Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Papers
Volume 7: 2004-2008
Thoft-Christensen, Palle

Publication date:
2008

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Thoft-Christensen, P. (2008). Papers: Volume 7: 2004-2008. Department of Civil Engineering, Aalborg
University.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at von@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: April 19, 2024


https://vbn.aau.dk/en/publications/3174dc20-e6c9-11dd-b0a4-000ea68e967b

Chapter 123

CHAPTER 123

LIFE-CYCLE COST DESIGN — WHY IS IT NOT BEING USED? !

P. Thoft-Christensen
Aalborg University, Aalborg, Denmark

ABSTRACT

During the last 20 years important progress has been made in Life-Cycle Cost (LCC)
analysis of structures, especially offshore platforms, bridges and nuclear installations.
Due to the large uncertainties related to the deterioration and maintenance of such
structures, analysis based on stochastic modelling of significant parameters seems to be
the only relevant modelling. However, a great number of difficulties are involved in
this modelling, but also in the practical implementation of the models developed. The
main purpose of this paper is to discuss these problems from a social point of view.

1. INTRODUCTION

LCC analysis may be used not only in the design of new bridges, but also in designing
maintenance strategies for individual structures as well as groups of bridges. Therefore,
several potential applications are obvious. However, it is a fact that only a few real
applications of LCC in bridge engineering are reported in the literature. In the offshore
area the situation is somewhat different. The reason is that maintenance is often very
expensive since underwater repair is complicated. A major factor is also that closing
down an offshore platform for repair will result in an expensive delay in the oil
production.

To understand why LCC is seldom used in bridge engineering, it is necessary to
look at the modelling techniques used. In planning maintenance budgets for e.g.
highway agencies the total expected costs for a group of bridges must be estimated and
minimized. There are several models available in the literature, but most of them are
similar to the modelling presented in section 2.1. The situation is quite different and
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more complicated if only a single bridge is considered whether LCC design of a new
bridge or maintenance of an existing bridge is considered. The most complete
modelling seems to be the modelling presented in section 2.2. A rather detailed
presentation is given to show the comprehensive data needed.

Why is LCC not used in bridge engineering? There are many reasons, but the
main reason seems to be that the bridge engineers do not at all understand the
probabilistic concepts behind LCC. It is certainly not enough to have taken a course on
probability theory or in structural reliability theory. What is needed is first of all a deep
understanding of the advantages on using LCC.

The problem is in some sense parallel to the problems we met in the seventies
and the eighties regarding structural reliability. It was very hard to convince an
experienced structural engineer that a stochastic approach to safety is more relevant
than a deterministic approach to modelling uncertainties. Even to-day many structural
engineers feel more confident with a traditional approach. Also notice that modern
codes using partial safety coefficients are deterministic although the calibration is often
based on stochastic modelling of the relevant parameters.

2. MODELLING OF LCC

2.1 Groups of bridges

A large number of models for LCC of groups of structures have been proposed in
recent years. These models are usually based on an estimate of the LCC where the
expected initial costs IC, the expected failure costs FC, the expected inspection costs IC
and the expected repair costs RC are simply added

LCC=IC +FC+IC+RC (1)

The single terms in this equation have been discussed by numerous researchers,
and more and more sophisticated models have been developed. The state of the art is
now so advanced that one would believe that it is not straightforward to use these
models. However, it seems fair to say that LCC design has been used in few cases only.

A bridge management system consists of a large number of bridges. The
objective of a bridge maintenance strategy is to minimize the cost of maintaining such a
group of bridges in the service life of the bridge stock. Estimation of the service life
costs is very uncertain so that a stochastic modelling is clearly needed. Let the number
of bridges in the considered bridge stock be m. The expected total cost for the bridge
stock can then be written; see Thoft-Christensen [1]

E[C] = 33 [+ ) [ELC., (DIP(M,) + EIC,, (D]PWU, )+ ELC, IP(F, ] @)

i=1 t=1

where
E[C] is the expected total cost in the service life of the bridge stock,
¥ is the discount rate (factor), e.g. 6 %,

E[Cyi(t)] Is the expected maintenance cost for bridge i in year t,

E[Cu(t)] s the expected user cost for bridge i in yeart,

E[C.(t)] Iisthe expected failure cost for bridge i in year t,

P(M,) is the probability of the event “maintenance is necessary” for bridge i in

year t,
P(Uy) is the probability of the event “user cost happen” for bridge i in year t,
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P(F,) is the probability of the event “failure happen” for bridge i in year t,
T is the remaining service life or reference period (in years).

2.1 Individual bridges

For individual bridges LCC may be used in designing a new bridge, but is also very
useful in connection with decision problems regarding e.g. repair after an inspection
has taken place.

After a structural assessment at the time T, a difficult problem is to decide if the
bridge should be repaired and if so, how and when should it be repaired. After each
structural assessment the total expected benefits minus expected repair and failure costs
in the remaining lifetime of the bridge are maximized. This model can be used in an
adaptive way if the stochastic model is updated after each structural assessment or
repair and a new optimal repair decision is taken. Therefore, it is mainly the time of the
first repair after a structural assessment which is of importance.

In order to decide which type of repair is optimal after a structural assessment, the
following optimization problem is considered for each repair technique; see Thoft-
Christensen [2]

maxW = B(Tg, Ng) —Ci (Tg, Ng) —C Tz, Ni)

S't' ﬂU (TL’TR’NR)Zﬂmin (3)
where the optimization variables are the expected number of repair N, in the remaining
lifetime and the time T, of the first repair. W is the total expected benefit B minus the
repair costs C, capitalized to the time t = 0 and minus the expected failure costs C.
capitalized to the time t = O in the remaining lifetime of the bridge. T, is the expected

lifetime of the bridge. AV is the updated reliability index. g™ is the minimum

reliability index for the bridge.
The benefits may be modelled by

[T.]
L - 1
B(Te,Ng)= D B+ ™ "o
R R iz%_ﬂ (1+ r)T, To (4)

where [T]signifies the integer part of T measured in years and B, are the benefits in
year i. T. is the time from the construction of the bridge. The ith term in (4) represents

the benefits from T, , to T.. The benefits in year i may be modelled by

Bi = koV (Ti ) (5)

wherek , is a factor modeling the average benefits for one vehicle passing the bridge. It

can be estimated as the price of rental of an average vehicle/km times the average
detour length. The reference year for Kk, is Trr It is assumed that bridges are

considered in isolation. Therefore, the benefits are considered as marginal benefits by
having a bridge (with the alternative that there is no bridge, but other nearby routes for
traffic). V is the traffic volume per year estimated by

V(T)=V, +V,(T-T,) (6)

where V is the traffic volume per year at the time of construction, V, is the increase in

1641



Chapter 123

traffic volume per year, and T is the actual time (in years).
The expected repair costs capitalized to time t = 0 are modelled by

CaTe Ng) = Y. (0= PY (T, ))C, (T ) 7)

@+r)™ "
PY (T,) is the updated probability of failure in the time interval ]T,,T.]. The factor
(1- PY (T, )) models the probability that the bridge has not failed at the time of repair. r
is the discount rate. C, (T, ) is the cost of repair and consists of the three terms,

namely the functional repair costs, the fixed repair costs, and the unit dependent repair
costs, respectively.

The functional repair costs depend on the duration of the repair in days, the
number of lanes closed for the repair, and the total number of lanes.

The fixed costs depend on the distance to the headquarters, the roadblock costs,
and the number of 8 hour periods needed to perform the repair of the bridge.

The unit costs depend on the defect and how easy it is to repair, the time needed
to perform the repair, the extent of the repair using the relevant repair technique, the
man hours needed for the repair technique considered, the man hour cost, and the
material/equipment costs.

The capitalized expected costs due to failure are determined by

Ng+1 1
Cr(Tz,Ng) = Z Ce (TRi)(P;J (TRi)_ PléJ (Tifli ))—T (8)
i1 @+n"
The ith term in (8) represents the expected failure costs in the time
interval T, ,T.1. C.(T) is the cost of failure at the time T.

3. LCC LEVELS

Modelling of LCC may be performed by a number of different approaches. In most
cases they can be divided into 3 levels, e.g. levels analogous to the 3 levels of
deterioration models introduced by Thoft-Christensen [1]

e Level 3 - Scientific Level
e Level 2 - Engineering Level
e Level 1 - Technical Level

Level 3 is the most advanced level. Models on this level are “exact models” in the
sense that the modeling of LCC is based on a sound and consistent scientific basis.
Advanced information on the deterioration of the bridge is used and detailed
information on the environmental loading is taken into account. A level 3 modeling is
typically used in design of a new large bridge such as a long suspension bridge. It is a
very expensive modeling and it is not easy to formulate a level 3 method based on basis
of information. An important application of level 3 models is to supply information to
be used in a level 2 model.

Level 2 is an average level from a sophistication point of view. Level 2 models
are based on semi-physical or average material deterioration parameters and average
effects of maintenance. They are also based on a number of engineering simplifications
regarding the modelling of the average quantities used. A level 2 model will often limit
the deterioration of the bridge to a few types of deterioration. Level 2 models may be
used for design of new structures and for estimation of deterioration of existing
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concrete structures. An important application of level 2 models is to supply information
to be used in a level 1 model.

Level 1 is the most simplified level of modeling of the LCC. It is based on direct
observations and expert experience regarding repair types, repair intervals and repair
costs. A level 1 model is usually based on a limited number of parameters, e.g. obtained
from level 2 modeling. A Level 1 model may be used on groups of bridges to obtain
e.g. optimal maintenance strategies.

The simplified strategy for preventive maintenance of concrete bridges by Thoft-
Christensen [3] is a typical level 1 model for groups of concrete bridges. The model
may be used for estimating the optimal time between preventive maintenance (PM)
activities. It is based on a number of simplified assumptions, but the model is believed
to be able to model the most important factors related to the problem. The effect of a
PM activity is modelled by a simplified model based on three average parameters,
namely the effect of a PM action on the rate of deterioration, on the reliability, and on
the time of delay of deterioration. Using the central limit theorem, all three variables
may be modelled as normally distributed stochastic variables.

4. THE PUBLIC WILL

Designing a new bridge or a bridge maintenance strategy based on LCC will in general
result in an apparently increased initial cost, so it is not attractive for Highways
Agencies. This recognition in connection with the conservative tradition of only
looking at the initial costs makes it unattractive to use LCC.

A modern LCC design is based on a probabilistic approach. Some of the terms in
the cost equations are based on probabilistic distributions, expected values, etc. A
bridge engineer not familiar with probability theory will be less prepared to accept
designs based on a stochastic modelling. This is true not only for design of a bridge, but
also for design of bridge maintenance strategies.

Bridge engineers often believe that the design of a new bridge or the repair of an
existing bridge is 100% safe in the remaking service life of the bridge. Likewise, if you
inform politicians that there is a failure probability of say 10 you will often be asked
whether failure could take place to-morrow. Your answer will probably be yes, it is
possible but, unlikely. His reply could then easily be that he does not want the
suggested design, but a 100% safe bridge. The conclusion is that we need to educate the
general citizen but especially the decision-makers.

The public will is low, since designing a structure based on LCC will result in an
increased initial cost and could therefore give budget and re-election problems for the
politicians.

Finally the mathematical modelling is not complete, since there are relevant
factors for the LCC which may not included in the model. Some minor repairs are often
needed even if they are not directly important for the safety of the bridge. It may not
always be possible to estimate the condition of the bridge in a rational way. Therefore,
for some bridge engineers the concepts behind LCC is not always acceptable. They feel
that the modelling is in some way too complicated and detailed, but at the same time
not complete.

More research in this area is needed. However, it seems to be more important to
illustrate for the society that LCC design is the way forward — perhaps in a modified
and simplified format. As experts it is our responsibility to improve the public
understanding.
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5. DATA

It is obvious that using LCC in bridge engineering will require a lot of reliable data
which in many cases are not available. This is especially true when a single bridge is
considered, see section 2.2. In the case of a single bridge very good and comprehensive
data regarding the condition of the bridge is needed. Using LCC in such a case requires
a bridge engineer not only familiar with probabilistic thinking, but also with a lot of
experience.

The situation is perhaps a little easier for groups of bridges, since only average
data is needed. Such date may to some extent be available in Highways Agency
databases. For groups of bridges LCC based strategies at level 1 may be the way ahead.
However, the output of a level 1 modelling should not stand alone — it must be followed
up by the knowledge of experienced bridge engineers.

In most countries user costs will be the dominating term in the modelling of LCC,
but they are not usually included in the modelling. The reason is that modelling user
costs are problematic and difficult. However, this is not a reasonable argument for not
taking user costs into consideration.

6. THE DISCOUNT RATE

Some of the terms in the above-mentioned modelling of LCC are strongly dependent on
the discount rate. A high discount rate will make LCC design less important than a low
discount rate. There is a clear tendency in most countries to use an unrealistically high
discount rate. If this is so then using LCC may be meaningless.

7. CONCLUSIONS

LCC analysis has only been used in bridge engineering in a few cases. The main reason
is a missing understanding among bridge engineers, highway agency employers, and
politicians of the advantages of using LCC. Insufficient data on bridge conditions, on
deterioration of bridges, on user costs also contribute to the sparse application of LCC.
Finally, the use of high discount rates as laid down by politicians also reduces the
importance of using LCC. As experts it is our responsibility to convince the politicians
that a realistic discount rate must be used. The way forward is to educate the relevant
people and to use level 1 modelling based on simple but relevant data.
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