncertainties associated with various maintenance interven-

tions, reliability index profiles, and costs are all taken into

account. Optimisation and parametric analyses modules

help the identification of the maintenance strategy that best

balance the present value of the expected cumulative cost

associated with maintenance interventions and reliability

index profiles over a specified time horizon usually assumed

to be between 30 and 50 years. This maintenance

optimisation can be performed for both an individual

structure and a group of structures. Additionally, both

time-controlled and/or reliability-controlled maintenance

scenarios can be considered. Numerical examples of cost

optimisation of time of interventions for different mainten-

ance scenarios of deteriorating bridges are given in Ref. [30]

considering a discount rate of 6%, a time horizon of 50

years, a group of 713 bridges built in different time periods,

and six different maintenance scenarios including essential

maintenance only, preventive maintenance only, and mixed

preventive and essential maintenances.

3. Model comparison

3.1. Terminology

Before explaining the differences and similarities

between the condition-based maintenance model of

Rijkswaterstaat and the reliability-based maintenance

model of Frangopol, it should be noted that both models

use a slightly different terminology. For sake of clarity, both

terminologies are compared in Table 1.

Unlike Rijkswaterstaat’s model, preventive maintenance

in terms of preventive replacement is not explicitly included

in Frangopol’s model. Replacement is defined as a

combination of actions carried out to restore a component

or structure, or to ‘renew’ it, to the initial condition.

Fig. 12. Probability of rehabilitation of four bridge types assuming no

preventive maintenance has been done.

Fig. 13. Probability of rehabilitation of four bridge types assuming

preventive maintenance has been done.

Fig. 14. Present value of expected cumulative unit maintenance cost of

steel/concrete composite bridges [GBP/m2] with and without preventive

maintenance assuming 6% discount rate for cost.
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The main reason for not explicitly including preventive

replacement is that bridge management mainly deals with

condition failure rather than structural failure (collapse).

In the event of condition failure, there are no severe

consequences to failure and preventive replacement is not

cost-optimal. On the other hand, preventive replacement is

implicitly included in Frangopol’s model in terms of

lifetime extension. Lifetime-extending maintenance is

defined as activities that are carried out to extend the

lifetime of (a component of) a structure. Depending on the

system level, a replacement on one level can be a lifetime-

extending maintenance action on another level. For

example, renewing a coating can be regarded as a

replacement of the coating itself as well as a lifetime

extension of a steel plate.

3.2. Uncertainties

For modelling deterioration and maintenance, the

following uncertainties can be identified:

1. initial performance/condition,

2. time of damage initiation,

3. deterioration rate without lifetime extension,

4. deterioration rate with lifetime extension,

5. time of first application of lifetime extension,

6. time of reapplication of lifetime extension,

7. duration of effect of lifetime extension,

8. performance/condition improvement at lifetime

extension,

9. cost of maintenance (preventive replacement, correc-

tive replacement, lifetime extension),

10. time horizon,

11. discount rate.

Frangopol’s model includes eight random variables

(i.e. uncertainties 1–8 above), whereas Rijkswaterstaat’s

model includes only the third random variable. The latter

model assumes the other uncertainties to be deterministic

and to be approximately incorporated in the uncertainty of

the deterioration. The former model is hence more flexible

than the latter. For example, in Frangopol’s model, the time

of damage initiation can be different from the duration of

effect of lifetime extension, and the time of first application

of lifetime extension can be different from the time of

reapplication of lifetime extension. In Rijkswaterstaat’s

model, only one time of damage initiation and only one time

of application of lifetime extension can be specified.

3.3. Differences

Although the maintenance models of Frangopol and

Rijkswaterstaat are quite similar, the following five

differences can be recognised:

1. multi-component, multi-failure mode and multi-uncer-

tainty (Frangopol) vs. one component, one failure mode

and one uncertainty (Rijkswaterstaat),

2. maintenance strategy for groups of similar structures

(Frangopol) vs. maintenance strategy for groups of

similar (critical) components (Rijkswaterstaat),

3. reliability-based (Frangopol) vs. condition-based (Rijks-

waterstaat),

4. evaluation (Frangopol) vs. optimisation (Rijkswater-

staat),

5. model based on Monte Carlo simulation (Frangopol) vs.

analytical model (Rijkswaterstaat).

The main objective for developing Rijkswaterstaat’s

model was to offer the maintenance manager a simple tool

for optimising the maintenance of critical components.

Therefore, the model focuses only on one component, one

failure mode and one uncertainty. In order to keep the

mathematics tractable, only the most important uncertainty–

the uncertainty in the deterioration–has been considered.

The uncertainties in the initial condition and the failure level

can be approximately included in the uncertainty in the

deterioration. The maintenance model is based on an age

replacement strategy combined with the possibility of

lifetime extension. The ageing mechanism is described by

the gamma process. When the age replacement strategy is

combined with a gamma-distributed deterioration, the

expected discounted cost can be expressed in explicit form.

Because Rijkswaterstaat’s model is analytic, the combination

Table 1

Comparison of terminology used in the two maintenance models

Condition-based maintenance

model (Section 2.1)

Reliability-based maintenance

model (Section 2.2)

Condition Performance (e.g. reliability index)

Initial condition Initial performance

Preventive maintenance

level

Not explicitly included

Failure level Target level

Replacement (renewal) Replacement

Preventive replacement Not explicitly included

Corrective replacement Essential maintenance

(replacement)

Lifetime extension Preventive maintenance

(life extension)

Initiation period (time interval

in which no deterioration occurs)

Damage initiation time

Condition improvement at

lifetime extension

Performance improvement

after preventive maintenance

Lifetime Rehabilitation time

Time horizon Life span (service life)
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of the interval of age replacement and the interval of lifetime

extension for which the expected discounted cost is minimal

can be determined. In essence, Rijkswaterstaat’s model is an

optimisation model. Although Rijkswaterstaat’s model has

primarily been developed for specifying cost-optimal

maintenance strategies for groups of similar components

[33], it can also be applied for determining maintenance

strategies for groups of similar structures.

The advantage of Frangopol’s model over Rijkswater-

staat’s model is that more than one component, more than

one failure mode and more than one uncertainty can be

incorporated. In order to take account of all these

components, failure modes, and uncertainties, the expected

cost cannot be calculated in explicit form. Instead, the

Monte Carlo simulation is used to compute the expected

cumulative discounted cost. Frangopol’s model is also more

flexible in analysing all kinds of combinations of lifetime-

extending measures, such as time of first application of

lifetime extension, time of reapplication of lifetime

extension, duration of effect of lifetime extension, and

performance improvement at lifetime extension. Because

the expected cumulative discounted cost cannot be

determined in explicit form, Frangopol’s model is an

evaluation model rather than an optimisation model.

However, very recently Kong and Frangopol [30] extended

the capability of the original evaluation-based model to an

optimisation maintenance model. Maintenance optimisation

can be performed by repeatedly evaluating different

maintenance strategies. Frangopol’s model has primarily

been developed for specifying a cost-optimal maintenance

strategy for groups of similar structures on the basis of

ageing components. Groups of similar bridges are formed

by classifying bridges on the basis of the bridge type and the

construction period. The parameters of the maintenance

model are assessed using expert judgement.

The main conceptual difference between Frangopol’s

model and Rijkswaterstaat’s model is that the former model

is reliability-based and the latter model is condition-based.

Reliability-based means that the performance is quantified

in terms of the reliability index or beta index b ¼ 2F21ðpÞ;

where p is the failure probability. Condition-based means

that the performance is quantified in terms of the condition,

such as the surplus of average steel thickness, the overall

functional quality, etc. Note that this condition does not

have to coincide with the visual condition. When both

models are used to model the deterioration of the same

component, the target performance level should be the

same; that is, the target reliability index in Frangopol’s

model (so-called ‘target level’) and the target condition in

Rijkswaterstaat’s model (so-called ‘failure level’) should

represent the same target failure probability. As soon as

the reliability index drops below the target level or,

equivalently, the condition drops below the failure level,

corrective/essential maintenance should be carried out.

Reliability-based management represents the future

generation of bridge management systems [9,34].

The advantage of reliability-based maintenance is that the

reliability is explicitly taken into account. In condition-

based maintenance, the reliability only follows implicitly

after transforming condition to reliability. The advantage of

condition-based maintenance is that conditions can be

measured or inspected, whereas reliabilities must

be computed from conditions. Especially the effects of

lifetime extension on the reliability index are difficult to

estimate. Because a structure’s reliability must be calculated

on the basis of a probabilistic analysis, Frangopol’s model

can best be run by structural engineers having knowledge of

probability. Rijkswaterstaat’s model, on the other hand, can

also be used by maintenance managers without much

knowledge of probability. Due to the difference between the

condition-based and reliability-based concepts, the

management decisions associated with each of these

concepts will in general be different [29].

A detailed comparison of Frangopol’s model and

Rijkswaterstaat’s model can be found in Table 2.

3.4. Discount rate

Both Frangopol’s model and Rijkswaterstaat’s model are

based on the notion of discounted cost. This cost is

determined by summing the (present) discounted values of

the cost over a bounded or an unbounded time horizon,

under the assumption that the value of money decreases

with time. The criterion of discounted cost is especially

useful for balancing the initial cost of investment against the

future cost of maintenance. After choosing the discount rate,

different investment decisions can be compared and the

decision with minimal expected discounted cost is often

preferred. The choice of the discount rate is mainly a

political decision; it serves as an agreement on comparing

investments. In the United States and the United Kingdom, a

discount rate of about 4 and 6%, respectively, has been used;

in the Netherlands, a discount rate of 4% is usually chosen.

A characteristic feature of the discount rate is the later

future cost is incurred, the less its present value and the less

weight it carries in a cost-based comparison. For calculating

the expected discounted cost, [4,7,12] use a bounded

horizon, whereas Rijkswaterstaat uses an unbounded

horizon. It is interesting to note that the same argument

leads to either of the two choices. For high discount rates

(larger than 6%), future cost incurred 50 years from now is

small in comparison with the non-discounted cost. On the

other hand, Rijkswaterstaat argues that ‘in situations with a

bounded time horizon larger than 50 years, the cost over an

unbounded horizon may serve as a good approximation’.

The advantage of the latter approach is that the renewal

theory offers us a simple analytical formula for computing

the expected discounted cost over an unbounded horizon

[20,21]. As opposed to Frangopol’s model, Rijkswater-

staat’s model can be used to calculate the expected

discounted cost over both a bounded and an unbounded

horizon.
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3.5. Deterioration process

The two maintenance models represent the uncertainty

in the deterioration in a different manner. In Frangopol’s

model, the expected deterioration is described by a model

being linear or quadratic in time; the coefficients of these

models are assumed to be random variables. In Rijkswa-

terstaat’s model, the expected deterioration is described by

a power law in time; the deterioration process is assumed

to be a stochastic process (gamma process) with

independent increments. Although the former approach

may serve as a good approximation, the latter approach is

more realistic. However, the former approach is more

flexible in accommodating real data. Another difference is

that Frangopol’s model includes reliability deterioration

and Rijkswaterstaat’s model includes condition

deterioration.

4. Conclusions

This paper described and compared two maintenance

models that are currently being used to optimally balance

structural reliability and life-cycle cost of deteriorating civil

infrastructure. Frangopol’s model contributed to the further

development of the bridge maintenance methodology that

has been set up by the UK Highways Agency, whereas

Rijkswaterstaat’s model has been applied in the

Netherlands. Although the two maintenance models are

quite similar, the following differences can be identified.

The former model is reliability-based and treats the multi-

component, multi-failure mode and multi-uncertainty case.

The latter model is condition-based and treats only one

component, one failure mode and one uncertainty. Another

difference is that Frangopol’s model uses Monte Carlo

simulation, whereas Rijkswaterstaat’s model is analytic.

Table 2

Comparison of the two maintenance models

Maintenance model Condition-based maintenance model (Section 2.1) Reliability-based maintenance model (Section 2.2)

State Condition-based Reliability-based (beta index)

Uncertainties (i) Deterioration (i) Initial performance,

(ii) Damage initiation time

(iii) Deterioration rate with lifetime extension

(iv) Deterioration rate without lifetime extension

(v) Time of first application of lifetime extension

(vi) Time of reapplication of lifetime extension

(vii) Duration of effect of lifetime extension

(viii) Performance improvement at lifetime extension

Deterioration Deterioration according to gamma process

with independent increments

Uniformly-distributed deterioration rate assumed,

but any type of distribution can be used

Complexity Low High

Decision basis Optimisation Evaluation

Decision variables (i) Uniform intervals of lifetime

extension and preventive replacement

(i) Uniform and non-uniform intervals of lifetime extension

(ii) Non-uniform intervals of

corrective replacement

(ii) Non-uniform intervals of essential maintenance

System level considered Groups of similar components or

individual (critical) components

Groups of similar structures or individual structures

Number of components One More than one

Number of failure modes One More than one

Possible maintenance actions and their

cost

(i) Lifetime extension (i) Lifetime extension

(ii) Preventive replacement (ii) Essential maintenance

(iii) Corrective replacement

Implementation Analytical model Monte Carlo simulation

Computer environment Personal computer Work station

Time horizon Bounded and unbounded Bounded

Discount rate Greater than zero Greater than or equal to zero
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Furthermore, the maintenance models differ in the way the

uncertainty in the deterioration is modelled; that is,

uncertain parameters as opposed to stochastic processes,

respectively. Due to the difference between the condition-

based and reliability-based concepts, the management

decisions associated with each of these concepts will in

general be different.

The authors believe that the two models could benefit

from one another. For example, Frangopol’s multi-com-

ponent, multi-failure mode and multi-uncertainty model

could benefit from the analytic formulas for both the

expected discounted cost over an unbounded time horizon

and the stochastic deterioration process of the Rijkswater-

staat model. The Monte Carlo simulation can then be used in

both models to determine the probabilistic characteristics

per renewal cycle, which can subsequently be up scaled to

an unbounded horizon using renewal theory. The authors are

considering a comprehensive analysis to determine the

most sensitive parameters of their maintenance models in

future studies.
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