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Preface

On the 20th of November 2002 Mr Juhani Vihdaho, coordinator of bridge activities at the
Finnish Road Administration (FinnRA) at that time, and Aarne Jutila, Professor of Bridge
Engineering at Helsinki University of Technology (TKK), carried out a discussion on the fu-
ture needs of Bridge Engineering in Finland. As a consequence, the latter one invented the
acronym ETSI to describe the project to be carried out. ETSI originates from the Finnish
words "Elinkaareltaan Tarkoituksenmukainen Slita", which in English could be translated as
"Lifelong Adapted Bridge" or, more freely, "Bridge Life Cycle Optimisation". The original
idea was to include in the project all issue related to a bridge "from the cradle to the grave".

In November 2004 FinnRA asked TKK to carry out and coordinate a pre-study, whose aim
was to prepare a research programme for a larger Nordic project and to carry out a literature
survey to evaluate the present state-of-the-art in the field of life cycle analysis (LCA) of
bridges. This pre-study was successfully completed in spring 2005.

In the meanwhile, on the 10th of December 2004, a general agreement was signed between
the five Nordic National Road Administrations for joint research and development work for
the benefit of all parties. This agreement opened the way for the Nordic ETSI Project. After
long discussions and many meetings a specified agreement of the ETSI Project was signed
between the Finnish, Norwegian and Swedish National Road Administrations. So Stage I of
the Project could be started in January 2006. This publication forms the outcome and report of
Stage I and is limited only to bridge life cycle cost (LCC) issues.

Besides the three financing administrative units mentioned above the following Nordic re-
search institutes or private enterprises were involved in the Project:

Helsinki University of Technology (TKK)

Norwegian University of Science and Technology (NTNU)
Ramboll Finland Ltd.

Royal Institute of Technology (KTH)

VTT Technical Research Centre of Finland (VTT)

The persons strongly involved in the Project and in the preparation work of this report are the
following:

Seppo Aitta
Hans Bohman
Aarne Jutila
Raid Karoumi
Otto Kleppe
Per Larsen

Axel Liljencranz

Jan Nygard



Matti Piispanen

Heikki Rautakorpi

Lauri Salokangas

Hdkan Sundquist
Marja-Kaarina Soderqvist
Timo Tirkkonen

Susanne Troive

Erkki Vesikari

Wenzhong Yuan

The Chair of the Project Steering Group (PSG) was Matti Piispanen from FinnRA. The Coor-
dinator of the Project was Aarne Jutila from TKK.

The ETSI Project Stage I consists of four different sub-projects. The content of this report
follows the same division. The material produced in the last sub-project, however, is not in-
cluded here, because it can be found on the ETSI Home Page.

After a short introduction (Chapter I) Chapter 2 "State-of-the-art" presents a summary of a
literature survey based on material presented in the latest conferences or on the Internet. It
was prepared by Heikki Rautakorpi from Ramboll Finland Ltd. and coordinated by TKK.

Chapter 3 "Methodology" is a description of the theories used in bridge LCC analysis. This
part was prepared by Hdakan Sundquist and it is based in part on material presented by Erkki
Vesikari and Heikki Rautakorpi.

Chapter 4 "Computer Programs" is a description and evaluation of three computer programs
prepared for bridge LCC, two Nordic ones and one American one. It is mainly based on the
diploma thesis of Wenzhong Yuan presented at TKK in December 2006. The guidance of
Marja-Kaarina Soderqvist, Raid Karoumi, Axel Liljencranz and Erkki Vesikari is strongly
appreciated here.

Finally, in Chapter 5 some suggestions are made for future research and development of LCC
analysis tools needed in the Nordic countries.

The results of the last sub-project "ETSI Home Page" exist on the Internet under address
http://www.tkk.fi/Yksikot/Silta/Etsiwww/. The pages were designed and prepared by Lauri Salo-
kangas from TKK with input from the PSG and Project Working Group (PWG) members.

This report will be published in the Closing Seminar of the ETSI Project Stage I to be held on
the 13th and 14th of February 2007. Consequently Stage I will be completed in the end of
February 2007.

Finally, the editorial work of this publication was mainly carried out by Hakan Sundquist. His
comprehensive editorial work is gratefully appreciated.

Otaniemi in February 2007 Aarne Jutila
Coordinator of the ETSI Project
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1. Introduction

This report deals with the life cycle costs (LCC) of road bridges. The report is divided into
three main themes:

- A state-of-the-art report compiling some of the vast number of reports and papers pub-
lished in the field of LCC of bridges

- A discussion on different methodologies used for LCC

- A chapter describing three different computer programs used for LCC calculations.

Life cycle cost calculations are needed at least for the following purposes:
- Comparison of the different design alternatives before the construction of a new bridge

- Determination of the optimum balance between the investments and the required
maintenance

- Decision on, when an old bridge should be replaced by a new one.

This stage 1 of the ETSI Project focuses on the situation, where different alternatives are
compared prior to construction of a new bridge, but also other situations are shortly treated in
this report.

This is the first introductory report in the ETSI Project and it is meant to be a starting point for
a deeper study in this interesting subject. A field of special interest is the interchange of
knowledge and systems between the three Nordic countries involved in the Project.



2. State-of-the-art

This chapter is focused on documenting of the state-of-the-art of life cycle cost (LCC) when
comparing different design solutions of a new bridge. Additionally the purpose is to research
documentary information used in the life cycle design of new bridges. At first the most impor-
tant definitions and the general principles when applying the LCC calculations to bridges are
introduced. Common economical tools and the road user costs are also defined. Next is pre-
sented the management or rehabilitation of bridges generally. The relevant material for con-
crete bridges, steel bridges, composite bridges and timber bridges is presented in the follow-
ing sections, respectively. Finally, some excerpts about the relevant computer programs and
the list of literature are presented.

2.1 Definitions

“Life Cycle Assessment LCA is a tool for identifying and evaluating the environmental as-
pects of products and services from the “cradle to the grave”: from the extraction of resource
inputs to the eventual disposal of the product or its waste.” Bridge LCC, [8].

“Life Cycle Assessment LCA is for assessing the total environmental impact associated with a
product's manufacture, use and disposal and with all actions in relation to the construction and
use of a building or other constructed facilities. LCA does not address economic or societal
aspects!” Tupamiki (2003b), [88].

“Life Cycle Costing LCC is a technique which enables comparative cost assessments to be
made over a specified period of time, taking into account all relevant economic factors both in
terms of initial capital costs and future operational costs. In particular, it is an economic as-
sessment considering all projected relevant cost flows over a period of analysis expressed in
monetary value. Where the term uses initial capital letters it can be defined as the present
value of the total cost of an asset over the period of analysis.” Tupamaiki, (2003b), [88]

“LCC in H-BMS is defined as the sum of direct costs and the user costs for the next 100
years. Direct costs include actual regular maintenance and repair expenses. User costs are ex-
ternalities like congestion and the increase of vehicle operation cost. Travel delay cost due to

congestion is based on the amount of time lost in the slowdown section compared with driv-
ing by regular speed.” Nishibayashi et al. (2006), [52].

“Life-Cycle Cost Analysis is an economical set of actions and their timing during the life of a
bridge to achieve the 50- to 100-year service life.” Hawk (2003), [26].

“Life-Cycle Cost analysis LCC is based only on the direct costs such as inspection and repair
(preventive and essential). User costs are usually not included in an LCC analysis.” Thoft-
Christensen, (2006), [77].

“Life-Cycle Cost-Benefit LCCB analysis is an extended LCC analysis where all kinds of indi-
rect costs such as user costs are included.” Thoft-Christensen (2006), [77].

The above excerpts show two slightly different definitions for LCC concerning the user costs
of bridges.



2.2 Principles of the LCC calculations

Peng et al. (2006), [54], present the theoretical bases for the LCC calculations of bridges. For
cost division they use the scheme shown in Figure 2.1. They suggest that stochastic parame-

ters and risk evaluation should be systematically analyzed in the LCC calculations.

Life-cycle
cost

Figure 2.1  Scheme for dividing the LCC cost into different subgroups according to Peng et
al. (2006), [54].

In the report by Ozbay et al. (2003), [53], the map of costs is presented in a slightly different
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Figure 2.2 Scheme for dividing the LCC cost into different subgroups according to Ozbay et
al. (2003), [54].

Common economic calculations can be applied when calculating the agency costs for bridges.
The simplest form for the cash flow of agency costs is the diagram presented in the article for
the Gravina access project, [38], as shown in Figure 2.3a below.
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Figure 2.3a  Schematical picture showing the cost occurring during the lifetime of a bridge.

The initial cost means the design and construction costs of a bridge. The annual costs contain
maintenance and repair of small defects. Periodic costs are rehabilitations and large repairing
works. The salvage value at the end of the life cycle can be positive or negative depending on
the study period.

When comparing different bridge alternatives to each other, the most common LCC calcula-
tion method is the Net Present Value method. It means a method, where all costs during the
lifetime of a bridge are discounted to the present-day cost by using a proper discount rate.



Therefore, the economical methods of calculation and especially the value of the discount rate
are important aids in LCC calculations. They are studied separately in the following sections.

Troive (1998), [86], presents the agency costs and the user costs in one diagram, as shown in
Figure 2.3b. She suggests a separation of the costs and the benefits.
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Figure 2.3b  Schematic figure showing separation of agency and user cost. Troive (1998),
[86].

A short theoretical presentation for the lifetime optimization of structures is given in the paper
of Biondi & Marchiondelli (2006), [7]. In addition to the conventional mathematical optimi-
zation method, a new Evolutionary optimization method is presented. It is applied to an ex-
ample of a cable stayed bridge.

Silva and Fernandes (2006), [71], outline LCC calculations that are based on probabilistic
methods. They emphasize that the right timing of the repair actions is more important than the
cost itself, because discounting to the net present value has a great influence on the final life
cycle cost. Therefore, the deterioration models are more important than the costs.

Hawk gives in his report, Hawk (2003), [26], simple examples of probabilistic cost calcula-
tions. One example is shown below. It is assumed that the probabilities of the different cost
levels of the present value (PV) are those shown in Table 2.1.

Table 2.1  Example of a probabilistic cost calculation according to Hawk 2003, [26].
Contract/final cost 10% below At estimate of 10% above 20% above
estimate $2,000,000 estimate estimate
PV of cost S1,556,654 S1,729,616 $1,902,577 §2.075,539
Probability 0.10 0.60 0.20 0.10

The expected value for the cost estimate (EV) can then be calculated as shown in Table 2.2.




Table 2.2  Example of the expected cost estimate of a probabilistic cost calculation accord-
ing to Hawk 2003, [26].

ElVy §1.556,654x0.10 + §1,729,616x0.60 + §1,802,577x0.20 +
$2.075,539x0.10

S1,781,504.

The report of Setunge et al. (2002), [68], is also based on probabilistic LCC calculations. Ad-
visable ranges of variation are given there for some most important variables.

Today life cycle costs should be an essential part of the cost calculations when comparing
different design alternatives. However, it is not so in practice. For instance, in the bridge con-
ference held in Montreal in August 2006, only very few articles dealt with the life cycle costs.
In the articles, where life cycle costs were estimated, the long-term costs were usually under-
estimated, as for instance in the article by Rao (2006), [59].

A simple example of LCC and LCA calculations applied to a footbridge in the Netherlands is
given in the article of Tolman & Tolman (2003), [82]. Five different alternative designs were
examined there. The results of the calculations are summarized in Table 2.3.

Table 2.3 Example of LCC and LCA calculations applied to a footbridge, Tolman & Tol-
man (2003), [82].

dimension painted alumini- G-FRP alumi-  stainless
steel sed steel nium steel
economy construction k€ 40 55 70 76 100
maintenance k€ 30 5.5 17 19 5.5
total ke
environment  mass Mg 3.0 3.0 1.7 1.6 2.8
energy Gl 270 270 120 269 300
water m 675 675 35 237 =675
air m’ 7 7 18 54 >7

One can see for example that stainless steel is much more expensive than the conventional
painted steel but the maintenance costs of stainless steel are very low compared to those of the
conventional steel.

The service life of a bridge is quite important especially when calculating annual costs. In a
recent study carried out by Yunovich et al. (2001), [97], and funded by the Federal Highway
Administration (FHWA), the estimated service lives of American bridges made of different
construction materials are given (Table 2.4). Thus, the age of steel bridges is estimated to be
slightly shorter than that of the concrete bridges.

Table 2.4  Estimated service lives of American bridges according to Yunovich (2001), [97].

MATERIAL OF CONSTRUCTION AY ERA?\{]iES)TI]\-‘IATE
Conventional Reinforced Concrete 72
Prestressed Concrete 73
Steel 58




In the same report, the annual direct costs of corrosion for highway bridges are estimated to
be $8.3 billionl. In this report Yunovich (2001), [97], estimates that the indirect costs due to
traffic delays and lost of productivity are more than 10 times as big as the direct costs due to
corrosion. Therefore, the user costs may be very important and they will be studied separately
in Section 6 below.

2.3 Common economical tools

For determining the present value of the future one-time costs formula

V= A
(1+d)

is used. Here
PV = present value,
A; = amount of one-time cost at a time t,
d =real discount rate, and

t  =time (expressed as number of years).

For determining the present value of future recurring costs formula

1+d)t -1

PV =
% d(1+d)

is used. Here
PV = present value of future recurring costs,
A¢ = amount of recurring costs at a certain time,
d =real discount rate, and

t  =time (expressed as number of years) [36].

For economical calculation of the life cycle costs, Tupaméki (2003), [88] gives equation

N Ct

NPV = t
t=0 (l-l-d)

where

NPV = the net present value

* Billion in American English is equal to 10°.



Ci =costover a specified period of time t,

d.eq1 = real discount rate,

N = number of years, and
1+i
Oreal = m -1
where

i  =interest rate and

a = general inflation.

Tolman & Tolman (2003), [81] present the same equations as
NPV =Y Vp(0)y= > V(t)-(1+r)"

and

§= 3 (14 ry =)

By assuming that V(1) is a constant (= A),

A=NPV —
1-(1+r)"
where
A = annuity,

NPV = net present value,

r = discount rate, and
T =number of years.
2.4 Discount rate

In the report of Ozbay et al. (2003), [53], the theoretical background of the discount rate is
considered thoroughly. In addition to the theory, the report gives numerical values of the dis-
count rate used in different countries. Quite different values have been used in different con-

nections as shown below:

- The World Bank and The United Nations use the value from 12 to 15 percent in deve-

loping countries.

- Canada Transport Ministry is currently using a discount rate of 10 percent.

- According to the American Concrete Pavement Association (ACPA), the nominal dis-
count rate used in LCCA should be equal to zero in the Departments of Transporta-

tion.



- In the Departments of Transportation of the United States, the real discount rate used
has varied between 3 and 5 percent and the average has been 4 percent.

Tupamaéki (2003), [88], suggests the following values for the discount rate in different appli-
cations:

Natural 0 % (= simple payback),
National 3 %,
State 6 %, and

Business 9 %.

The influence of the discount rate on the net present value of annual maintenance costs is
shown in Figure 2.4.

NPV of accumulated future costs over 1...25 years
Discount rates 0...9% pa; Constant cost pa

100 100
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Figure 2.4 Net present value for different discount rates, Tupamaéki (2003), [88].

In the report of Simbeya & Scalzo, 2006, [72], the following numerical values for the dis-
count rates are reported:

2% in Switzerland,

3% in Germany,

10 %  in the United States, and
6% in Ontario, Canada.

In the report of Setunge et al. (2002), [68] the discount rates used in five countries are listed:
4 —7 % in Australia,
2-3% inUS,
8% in UK,
4% in Sweden, and
6 % in Finland.



According to Neff, [50], the American FHWA recommends to keep the real discount rate
within the range of 3 to 5 percent (1998).

In one bridge project in Canada presented by Puccio et al. (2006), [57], three discount rates,
5%, 6 % and 7 %, were used when comparing the replacement of an old bridge with the re-
habilitation.

Bakker et al. (2006), [6] in the Netherlands as well as Godart & Vassie (2001), [22], and
Troive, [84], in Sweden suggest the value of 4 % to be used for the discount rate.

According to Peng et al. (2006), [54], in some parts of China the discount rate varied between
3% and 5 % in 2003.

According to Nishibayashi et al. (2006), [52], the fixed discount rate of 4 % per year is usu-
ally used for the cost-benefit analysis of infrastructure projects in Japan.

Meiarashi et al., [42], use the value of 2,9 % for the real discount rate, when they estimate the
life cycle costs of Japanese suspension bridges.

In industrialised countries like the USA, the Netherlands, Japan and Sweden, the most comon
discount rate value is 4 %, and in some other countries it is lower (in Switzerland 2 % and in
Germany 3 %). In many developing countries, however, it is substantially higher (from 12 %
to 15 %).

2.5 User costs

In Work Package 4 (1999), [94], the road user costs are presented for three different cases as
follows:

- Reduced speed.
- Diversion.

- Signal regulation.
Complicated mathematical formulae are given for each case.

In the American computer program BridgeLCC, [18], the user costs are divided into three
cases as follows:

- Driver delay costs.
- Vehicle operating costs.

- Accident costs.

The driver delay costs are calculated with the formula

Driver Delay Costs = [SL _SLJ ADT -N-w

a n

where

L is the length of affected roadway,

-10 -



S, is the traffic speed during bridge work activity,

Sy 1s the normal traffic speed,

ADT is the average daily traffic, measured in number of cars per day,
N is the number of days of road work, and

W is the dollar value of each hour of a driver’s time.

Vehicle operating costs are calculated as

Vehicle Operating Costs = (SL_SLJ ADT-N-r

a n
where

r is a weighted average vehicle cost.

Accident costs are calculated as
Accident Costs=L-ADT-N-(A, —A,)-c,

where
Ca 1s s the cost per accident, and

A, and A, are the accident rates per vehicle-kilometre during the construction and nor-
mally, respectively.

The presented equations (except the last one) were used for instance in the paper of Shin et al.
(2006), [70], were the following driver’s time values W were assumed:

$72,7 for bus,
$10,0 for truck, and
$9,7 for car.

Thoft-Christensen (2006), [77], cites the following mean values for the user delay costs
(1996-1999):

$ 22,31 - 27,23 for trucks and
$ 11,38 - 11,58 for passenger cars.

He mentions that today (2006) these values are much higher due to inflation etc.

In the examples presented in the report of Hawk (2003), [26], the following user costs were
assumed:

$25,00/hour for trucks and
$5,00/hour for other vehicles.

They were assumed to contain both the time costs and the vehicle-operating costs.

-11 -



Yunovich (2001), [97], assumes the driver’s time value to be 50 percent of the average wage,
giving the value $8,50 per hour (1998).

The Finnish Road Administration (2005), [78], uses the following average user costs (level
2005) based on the lost time of the driver and the passengers:

126,08 € for bus,

19,57 € for truck, and

16,03 € for car.

In addition to the above costs, fuel and maintenance cost of the vehicle and the environmental
costs are taken into account.

According to Neff, [50], in the United States of America FHWA has recommended values for
vehicle travel time ranging from $10 to $24 per hour. For vehicle crash costs, the recom-

mended value ranges from $151 000 per property damage crash to $1,24 million per fatal
crash (1998).

Thoft-Christensen (2006), [77], cites that values of typical accident costs are between
$1 091 000 and $1 182 000 (1999).

The vehicle crash costs used in Finland (Finnish Road Administration, 2005), [78] vary be-
tween 2 700 and 2 205 000 € (2005).

The values given in Table 2.5 are presented by Yunovich et al. (2001), [97], for the user costs
of a bridge during maintenance, repair, and replacement works of the deck slab. The bridge is
assumed to have two lanes in each direction and the length is 37 m.

Table 2.5  User cost of a bridge during repair of the deck slab according to Yunovich et al.
(2001), [97].

“LOW” LEVEL “MEDIUM” LEVEL | “HIGH” LEVEL
OF USER COST OF USER COST OF USER COST
Average daily traffic 24,000 28,000 32,000
% of ADT in peaks 40% 40% 50%
Length of peak, minutes 140 120 140
Discharge rate, [cars'h] 1600 1700 2000
User cost per day, S/day - no diversion $28,784 $68,609 $124,025
Maximum waiting time, minutes 30 30 30
User cost per day, S/day — with diversion $26,400 $39,502 $58,830

Thus, the estimated user costs vary between $1,2 and $3,9 per vehicle depending on the traffic
volume.

When calculating the user costs it is important to know, how long time the traffic limitations
last. Lopez-Anido (2001), [39], has surveyed the time expenditures when replacing the deck
slabs of American concrete bridges. The periods of time required for the removal of the old
slab and the construction of a new slab are shown in Figures 2.5 and 2.6, respectively.

-12 -
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Figure 25  The periods of time required for the removal of the old slab, Lopez-Anido
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Figure 2.6  The periods of time required for the construction of a new slab according to
Lopez-Anido (2001), [39].

This information is usable when estimating the user costs for a bridge rehabilitation project.

Rautakorpi (2004), [60], carried out a study concerning maintenance, rehabilitation and reno-
vation works of small bridges (span about 6 m, costs on 2004 level). In this study he used the
assumptions presented in Table 2.6.

-13 -



Table 2.6 Assumptions concerning maintenance, rehabilitation and renovation works of
small bridges according to Rautakorpi (2004), [60].

Time Time
Mainte | Rehabi | Detour for for Rehabi- Life
nance litation costs rehabi- | renova litation time
Bridge type costs costs litation tion interval
| C/year | € | ¢ weeks | weeks years | years |
Concrete slab 450 45000 10 35
Concrete frame | 450 | 35000 10 T
Corrugated steel | 250 35000 3 | 50
arch
Corrugated steel 200 35000 3 50
pipe
2.6 Bridge management and rehabilitation

According to Mirza (2006), [46], the annual maintenance costs of bridges vary between 0,5 %
and 1,5 % of the total construction cost. However, for older bridges the costs can be higher.

Nishibayashi at al. (2006), [52], use LCC calculations for determining maintenance and repair
schedules of bridges. They present a schematic diagram, where the horizontal axis shows the
interval of actions and the vertical axis the corresponding life cycle cost. In principle, there is
an optimum repair interval to obtain the minimum life cycle cost. For shorter repair intervals
the repair costs and the user costs increase rapidly.

e == Vehicle Operating Cost

mmm = Naintenance Cost

Repair Cost
= = = Travel Delay Cost
— LCC

I
Optimal Repair Timing % . :__J

with Minimum LCC ’ ~

Longer == Repair Interval >=> Shorter

Figure 2.7  Schematic diagram showing the correlation between the interval of repair in-
tervals and the corresponding life cycle costs according to Nishibayashi at al.
(2006), [52].
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In Figure 2.8 slightly different presentation originating from Neff, [50], is given. There the
costs depend on the reliability desired.

imum
Reliability
o L 1 L 1

Present Value or Equivalent Uniform Annual Cost (%)

50 60 10 80 20 100
Rel iability (Percent)

Figure 2.8  Interaction and optimum of maintenance as a function of reliability according
to Neff, [50].

A methodology for a probabilistic life cycle cost approach to bridge management was applied
to the concrete highway bridges in the Netherlands by Klatter & Noortwijk, [32].

According to Adey et al. (2006), [3], an expert evaluation was used to estimate the unit costs
of the intervention works of different types of bridges. The unit intervention costs were esti-
mated as percentage of the corresponding unit replacement costs. Experts were asked to esti-
mate the repair costs of a bridge in proportion to the costs to restore the bridge to a “like new”
condition. It was assumed that no de-icing material was used.

The intervention costs were assumed to include only the rehabilitation and replacement costs
of the agency. The routine maintenance costs, such as clearing of drainage pipes and washing
the bridges, were excluded. The user costs associated with the interventions were not included
either. No discount to the present value was done.

The results are shown in Figure 2.9.
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Figure 2.9  Expert evaluation of the intervention costs as percentage of the replacement
value as a function of the age of the bridge, Adey et al. (2006), [3].

In the report of Yunovich et al. (2001), [97], the annual routine maintenance costs for a typi-
cal concrete bridge are estimated to be $1,000 per year. User costs are excluded from the an-
nual maintenance activities. These costs include any maintenance required on the bridge, in-
cluding miscellaneous repair patching as the deck ages, but excluding the scheduled mainte-
nance due to significant deterioration of the concrete deck.

Lopez-Anido (2001), [39], made a survey of American concrete bridge decks considering
various maintenance, repair and replacement measures. The most interesting results are pre-
sented in Figures 2.10, 2.11 and 2.12. The survey was carried out by sending a questionnaire
to the engineers of the Department of Transportation (DOT) in five States.

0.25
E Maintenance cost: flushing, washing,

. 020 patching and sealing |
o
=
g
= 015
_Q
48]
©
]
7 0.10
@

0.05 1

0.00 . | | ‘ ‘ "

CA M MN NC OH Average
State DOTs

Figure 2.10 Annual costs of concrete bridge decks considering various maintenance, repair
and replacement measures in five American states according to Lopez-Anido
(2001), [39].
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The construction costs of a new deck slab of bridges having different size are presented in
Figure 2.11.

60.0 @ New Concrete
Deck Construction

0O Old Deck Removal
50.0 & Disposal
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29.5
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Figure 2.11 Construction costs of a new deck slab of different size of bridges in five Ameri-
can states according to Lopez-Anido (2001), [39].

The moments, when different actions are necessary to be carried out, are presented in Figure
2.12. Here ADT means the average daily traffic volume (vehicles per day).

60
54 = # -Starting Annual Mainenance
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Figure 2.12 Moments when different actions for concrete bridge decks are necessary in five
American states according to Lopez-Anido (2001), [39].

Lounis (2006), [40] applies a multi-objective optimization method to the bridge deck mainte-
nance optimization problem using the following variables:
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- Maximization of the bridge deck condition.
- Minimization of the maintenance costs.

- Minimization of the user costs.

Both the Euclidean and the Chebyshev metrics are used to determine the multi-objective op-
timality index and corresponding satisfactory solution.

To illustrate the method, Lounis presents an example of ten bridges (Table 2.7).

Table 2.7 A multi-objective optimization method applied to the bridge deck maintenance
optimization problem presented by Lounis (2006), [40].

Bridge Damage Maintenance User Euclidean Chebyshev
Deck Condition Costs Costs Metric Metric
Project Rating ($1,000) ($1,000) Mol MOI
1 7 620 120 1.260 1.000
2 6 832 132 1.130 1.000
3 5 350 124 0.424 0.363
4 5 364 153 0.382 0.382
5 5 125 76 0.583 0.579
6 5 150 76 0.587 0.579
7 5 100 56 0.730 0.729
8 5 125 20 1.002 1.000
9 5 75 20 1.000 1.000
10 5 150 84 0.528 0.51%9
Average= Z=$2891,000 | Z=$861,000 | MIN=0.382 | MIN=0.363
5.3

In this example bridges number 3 and 4 are the ones that need the most urgent rehabilitation.

Experiences based on construction contracts in Southern Ontario show that structural compo-
nent costs represent only 50 % of the total costs. Other costs like those related to traffic con-
trol, environmental protection and construction administration cover the remaining 50 %, as
shown by Pucchio et al. (2006), [57].

According to Fay (2006), [21], the costs of traffic management in a rehabilitation project of a
big bridge in Canada were estimated to vary from 10 % to 15% of the total budget.

Mirza (2006), [46] suggests the use of a three R’s thumb rule in environmentally sustainable
constructions works. The R’s are as follows:

- Reduce.
- Reuse.

- Recycle.

Reducing implies building only when needed and when the required function cannot be ful-
filled by other means. Reusing means that any new “product” should be reusable. Recycling is
basically similar to “reuse” but different in that sense that it can imply creating of something
totally different compared to that what already exists.
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2.7 Concrete

bridges

LCC calculations of a typical viaduct were carried out by Bakker et al. (2006), [6] (Tables 2.8
and 2.9). The present values used were based on the discount rate of 4 %.

Table 2.8 Example of a LCC calculation carried out by Bakker et al. (2006), [6], for a
typical concrete viaduct.

[Maintenance measure interval (yr) _ unitprice (€) unit amount cost
Concrete repair parapeds 25 25 m2 121 €3.028
bridgedeck 24 47 m2 853 €4.010
main structure 30 22 m2 3.410 €7.502
supports 30 1195 stk 4 €4.780
Guardrail railing 20 54 m1 121 €6.541
guardrail 21 163 m1 121 € 19.745
Pavement asphalt toplayer 8 19 m2 853 €16.210
asphalt underayer 24 42 m2 853 € 35.833
Joints maintenance 4 244 m1 32 €7.850
replacement 12 1220 m1 32 € 39.250
Bearings replacement 40 145000 stk 20 € 145.000
Regulair maintenance maintenance 1 0,714285714 m2 974 € 696
Inspection inspection 10 1650 stk 1 € 1.650
Structure replacement 80 2100000 unit 1 € 2.100.000

Table 2.9 Example of a LCC calculation carried out by Bakker et al. (2006), [6], for a
typical concrete viaduct. The present values (PV) in the second column are
based on the discount rate of 4 %.

> apsolute
% PV excl. excl.
Maintenance measure PV %PV replacem. |Absolute |%Absolute [replacem.
Concrete repair parapeds 1722.0 0.5% 0.7% 9085.3 0.3% D.T“T
bridgedeck 2412,7 0.7% 0,9% 12029.7 0.4% 0,9%
main structure 3026,2 0,9% 1,2% 15004,3 0,5% 1,2%
supports 1928,2 0,6% 0.8% 9560,0 0,3% 0.8%
Guardrail railing 52635 1.5% 2.1% 26165.6 0.8% 2.1%
guardrail 14136,0 4.1% 5,6% 59236,1 1,8% 5,6%
Pavement asphalt toplayer 42073,3 12.2% 16.6% 162101.9 5.0% 16.6%
asphalt underlayer 21560,4 6,2% 8.5% 107499,2 3,3% 8.5%
Joints maintenance 442097 12,8% 17.4% 1569991 4.8% 17.4%
replacement 61426,6 17.8% 24.2% 2354986 7.2% 24.2%
Bearings replacement 36492.6 10.6% 14.4% 290000.0 8.9% 14.4%
Regulair mainienance _maintenance 16643.5 4.8% 6.5% 55674.6 1.7% 6.5%
Inspection inspection 3286,7 1.0% 1.3% 13200,0 0.4% 1,3%
Structure replacement 911071 26.4% 2100000,0 64.6%
Total incl. replacement 345278,5 100,0% 100.0%] 32520544 100,0% 100,0%
[Total excl. replacement 254171,4]

According to Table 2.9, the construction costs are about 65 % of the total life cycle costs. The
most expensive parts after construction period are the joints and the bearings which together
cause about 21 % of the present value of the life cycle cost.

An example of LCC calculations of a conventional concrete bridge is presented by Hawk
(2003), [26]. The basic assumptions for the calculations are:

- the length of the bridge is 100 m,
- the width of the bridge is 11 m,

- the real discount rate is 6 %, and

- the analysis period is 80 years.

The cost calculations are summarized in Table 2.10, where “Alternative B” means the con-
crete bridge alternative in question.
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Table 2.10 LCC cost calculation of a concrete bridge according to Hawk (2003), [26],
Part 2 (NCHRP 12-43), p 82.

Alt. B, Timing Best-estimate Ezpected PV ($)
Cost ltem cost (§)
Plans and studies year 100,000 100,000
Design & years -2 2,200,000 1,969,168
construction
Inspections every 2* yearin | 1,000/inspection 6,522
SEEVICE

Deck-overlay 10-yr intervals 25,000/project 27,658
replacement
Total agency cost, $2,103,348
At B

In this example, the future costs seem to be quite low, only about 1,7 % of the construction
costs. The user costs are not included.

Kawano, [30], has studied the life cycle costs of four prestressed concrete bridges located on
coast lines in severe chloride environments. The service lives of the old bridges were only
from 32 to 34 years except the one bridge still existing. The proportional initial costs, the
maintenance costs and the removal costs of the bridges are given in Table 2.11, respectively.
No discounting was taken into account.

Table 2.11  Life cycle costs of four prestressed concrete bridges located on coast lines in
severe chloride environments according to Kawano, [30]. | = investment, M =
maintenance, R = repair.

Name of bridge| Length Number
Service years | spans I M R |+M+R  |of repair
Kuretsubo 144m 2

32 5spans 1.0 0.8 0.7 2.4 |replaced
|wakawa 35m 1

34 Tspan 1.0 0.5 ?% | 1.5 |replaced
Ashikawa 117m 2

34 4spans 1.0 1.2 2.7 4.9 |replaced
Koyataro 337m 2

25 9spans 1.0 1.2 [(1.0)*+| 2.2

]

not removed  ** estimated

Methner et al. (2006), [45], compare the construction costs of integral concrete bridges with

those of ordinary type bridges having bearings and expansion joints. Typical distribution of
construction costs of these bridges is presented in Table 2.12:
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Table 2.12 LCC comparison between an ordinary bridge and an integral bridge. Methner

et al. (2006), [45].

Task Ordinary model Integral model
in % of OM in % of OM
Earth Works 22 24
Drainage 24 24
Foundations 13.6 12.1
Concrete 26.1 252
Reinforcing Steel 13.4 13.8
Prestressing Steel 5.0 52
Formwork, Scaffolding 7.4 7.7
Cqmponcn?s (Bearings, 113 55
Joints, Drainage etc.)
Sealing, Roadway etc. 43 43
Site F%‘lclh‘tlcs, Traffic 143 143
Organization
Total 100.0 92.9

Another comparison between an integral bridge and a non-integral bridge is given by Men-
doza (2006), [43]. LCC calculations for a flyover with the length of about 67 m and the effec-
tive width of 5,5 m were reported. The followings hypotheses were assumed:

- 50 years scenario.
- The construction costs are:
154 745 € (integral bridge)
170 573 € (non-integral bridge).
- The annual maintenance cost is 0.8 % of the initial investment.

- In the non-integral solution, the expansion joints will be replaced every 10 years and
bearings every 20 years.

- Discount rates (I) of 4 %, 5 %, 6 %, 7 % and 8 % where admitted.

- No traffic delay or user costs where considered.

The results are shown in Table 2.13.

Table 2.13  Comparison between net present value for an ordinary bridge and an integral
bridge type. Mendoza (2006), [43].
Net Present Value (NPV)
1=4% | 1=5% [ 1=6% | 1=7% | 1=8% Construction Cost
Integral Solution 418931 | 379 656 | 349 189 | 325164 | 305919 154 745
Non Integral Solution | 479 657 | 433 218 | 397 198 | 368 800 | 346 061 170 573

According to Perez et al. (2006), [55], a rough estimate for additional costs caused by joints is
that the structures with joints require maintenance costs that equal the construction costs about

every 20 years.
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Peng et al. (2006), [54], also give an example of cost comparison between a conventional
bridge (A) and the corresponding integral bridge (B) (Table 2.14). The net present value of
the LCC costs is also given. An analysis period of 50 years and discount rate of 4 % used.

Table 2.14 Comparison between the net present values of a conventional bridge (A) and
the corresponding integral bridge (B). The analysis period is assumed to be 50
years and the discount rate 4 %. Peng et al. (2006), [54].

Table 3 Costs of strategy A and strategy B (Unit: RMB)

Strategy A Strategy B
Initial Cost 90,000 128,000
Maintenance cost 21,482.18 0
Rel_?lncgn.]em of 169.980.8 0
expansion joint cost
oot cost (traffic
L..ser cost (trl e Closed Smooth
interrupted)
Societal cost Not included None
Total cost 281,482.97 128,000(45.5%)

Note: Maintenance action for every year; and the time replacement of bearing
and expansion joint is every ten years.

Troive, [85], made LCC calculations for thin deck slabs of concrete bridges. Deterioration
models to predict the expected service life were used and the annuity cost of different con-
crete qualities and covering layers were calculated. The discount rate was 4 %. Some results
are presented in Figure 2.13. The figures on the vertical axes express the dimensionless annu-

ity.

0,20 . T
\ \
0,18 N \
0,16 77, ) \ Concrete cover
014 \ 15 mm
. . \ —_——
0,12 9 I N 25 mm
0.10 ~N N ’ NN e 35 mm
' ‘\\ \‘ N - 45 mm
0,08 e —--—55mm
g ~. .
0,06 R S |
0,04 —]
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0,00 Concrete
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Figure 2.13 Annuity cost of a concrete bridge slab depending on concrete quality and con-
crete cover. Troive, [85].

-22 -



Smith & Cornell (2006), [73], compared the life cycle costs of stainless steel reinforcing bars
to those of conventional reinforcing bars. They point out that the total costs increase only by
1 % to 10 %, when stainless steel reinforcing bars are substituted for carbon steel reinforcing
bars in the critical parts of highway bridges. In Figure 2.14 the life cycle cost comparison for
the Oland Bridge in Sweden is presented.

t Total Cost Carbon Steel ? .
491 gx10°

Stainless Steel 316

26

'i -
T 1 T 1 T
10 1Be—23 30 Life, Years 100
Restoration

Figure 2.14 Comparison of the life cycle costs of stainless steel reinforcing bars and those
of conventional reinforcing bars for the Oland Bridge in Sweden. Smith & Cor-
nell (2006), [73].

Comparison of the life cycle costs of different types of reinforcing bars is presented in Table
2.15.

Table 2.15 Life cycle costs of different types of reinforcing bars according to an American
web site [17].

Uncoated Rebar- | Epoxy-Coated Epoxy-Coated
Bridge Deck Rebar-Top Mat | Rebar-Both Mats

Added Cost of Protection N/A $0.15 per Ib. $0.15 per Ib.
System

Initial Investment?! $35 per sf $35.50 per sf $36 per sf
(construction &

protection)

Discount Rate 4% 4% 4%

Life Extension? N/A 15 years 25 years
from Protection System

Service Life 20 years 35 years 45 years
Repair/Rehab Cost? $17.50 per sf $17.50 per sf $17.50 per sf
Annual Rate of N/A 19% 15%
Return On Investment

Net Present Cost 52 44 41
(per sq. ft.) 3 3 3
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Yunovich et al. (2001), [97], presented a cost comparison between different types of reinforc-
ing bars used in the deck slab of a conventional concrete bridge. The bridge deck had a sur-
face area of 583 mz, two lanes in each direction, a length of 36,9 m and a width of 15,8 m.
Figure 2.15 shows the final annualized cost values for one maintenance scenario. No user
costs are included.

T T T T T
$40,000 |— =#=Black steel rebar mats
=8=Epoxy-coated/black steel rebar mats
$35,000 |— Stainless steel rebar mats
$30,000 7%
= //./
352525,000 / {
$20,000 / ;.,/
§15,000 __..A,’/. =
r’ /"/
r'
§10,000 — —=
§5,000
2 2 2 2 2 2 2 2 2 2 2 2
<) 5] o o o o) S} <) 5] o) S} <)

Interest rate

Figure 2.15 Annualized cost values for one maintenance scenario for a bridge deck with a
surface area of 583 m?, with different types of reinforcing bars. Yunovich et al.
(2001), [97].

When the user costs for a daily traffic of 24 000 vehicles are included, the cost comparison
takes the form presented in Figure 2.16.

Chusid et al., [14], used the computer program BridgeLCC (see section 4.3) to compare the
life cycle costs of a painted bridge and an integrally coloured concrete bridge. They ended up
to the result that a bridge made of coloured concrete is about 17 % cheaper than a painted
bridge.
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Figure 2.16 Annualized cost values including user costs for one maintenance scenario for a
bridge deck with a surface area of 583 m? with different types of reinforcing
bars, Yunovich et al. (2001), [97].

2.8 Steel bridges

The most important part affecting the life cycle costs of steel bridges is the painting. The
overall surface costs are comprised of the costs of surface preparation, the painting material
and the application activities. Yunovich et al. (2001), [97] present cost estimates for some
coating systems of American steel bridges (1999), (Table 2.16). In the table DFT means
“Dried-film thickness”. The presented data concerns “moderate industrial environment in the
southeast of the United States”.
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Table 2.16

Yunovich et al. (2001), [97].

Cost estimates for some coating systems of American steel bridges (1999).

SSPC DFT*#5 Cleaning | Material | Application Total System Life Castivea
System Surface Cost Cost Cost__[Installed Cost [(5-10% breakdown) |
preparation (mm) (S/m’) ($/m?) (Sim?) (S/m?) (vears) (S/m?)
IR $5.92 $12.38 3 $4.09
Two-coat alkyd 0.10 $1.08 $5.38
6% $9.15 $15.61 6 $2.58
2 $5.92 $14.10 15 $1.83
Two-coat epoxy 6 0.15 $9.15 | $1.72 $6.46 $17.33 10.5 $1.61
10##* $10.76 $18.94 12 $1.61
Two-coz / 6 $9.15 $1841 9 $2.05
['wo-coat epoxy 015 $2.26 $7.00
urcthane 10 $10.76 $20.02 10.5 $1.94

Another collection containing estimations for painting costs in the United States is given in
Table 2.17. It has been composed from several different sources. Yunovich et al. (2001), [97].
Extra costs such as containment, waste disposal-related costs and workers health and safety

costs are included. A typical cost distribution is shown graphically in Figure 2.17.

Table 2.17

Cost estimates for different coating systems of American steel bridges including
extra costs (1999). Yunovich et al. (2001), [97].

ESTIMATED COST,

CATEGORY TYPE 3
($/m°)

Surface Preparation | SP-10 Near-White Metal Blast §13.45
{labor + material) | SP-3 Power-Tool Cleaning § 6.46
Three-Coat Full Painting S1345

Coating Application | Overcoating 5 3.23
Metallizing 52691

10Z/Epoxy/Urethane § 3527
Epoxymastic/Urethane § 432

Coating Material Metallizing 516.15
Moisture-Cured Urethane § 269

Three-Coat Alkyd § 2.03

Containment and Air Fillration Systems, SP-3 only § 538

Containment and Air Filtration Systems, SP-10 only £21.53

Inspection, SP-3 only § 338

Inspection, SP-10 only S10.76

Other Job Costs Rigging SRR
Maohilization § 538

Hazardous Waste Storage and Disposal, SP-3 only $10.76

Hazardous Waste Storage and Disposal, SP-10 only §26.91

Waorker Health and Safety, SP-3 510,76

Waorker Health and Safety, SP-10 521.53
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Figure 2.17 A typical cost distribution for different coating systems of American steel
bridges. Yunovich et al. (2001), [97].

In the United States, the costs of total paint removal and repainting jobs can range from
$43.00 per m’ to $215.25 per m’. Yunovich et al. (2001), [97], estimate that the cost of over
coating ranges from $11 to $54 per m’.

The estimated life time of several coating systems is presented in Table 2.18 (Yunovich et al.
(2001), [97]). The life time is defined as the time when 10 percent of the surface area is dete-
riorated. The data proves that, depending on the surface preparation and the type of coating,
the assumed service life can vary considerably in the range of 3 to 30 years.

Table 2.18 The estimated life time for some coating systems according to Yunovich et al.
(2001) [97]. The system lifetime is estimated to correspond to the time when 10
% of the surface area is deteriorated.

ESTIMATED COATING

COATING SYSTEMS SYSTEM LIFE*

Ethyl Silicate Inorganic Zinc/Epoxy Polyamide/Aliphatic Urethane over SP-10

S years
Near-White Metal Blast L5 years
Epoxymastic/Aliphatic Urethane over SP-10 10 vears
Near-White Metal Blast years
Epoxymastic/Aliphatic Urethane Overcoat over Existing Paint and SP-3 4 years**

85% Zine/15% Aluminum Metallizing over SP-10
Near-White Metal Blast

Low-VOC Alkyd Three-Coat System Overcoat over Existing Paint and SP-3 3 years**

30 years***

Troive (1999), [84], has also estimated life cycle costs of painting in steel bridges. One exam-
ple of the results (system S4.22) is given in Table 2.19.
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Table 2.19  Estimated life cycle costs of different painting systems of steel bridges accord-
ing to Troive (1999), [84]. The table depicts an example.

fabrik falt
nymaln battr part battr  ren/bléstr
100% 10% 20% 10% 100%

Atgird/kostnad fabrik  filt 0 20 40 60 80  |ar
Etablerings- och
arbetsplatskostnader - 300000{kr 600 600 600 600 |kr/m2
Intdckning - 150 [kr/m2 150 150 150 150  |kr/m2
Bléstring (arb + uppsaml) | 80 100 |kr/m2 80 10 20 10 100  |kr/m2
Malning (arbete) 30 35 |kr/skikt/m2 120 14 28 14 0 kr/m2
Malning (material) 52 63 |kr/m2 52 6 13 6 0 kr/m2
Deponeringskostnad,
farligt avfall - 30 |kr/m2 3 6 3 30 [kr/m2
Summa 252 783 817 783 880  [kr/m2
Nuvérde 252 357 170 74 38 kr/m2
LCC (Summa nuvérde) | 892 kr/m2
Annuitetskostnad 37,3 kr/ar/m2

Based on Table 2.19, the shares of different items in the LCC are represented graphically in
Figure 2.18.

Waste disposal _
0,3 %

Paint material
6,5 %

Paint work
15,0 %

Establishing
54,1 %

Sandblasting
10,6 %

Covering

13,5 %

Figure 2.18 The shares of different items of LCC in Table 2.19 presented graphically.
Troive (1999), [84].

The painting costs of steel truss bridges were studied by Carlin & Mailhot (2006), [10]. Unit
painting costs are estimated depending on the accessibility of the construction. It has been
found that the costs of the painting material itself represent only a few percentages of the total
costs.

An old truss bridge was repaired in Canada during 2004. Based on the experiences of that pro-
ject Mercier (2006), [44], collected unit replacement costs of various structural parts into one
table (Table 2.20). The costs include site organization, removal and disposal of the replaced
elements and replacement of rivets with bolts, except on the bottom chords.
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Table 2.20

An example of LCC calculations of a conventional steel bridge is presented by Hawk (2003),

on the bottom chords.

Unit costs when replacing different parts of an old truss bridge, according to
Mercier (2006), [44]. The cost items include site organization, removal and
disposal of the replaced elements and replacement of rivets with bolts, except

Parts replaced Unit cost

Rivets $70/unit
Rivets $60/unit
Bottom chords Plates and angle $19/ke
Bottom bracing $22/kg
Angle irons of diagonal and vertical $23/kg
Gussets of bottom bracing $28/ke
Replacement of stringers $12/kg

[26]. The basic assumptions for the calculations are as follows:

The cost calculations are summarized in Table 2.21, where “Alternative A” means the steel
bridge alternative in question.

Table 2.21

length of the bridge
width of the bridge

real discount rate
analysis period

traffic volume

100 m,
11 m,

6 %,

80 years,

3,500 vehicles per day, and

15 percent of the traffic is assumed to be trucks.

Hawk (2003), [26].

Example of a LCC calculation of a conventional steel bridge,

Allernative A

Alternate A Timing Best estimate cost Expected PV
Cost item (S) ($)

Plans and studies year () 100,000 100,000

Design & years -2 2,000,000 1,781,504

construction

Inspections every 2 year in 1,000 per inspection 6,522
service

Painting 1210 18 year 153,000 per project 106,860
intervals

Deck overlay 10 year intervals 25,000 per project 27,658

replacement

Total agency cost for $2,022,544
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The net present value of the user costs in the example presented in Table 2.21 is $§ 6452 with-

out diversion.

Hadavi (2003), [27], studied the total life cycle costs of movable bridges. The ratios to the
corresponding initial costs are presented in Figure 2.19. Presumably no discounting has been
made, i.e. discount rate has been assumed to be zero.
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60

80 30
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100 110

Figure 2.19 Total life cycle costs of movable bridges according to Hadavi (2003), [27].
Presumably the discount rate has been assumed to be zero.

Meiarashi et al., [42], compared the discounted life cycle costs of suspension bridges made of
conventional steel or carbon fibre reinforced polymer (CFRP). The results are shown in Fig-

ure 2.20.
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Figure 2.20 Discounted life cycle costs of suspension bridges made of conventional steel or
carbon fibre reinforced polymer (CFRP), Meiarashi et al., [42].
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2.9 Composite bridges

Shin et al., (2006), [70] present an example of an optimization based on life cycle costs. They
surveyed a composite bridge with a concrete deck slab and three steel box girders. Total width
of the bridge deck was 15.5 m. The load-carrying capacity of the bridge was based on the ex-
perience obtained from the deterioration, maintenance and repair measurements. The dimen-
sions of the bridge deck were chosen so, that after a certain life time the reduced dimensions
were big enough to fulfil the load-carrying requirements.

The total life cycle cost was calculated as a sum of the initial cost, the damage cost, the main-
tenance cost, the repair and rehabilitation cost, the user cost and the disposal cost. However,
nothing is mentioned about the discount rate, i.e. it has been assumed to be zero.

The most important results are presented in the Figures 2.21 ... 2.23. Instead of total life cycle
costs, the annual costs are examined. The curves also represent the cost proportions of the
different types of roads.
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Figure 2.21 Example of annual LCC costs of a composite bridge as function of the service
life, according to Shin et al., (2006), [70].
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Figure 2.22 Example of annual LCC costs of a composite bridge depending on the road
type and service life, according to Shin et al., (2006), [70].
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Figure 2.23 The total annual cost and the optimum design service life of a composite bridge
depending of the type of road, according to Shin et al., (2006), [70].

2.10  Timber bridges

A survey of the construction costs of American timber bridges for truck traffic is described in
articles [79] and [80]. The bridges in question were constructed between the years 1980 and
1992. The unit costs of the superstructures of the different types of bridges are summarized in

Table 2.22.

Table 2.22  Survey of the construction costs of American timber bridges for truck traffic,

[79] and [80].

Observa- Cost (/)

tions

Construction type (no.) Median  Mean
Slab 138 2483 2858
Stringer/multi-beam 56 3112 3159
Girder and floorbeam 1 4525 45725
system
T-Beam 2 64.10  64.10
Box beam or girder

Multiple 7 56.00 57.80

Single or spread 1 5169  51.69
Frame 1 14950 149.50
Truss, through 2 60.18  60.18
Arch, deck 1 39.09  39.09
Total 209

The variation of the cost values is shown in Figure 2.24.
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Figure 2.24 Variation of the construction cost values of American timber bridges for truck

traffic, [79] and [80].

The conversion to the European (SI) units can be done according to Table 2.23.

Table 2.23  Conversion from inch-pound units to SI units, [79] and [80].

Conversion
Inch-pound unit factor Sl unit
inch (in.) 254 millimeters (mm)
foot (ft) 0.3048 meter (m)

square foot (ft°) 0.093

square meter (mz)

A comparison of the corresponding bridges made of other materials is presented in Table
2.24, [79] and [80]. One can see that the median costs of timber bridges were less than those
of the steel bridges and greater than those of the concrete and prestressed concrete bridges.

Table 2.24  Comparison of cost per area for corresponding bridges made of different mate-

rials, [79] and [80].

Observa  Cost (§/ft)
tions
Data set (no.)  Median Mean
Timber 222 26.40 31.84
Steel 27 2750 3140
Concrete 37 1913 2753
Prestressed concrete 115 2167 2545

Total 401

Yttrup and Nolan, [95], investigated the life cycle of timber bridges in Tasmania, Australia,
and give the following “rule of thumb” for the service lives of the planks, the deck, the beams

and the piles. These are 5, 10, 20 and 40 years, respectively.
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Dinkel (2005), [16], uses LCC to compare the costs of timber bridges and the bridges made of
fibre material. He mentions that the service life of wooden deck planks varies between 6 and 8
years and that of the load-carrying parts between 15 and 30 years.

2.11 Computer programs

Bridge LCC is an American program for the life cycle cost analysis of bridges, Bridge LCC
[8], Ehlen, [18]. It has the following features:

- risk assessments,

sensitivity analysis,

four probability distributions to quantity, unit cost and timing of individual costs, and

driver delay costs, vehicle operating costs and accident costs.

An example of the cost calculation results is given in Figure 2.25. It represents graphically the
annual costs and cumulative costs both in the current value and in a discounted value.

(™ Current and Constant Costs, Yearly and Cummulative =0l x|

Yearly Costs in Current-Year Dollars ‘Yearly Costs in Base-Year Dollars

2083

Life-cycle cost (5)

o
4

o
4]

-
R
amRE
% o~
= Ao

Year ‘ear
Cummulative Costs in Current-Year Dollars Cumulative Costs in Base-Year Dollars

$730,000
710,000
$630,000
$670,000
$650,000

$1,400,000
§1,200,000
§1,000,000
$500,000
$600,000

Life-cycle cast ()

Life-cycle cost ($)

W <onwertional Concrete Bridge [l HPC Bridge

Figure 2.25 An example of cost calculation results from Bridge LCC [8].

Bridge LCC was used, for example, for the life cycle cost analysis of a bridge reported by
Goulet (2006), [23]. BridgeLCC is presented in some detail in Chapter 4.

The computer program Bridgelife of Vesikari (2006), [92], enables the management and life
cycle analysis of bridges. It was developed in Finland to serve the bridge owners. The pro-
gram is based on the developed degradation models for concrete bridges. The future condition
of the structural parts is predicted by using Markov Chain method that gives to the analysis a
probabilistic nature.

An example of the results obtained by using Bridgelife is depicted in Figure 2.26.
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Figure 2.26 An example of the results obtained by using Bridgelife, Vesikari (2006), [92].

In Japan, professors Miyamoto and Nakamura have developed a bridge management system
called J-BMS, Miyamoto & Nakamura (2003), [47]. It uses a LCC optimizing system to de-
termine the maintenance works needed. The program uses a database based on the results of
the visual inspection of the existing bridges.

Figure 2.27 and Figure 2.28 show an example of a maintenance plan based on the cost opti-
mization proposed by Miyamoto and Nakamura (2003), [47].

. Miake-bashi bridge@ brx - BREX99

File(E) View(E) FunctionlC) Diagnosis(R) (oL Option{Q)

=8 Optimal maintenance planning results

Mode of optimazationd-ost minimization  Bridee name: [Miske-bashi bridee> Tareet memberdfmain girder

~ Maintenance plan
index year Maintenance measure Cost
Glass cloth covering, Recovery of cross section of main girder, Epoxy
1. ﬁﬁ injection, (Repair, Surface coating 546
2. Eé-.— Mortar spraying, Epoxy njection.(Repair, Surface coating) F:-ﬁ—
3. | |
a. I._. l.._.
B. | |
6. | |
Inspection plan 14,09, 14,19, 22, 25, 28, 31, 34, 37, 40, 43, 46, 49, 52, Inspection cost: EIJ
(year):
Total cost: ﬁﬁe

Figure 2.27 An example of a maintenance plan based on the cost optimization proposed by
Miyamoto & Nakamura (2003), [47].
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Figure 2.28 An example of a maintenance plan based on the cost optimization proposed by
Miyamoto & Nakamura (2003), [47].
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3 Methodology

3.1 Introduction

The traffic infrastructure of a country is built to serve the society with roads, bridges, tunnels
and other structures needed for an effective transportation sector. Taxes on vehicle fuel and
likewise are used to pay for these services. The taxpayers want of course to get as much
“value for money” as possible. The “value” is firstly a road system as effective as possible
and with as few interruptions as possible for maintenance and repair. There are other values of
importance concerning the environment, preserving energy and to use as little of not renew-
able material resources as possible. Very important values are also all kinds of traffic security
issues. Other “values” could be esthetical or preserving old structures of historical interest.

The “money” in the “value for money” requirement could be investment cost, life cycle cost
with or without user costs. There are many different views on how to calculate these kinds of
costs. Some of these questions will shortly be discussed in this paper.

Life Cycle Costing LCC is a technique which enables comparative cost assessments to be
made over a specified period of time, taking into account all relevant economic factors both in
terms of initial capital costs and future operational costs. In particular, it is an economic as-
sessment considering all projected relevant cost flows over a period of analysis expressed in
monetary value. Where the term uses initial capital letters it can be defined as the present
value of the total cost of an asset over the period of analysis.” [88] (Tupamaéki, 2003b).

3.2 Notation

To be able to compare different methodologies it is practical to use the same kind of notation
throughout this methodology chapter, since it is obvious from chapter 2 that different kinds of
notations are used in different countries and by different researchers. In this chapter 3, has
consequently translation of parameters used in the three countries Sweden, Finland and Nor-
way been transformed to one set of notation.

Latin lower case

Symbol Typical unit | Description

ai, ay,... constants

p - Probability

r % General symbol used for rent, when no index is used the sym-

bol stands for calculation rent or thing

t year Time

v km/h Speed

Latin upper case
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Symbol Typical unit Description

ADT number/day Average daily traffic

A Number/vehicle-km Accident rate

C $, €, SEK General symbol for cost

ccC - Condition class

L m Length

LCC General symbol for life cycle cost. Different indices
are used

LCV % or %o Lack of capital value

N General symbol for number i.e. number of days

occ - Overall condition class

R - Probability for failure

T year Time interval i.e. life-time

Greek lower case

Symbol Typical unit | Description

Greek upper case

Symbol Typical unit | Description

3.3 Bridge management systems

A bridge owner who has many thousands of bridges to manage knows that it is a complex task
to plan the management and therefore a bridge management system (BMS) is a must for the
effective planning and procurement of new bridges and for the maintenance of the existing
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bridge stock. In the following short descriptions are given for the Swedish, Finnish and Nor-
wegian BMS systems. Only the parts of interest for making LCC calculation will be presented
in some detail.

34 What is a Bridge Management System?

A bridge management system (BMS) performs rational and systematic approach to the mana-
gement functionalities related to bridges from the conceptual stage to the end of their useful
life, through organising and implementing all the activities related to design, constructing,
maintaining, repairing, rehabilitating and replacing structures. The overall activities include:

- Defining structure condition
- Monitoring and rating structures

- Finding and recommending optimum alternatives of maintenance, repair and rehabi-
litation (MR&R) measures for structures

- Identifying, predicting and prioritising structures for MR&R measures or even demoli-
tion

- Allocating funds for construction, replacement, rehabilitation and maintenance meas-
ures

- Maintaining an appropriate database of information.
In practice a bridge management system is usually divided into two parts:

- Network level system

- Programming / Project level system

The ultimate objective of the programming level system is to make the necessary decisions
between the inspection of structures and the execution of MR&R projects. So, a project level
system should be able to answer the strategic questions: Which bridges should be repaired?
Which MR&R methods should be used? When to do the MR&R measures? How to combine
the measures into projects? All these questions should be answered taking into account tech-
nical demands, functional performance, safety, economy and other necessary viewpoints. The
MR&R projects are then executed according to the system assisted decisions.

A project level BMS addresses structures and structural parts on an individual basis. Planning
is performed by going through all the levels of structural hierarchy starting from components,
such as beams and columns, and ending up to programming level plans for projects. It offers
tools, techniques and methodologies for analysing structures and structural parts for speci-
fying MR&R measures, combining projects from individual MR&R measures and finally pre-
paring the annual project and resources plans at the programming level.

The bridge management system often has a special network level system. This part of the sys-
tem is meant mainly for high level decision making and economic research. It has two levels
of analyses: a long-term (LT) analysis and a short-term (ST) analysis. It deals with cate-
gorised populations of structures and answers questions like: How much money is needed?
What happens if? What is the optimum condition target for a bridge stock? The main idea is
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to find the cost-effective target level of bridge condition and to identify yearly the overall op-
timal solutions for MR&R activities and to calculate the required budget so that the structures
and their performance can be kept in a cost-effective state year by year. It helps the admini-
stration level decision-makers to evaluate the level of funding on long term, to allocate it and
to decide on the MR&R policy.

The MR&R policy is a target-oriented practice of the road administration for the maintenance
of its bridge stock. It is a collection of targets and rules that should be considered in all the
MR&R activities of the organisation. One purpose of a BMS is to control in practice that the
strategic targets are taken into account at all the decision-making levels related to MR&R,
also taking into account the funding constraints.

A traditional goal setting for a BMS is to keep a steady-state condition of the structures to
preserve the asset value of the bridge stock. An optimum condition level for structures is ob-
tained as a result of the network level analysis. This optimum condition level can be con-
sidered to be the long-term goal for the management. The short-term goal is to define the op-
timal yearly steps for approaching the optimum condition state at which the MR&R costs are
assumed to be minimised. How rapidly the optimal condition level can be achieved depends
on the available budget. The financing must be high enough to lift the condition from the
“status quo” level, see Figure 3.1.

4 Condition

Optimal condition level

Highest budget

Status quo

Cun&»
condition

Lowest budget

v

Time

Figure 3.1  The dependency of the future condition level on financing (ST analysis), Mdn-
nisté & Feighan (1999).

One of the main requirements of a BMS is the control of reliability of the structures over time.
The safety is controlled by condition constraints, i.e. by defining the lowest allowable condi-
tion states for structures.

In a BMS user costs are an important issue. For instance, a weak bridge may cause consi-
derable extra expenses for some users as a result of a longer transport route. A narrow old
bridge that causes a bottleneck for traffic results in extra expenses to all road users. Normally,
the owner costs form a descending curve and the user costs an ascending curve as a function
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of increasing degradation of a structure. The minimum socio-economic costs, totalling the
owner and user costs, would then lie between the extreme ends of high and low condition, as
seen in Figure 3.2

A
n
n L
u Minimal
a Socio- economic cost Traffic cost
| |
* —— Road agency cost
c ' Lowest condition cost
o}
s Minimal —— Total cost
t road agency cost
|
k

High Average condition during lifetime Low

Figure 3.2 Definition of the optimal condition level of structures from a socio-economic
point of view (LT analysis), Mdnnisto & Feighan (1999).

A bridge management system is always based on a well-defined data inventory. The data
structure of the inventory must be consistent with the system needs. It should allow the input
of inspection and condition assessment data and repair data as well as structural data on all
levels of structural hierarchy.

Typical needs and requirements for a bridge management system of the road administration
are the following:

- Need for economic justification of decisions
- Objective basis for decisions, based on engineering, economic and ecological grounds

- Determination of medium and long-term targets and need for definition of appropriate
maintenance strategies to achieve the targets

- Strategic guidelines for preservation of assets

- Optimising MR&R strategies based on engineering and economic grounds

- Need for selection of justifiable maintenance decisions within budget constraints
- Need for showing value for money in infrastructure provision and maintenance

- Need for allocation of funds

- Evaluation of whole life costing, including user costs

- Implication of lower standards of performance.
Especially, for the maintenance engineers and repair designers the needs are:

- Well organised condition assessment system and inventory for the structures
- Optimisation of MR&R measures for specific components, modules and objects
- Guaranteed safety

- Safeguarded investments
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- Correct timing of MR&R measures

- Evaluation of MR&R costs

- Combination of optimised measures into MR&R projects

- Prioritisation of projects

- Production of annual repair and reconstruction programmes

- Budget control.

34.1 Short presentation of the Swedish Bridge management system

The Swedish Road Administration (SRA) has since the mid 1970s used computerized BMS.
The latest update of SRA’s BMS is called Bridge and Tunnel Management system (BaTMan),
which was introduced in 2004. BaTMan supports the management of a bridge structure during
its whole lifecycle, from the design phase to the demolishing stage and even after. BaTMan is
an Internet based system, which means that users all the time have updated information about
the actual bridges online (https:/batman.vv.se).

Inspections

The main purpose of the inspections is to ensure that the safety and traffic ability of the
bridges meet the requirements put on the Administration by the Government. More, the in-
spections reveal the physical and functional condition thus providing the basis for an efficient
and economical bridge management. The bridge inspections in Sweden are since 1987 divided
into three types, according to the nature of their aim, scope and frequency. They are:

- General inspection

- Major inspection

- Special inspection

The aim of the general inspection is to follow up the assessed damage during earlier inspec-
tions. Another important aim of this inspection type is to detect and assess new damage. Even
this inspection type can detect if the contracted maintenance work has been properly per-
formed.

Every structural part of the bridge together and their included elements have to be visually
inspected. Structural parts under water are excluded. There is no demand on hand-close inves-
tigation unless new damage is detected.

General inspection is a simpler inspection compared to the major inspection. The scope of the
general inspection is to check the recorded damage from previous major inspections and
check if the assessed development of these was correct. If new damages are detected, they
will be recorded and assessed according to current rules.

General inspection has to be performed on bridges with a theoretical span larger than 5,0 me-
ters. Smaller bridges are normally exempted from this inspection type. The time interval be-
tween two general inspections is maximum three years. The personnel performing this inspec-
tion type have to posses the same competence as the inspectors performing major inspections.
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Major inspection is the most important inspection type performed on the Swedish road
bridges. The scope of this inspection type is to detect and asses damages and defects which
can affect the designed function or the traffic safety, both in the short and the long run (within
10 years). Another aim is to detect even minor damage or defects that, if not attended to, can
cause increased maintenance or repair costs within a 10-year period.

Every structural part and their in-going elements, which are within hand reach, have to be in-
vestigated. During this inspection, even the structural parts located under the water surface
have to be closely inspected by qualified divers. Even adjoining parts of the bridge such as
road embankments, slopes, abutment ends, fill revetment and fenders have to be inspected. If
the inspected bridge contains mechanical or electrical equipment, such as movable bridges,
these parts will also be subject to close inspection.

The inspection has to be done hand-close. Special inspection equipment, such as a bridge-lift,
will allow a close look under the bridge deck, a structural part difficult to inspect otherwise.

This inspection type requires that a series of physical measurements have to be performed.
Such measurements are made to determine for example the real bottom profile (erosion risk),
chloride content and carbonization of concrete, measurements of the level of corrosion of the
reinforcement bars and cracking.

The major inspection has to be carried out at least every sixth year. The demands on the
bridge inspectors performing these are high.

Special inspection could complement information to be used in the LCC process, but is not
presented here. For more information see Racutanu (2000) or the Swedish Bridge inspection
Manual (SNRA 1996)

For making LCC calculations basic data can be transferred from the Swedish BMS system
- Condition class, CC, for the different members of a bridge.

- LCV values for the different members of a bridge and the whole bridge

These two systems will shortly be described in the following. The LCV and the CC values are
gathered by inspection of the bridges.

Lack of Capital Value

Lack of Capital Value, LCV is expressed by the cost of the theoretical remedying measures
that are necessary to undertake for restoring the bridge to its required economic condition.

The overall national maintenance policy of the SNRA is to manage LCV of the bridge stock to
appropriate and consistent levels over time. LCV is used as a measure of overall bridge health,
and socioeconomic characteristics of bridge management (costs and benefits) are derived as
functions of LCV.

The bridge management methodology of the SNRA assumes that LCV consists of two com-
ponents. The first component is related to the condition of the structural elements that have
impact on the bearing capacity of a bridge. The monetary expression for this component is
theoretical cost of those remedying actions only that improve the bearing capacity of the
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bridge and bring it to the expected level. The bearing capacity component of LCV is denoted
as LCV-b or, in the formulas, LCV,.

The second component of LCV is related to the durability of the bridge. Its monetary expres-
sion embraces the theoretical cost of the remedying actions that improve only the durability
characteristics of the bridge without affecting its bearing capacity. The durability component
of LCV is denoted as LCV-d or, in the formulas, LCV.

By definition, the overall LCV of a bridge is the sum of the two components:
LCV = LCVy, +LCV; (3.1)

The monetary expression for LCV and its components can be transformed into a relative form
by dividing it by the theoretical bridge renewal cost. In its relative form, LCV is normally ex-
pressed in promille (1/1000) fractions of the bridge renewal cost (theoretical). For example,
LCV of 20 means that the theoretical cost to bring the bridge to its required level of bearing
capacity and durability makes 2 % (0,02) of the bridge’s theoretical renewal cost.

The deterioration process is modeled by using the deterministic functions of LCV. The as-
sumption is that within each quasi-uniform segment of the bridge population (stratum) it is
possible to approximate the dynamics of LCV components with an analytical function.

As an approximation LCV can be approximated with the following exponential expression:
LCV =ay+ae™ (3.2)

Where ¢ is the apparent age of the bridge in years, i.e. time since the bridge has been either
constructed or rehabilitated to the zero-LCV condition.

Parameters ag, a; and a will have to be estimated by using regression.

Deterioration models (i.e. sets of parameters ag, a; and «) may vary by strata, and within each
stratum, separate models will have to be developed for the bearing capacity and durability
components of LCV.

According to the maintenance policy of the SNRA, decisions about undertaking remedying
actions on a particular bridge are based on its condition, which is expressed in the form of
LCV-b and LCV-d. These policies may vary across bridge strata, but generally, they are all
proposed as combinations of the following generalized actions:

- No action

- Minor maintenance

- Maintenance - durability

- Maintenance — bearing capacity

- Replacement

Within each action type category (except “No action”), detailed actions can be specified.
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Condition Class

The bridge inspector must record certain damage data during the inspection. The extent of the
data depends on the type of performed inspection. The requirements are established in the
bridge inspection manual of the SNRA. Two important requirements in the damage documen-
tation process are the measurement and condition assessment of damages. This is done for
damaged structural elements in the following two stages:

e Stating the physical condition in terms of measurements and measured values

e Assessment of the functional condition in terms of condition classes

The physical condition is determined with reference to the development of previous or new
damages and certain known deteriorating processes. The different methods of measurement
that are to be used for a particular type of damage are described in SNR (1996 d) publication
1996:038(E). The physical condition of a damaged structural element can then be described
using the variable defined for each method of measurement.

The functional condition is described by the bridge inspector in terms of condition classes.
The condition class describes to what extent a certain structural member satisfies the designed
functional properties and requirements at the time of inspection.

ol G
|

I |
. o | Primary cause of damiige]
Principal J Principal | Y &
Part Part Measurement
I Secondary cause Secondary caLI:e and

Assessment

L |
Jer)o |

asned A1eniog,
asned A1eniag,
asned Areno |
asned Areno |

asned A1eniag,
S

asne:

JIoqUIQUI [BINGONNS
IOqUIDUI [BINJONNS
IOqUISW [BINJONI}S
IOqUISW [BINJONIS

TUSWIATH
Juswa[g
JUOWIATH

Type of damage

(

K

\nr-rl:w

\—

o~

Ted JUowd ]

yed juoworg

Ted Juowo[
1red juowa|g
yed juowo|g
Hed Juotio[
wed juowdr g
yed Juoworg
Jred juowd[g

yed juowoyg

Figure 3.3  Principle when reporting the assessed condition class for a structural member
of a bridge at the time of inspection.

It can be said that the assessment of condition classes is composed of previous and current
measured values (the physical condition) and the inspectors competence in the propagation of
different deterioration processes.
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The condition class, CC, for a structural member can be registered on a scale of four. The
scale implies that, at the time of inspection, the functional condition for the structural member
was considered to be:

Table 3.1 Assessment of condition classes for bridge structural members

Condition class Assessment
3 Defective function
2 Defective function within 3 years
1 Defective function within 10 years
0 Defective function beyond 10 years (No damage at time of inspection)

Another term that was used within the SNRA was the overall condition class. The overall
condition class reflects the function of the entire structure with respect to the load carrying
capacity, traffic safety and durability. The overall condition class, OCC, for bridges is deter-
mined by the assigned condition classes (CC) for the different structural members. The as-
sessed condition classes are given different weights. Even if this measure is not used anymore
it can be of value in a LCC calculation process.

Table 3.2. Weighting factors for a structures different structural component for determin-
ing the overall condition class (OCC) for a bridge.

Structural member Weight
Foundations 4,0
Slopes and Embankment ends 3,0
Supports 4,0
Wing wall and retaining walls 3,0
Bearings 4,0
Primary load bearing elements 4,0
Other load bearing elements 4,0
Bridge deck 4,0
Edge beam 4,0
Waterproofing 1,0
Surfacing 1,0
Parapet 2,0
Expansion joints 1,0
Drainage system 1,0
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If any of the structural members in Table 3.3 has been assigned condition class CC = 3, the
entire bridge is then assigned OCC = 3. Even if assigned condition class CC = 2, the bridge
will be assigned the overall condition class OCC = 2.

Table 3.3 Decisive structural members for the overall Condition class (OCC) assigned to
a bridge.

Structural member

Foundations

Supports

Bearings

Primary load bearing elements
Other load bearing elements
Bridge deck

Edge beam

Reporting damage type

The Swedish system for inspection also incorporates a method for defining possible reasons
for the damage to the different structural members. The system is not presented here but Fig-
ure 3.3 depicts an example how the system works for two examples

Primary cause Secondary cause Tertiary cause
* Environmental Environmental action Environmental action
) action
|* Physical action Physical action

l} Frost action

Crystalized salt

Y

Chemical attack Alkali-silica reaction
Water

== "Frost action” Carbonation
Sulphate attack
* ”Chloride attack” Chloride attack

Initiated chloride attack

Biological attack Biological attack

Figure 3.4  Flow diagram. Subdivision of the main damage cause. Example shows how
“Frost action” and “Initiated chloride attack” are reported.
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3.4.2 Short presentation of the Finnish Bridge management system

The overall principles and objectives of FinnRA’s BMS system is outlined in the introction
part of this chapter, section 3.4. The RinnRA system consists of the following three parts:

- Bridge Register and Inspections,
- Hanke-Siha and
- Network Level Bridge Management System.

Bridge register is a database that contains mainly only basic data of bridges. The condition of
a bridge is classified according to a condition number given by inspectors using scale 0 to 4:

4 = very bad,
3 =bad,
2 = adequate,
1 = good and
0 = new.

The need of repair is judged by taking into account the condition, damage and urgency
classes. A weighted damage value is determined for the main structural parts and the whole
bridge.

All bridge inspectors have to participate in an education course ones a year.
The quality of inspectors is evaluated by FinnRA.

Hanke-Siha is a project level management system by which the development of the condition
of a bridge can be followed.

Network Level Bridge Management System covers all bridges managed by FinnRA. The only
language in the FinnRA BMS System is Finnish.

3.4.3 Short presentation of the Norwegian Bridge management system

Introduction

The BMS system managed by the Norwegian Road Administration is called BRUTUS which
is an acronym for BRU and TUnnel System.

The Norwegian Public Roads Administration is responsible for more than 17 000 bridges on
national and county roads. The replacement value of these bridges is estimated at about NOK
45 milliards (USD 8,0 billion). In addition to the high level of safety that is required, many of
the bridges are also exposed to extreme climatic and environmental conditions.

The computerised part of BRUTUS is a client/server application with a user inter face based
on Microsoft Windows and utilises most of the latest advances in user friendly computer
technology. BRUTUS comprises also handbooks for Bridge Inventory and Bridge Inspections
as well as a Work Specification Handbook and user-manuals for the computer program. Ap-
propriate training within each subject is a vital issue and will be given. It must also be empha-
sised that BRUTUS is functional without the computerised part, but this will of course be an
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inconvenience. The purpose of the system is to provide a basis for top and medium level man-
agement as well as guidance, support and assistance to bridge managers, to ensure cost effec-
tive inspections and maintenance operations and to document the results achieved.

The System Administration Module

The Administration Module handles the authorisation level of all users. The module handles
also the safety routines of the System and the checking routines with National Road Data
Bank. The modules deal with the logging of the use of the system as well. The content of this
module is mainly information about the users with associated rights.

Bridge Inventory Module

The purpose of this module is to provide a complete and nationwide overview of all bridges in
the Norwegian public road system. For management purposes BRUTUS provides technical,
administrative and economic information. Together with the other modules, the bridge invent-
tory module will provide a complete information system for all the bridges through their life-
cycle, from design, via construction and operation to demolition.

The contents of this module is key data for all bridges, such as:
- Administrative data like; bridge no/name, status, etc.
- Road data like; location and traffic limitations etc.
- Load data like; axle loads and exceptional transport info etc.
- Element data containing details like; type, materials etc.
- Documentation data like; archive reference, photos, drawings etc.

- Remarks data like; information of incidents, experience etc.

Bridge Inspection Module

The purpose of this module is to be an effective tool for planning and a support for carrying
through different types of inspections. The module contains information on the condition of
bridges from various inspections in a structured mode as a basis for further processing and
analysis. Also handling of results from material investigations is taken care of by this module.

The content of this module is information about condition and observations from all inspec-
tions, as well as action and cost estimates for the recorded damage. The different items in this
module are

- Planning of inspections (type, interval, cost, etc.)
- Documentation of conditions with text and photos
- Evaluation of damage with degree, consequence, reason, extent and repair cost

- Tailor made inspection forms

Maintenance Module
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The purpose of this module is to be an effective management tool for planning and assign-
ment of priorities to carry out maintenance tasks in the most economical way possible.

The most important contents of this module is to incorporate all information on necessary
maintenance tasks for the different elements, e.g.:

- Maintenance plan for each bridge
- Overview of the maintenance program on a yearly basis
- Management and print-out of job orders

- Overview of completed maintenance tasks

Cost Module

The purpose of this module is to be a support to the user concerning cost of the different
maintenance activities. It produces the asset value as well.

The contents of this module are information on:
- Data for preparing a maintenance budget
- Asset value
- Cost Index

Some features of the BRUTUS system

Includes a lot of detailed technical information as in the Swedish and Finnish BMS systems.
Each bridge is denoted by a bridge number which consists of a county number and the bridge
number in the county.

The inspection module includes for instance an inspection plan, last inspection executed and
the cost estimate of an expected maintenance work.

A figure (bridge condition index) indicates the urgency of the reparation work:
4 = has to be repaired within half a year,
3 = has to repaired within 1 to years,
2 = has to be repaired within 3 to 0 years and

1 = can to be repaired after 10 years or more.

There is information about the type, seriousness and consequence of a damage, i.e. load carry-
ing capacity, environmental reason etc. Development of damages, for instance cracks, can be
followed by pictures. Data is updated approximately by 50 bridge inspectors.

Only a Norwegian version exists at the moment.

Handbooks

The purpose of the handbooks is to guide and inform all bridge management staff involved in
collecting and recording inventory data, inspection data as well as performance of main-
tenance activities. The handbooks and associated training courses should ensure a systematic
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and objective collection and evaluation of data. The following handbooks are included in
BRUTUS:

- Guidelines

- Handbook for Bridge Inventory

- Handbook for Bridge Inspection

- Handbook for Work Specification

User interface and technical data

The environment is based on Microsoft Windows with context sensitive on-line help, editable
code system and a wide range of pre-compiled or user defined reports.

The technical data of the system is a client/server architecture with
- Client: Windows NT, Windows 2000, Windows XP
- Server: Windows NT, Windows 2000 Server, Windows 2003 Server

- Oracle database

The system is operative on stand-alone PC and can be used with terminal server.

3.5 Methodology for LCC calculation

According to the definitions in section 2.1 a comprehensive definition of Life Cycle Costing
LCC is that it is a technique which enables comparative cost assessments to be made over a
specified period of time, taking into account all relevant economic factors both in terms of
initial capital costs and future operational costs. In particular, it is an economic assessment
considering all projected relevant cost flows over a period of analysis expressed in monetary
value. Where the term uses initial capital letters, LCC, it can be defined as the present value of
the total cost of an asset over the period of analysis. (In principle according to Tupamaéki,
(2003b), [88].) LCC calculation can be performed at any stage during the life-time of the
structure, thus resulting in i.e. remaining LCC costs for an existing structure.

For making a complete LCC calculation for a bridge at least the following parameters are
needed:

1. Functional demands for the bridge. The most important of these demands are the
planned life-time, accepted traffic interruptions

2. Physical description of the bridge. The structure is usually divided in parts, i.e. accord-
ing to Table 3.2 and the different parts are given geometrical measures or weights.

3. Calculation methods for costs. This could be considered to be the LCC basic method
including real interest rate calculations with known costs for operation, inspection,
maintenance, repair, costs for accidents and demolition. Methods for this are discussed
in section 3.4

4. Time for interventions and incidents during the life-time of the bridge.

Point 4. is the most complicated point in an LCC calculation, since it must be based on known
future events and behaviour of the bridge. And real knowledge of the future is of course by
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definition not existing. Tools for this point are though discussed in this chapter in the follow-
ing sections.

¢ Interventions based on experience by specialists, section 3.6.

e Interventions based on degradation models, section 3.7. Since the Markov Chain
Method is such a valuable tool, this method will be described in a special section, sec-
tion 3.8.

¢ Interventions based on economical following-up of degradation, the LCV-method, see
section 3.7.

3.6 Basic calculation methods for LCC

The different contributions in a complete LCC analysis of a structure could be divided into
parts, mainly because different bodies in the society will be responsible for the costs occurring
as a consequence of constructing or using the structures. There are many reports in this field
i.e. Burley Rigden (1997), Hawk (1998), Siemens et al. (1985), Veshosky Bedleman (1992).
The following presentation follows Troive (1998), Sundquist Troive (1998a and 1998b)

LCC = a general variable describing a cost, usually by using the net present value method cal-
culated to the time of opening the bridge.

3.6.1 Owner costs

LCCyyner the part of the total LCC cost that encumber the owner of the project. This cost can
in turn be divided into different parts according to eq. (3.3)

LCC=LCCA + LSC + LCCC (3.3)

Where

LCCA = is the cost for acquisition of the project including all relevant costs for programming
and design of the project, by the net present value calculated to a specified time usually the
opening of the bridge

LSC = (Life Support Cost) is the cost for future operation, maintenance and repair of the
bridge, by the net present value calculated to a specified time usually the opening of the
bridge.

LCCC = (Life Cycle Cost Consequence), is the future costs for eventual negative conse-
quences, by the net present value calculated to a specified time, usually the opening of the
bridge. This kind of costs could eventual be a part of the societal cost.

The LSC, the Life Support Cost, can in turn be divided into two parts according to formula
(3.4)

LSC =CI+ CN (3.4)
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Where CI is the investment in the necessary equipment and other resources for the future op-
eration and repair.

CN is the future cost for operation, maintenance and repair, by the net present value calculated
to a specified time, usually the opening of the bridge

The investment part of the maintenance, C/, could be divided according to eq. (3.5)

CI = CI, + CI, + Cly + CI, (3.5)

where
ClI, = spare parts and material
CI, = instrument, tools, vehicles that is needed for inspection and maintenance

Clq = documentation i.e. drawings and instruction manuals needed for inspection and
maintenance

CI; = education of personnel for operation and maintenance.

All of the costs mentioned above must be calculated to a given point in time, usually the time
of inauguration of the bridge. The standard method for calculating life cycle costs is by dis-
counting the different future costs to present values. The “present” time might differ, but usu-
ally the time used is the time of inauguration of the project. The life-cycle cost is then the sum

G
(1+r)t

T
L CCowner = Z (3.6)
=0
Ineq. (3.6) is
C; the sum of all costs incurred at time ¢,

p the real interest rate or a rate taking into account changes in the benefit of the structure
and

T is the time period studied, typically for a structure for the infrastructure the expected
life span.

The most important factor in eq. (3.6) is, except of course the costs, the interest rate p. The
real interest rate is usually calculated as the difference between the actual discount rate for
long loans (pr) and the inflation (p;) or more exact

p=pL_pi (37)
1+ p;

The effect of the factor in the denominator is, taking the uncertainties into consideration, neg-
ligible.

If there is a change in the benefit of the structure, i.e. an increase in the traffic using the
bridge, this could approximately be taken into consideration by using the formula
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:pL_pi_pc (39)
1+ p;

where p. is the increase in traffic volume using the structure. If there is a risk for the opposite,
a decrease in the usefulness of the structure, this factor should be given a negative sign. This
could i.e. be accomplished by building the structure at the wrong place or on a road with de-
creasing traffic. Taking all factors into account the p-value should be called “calculation in-
terest rate” or likewise. Typical values for p are in the order from 3 % to 8 %, see section 2.4

Eq. (3.6) is usually used to calculate the owners cost for investment, operation, inspection,
maintenance, repair and disposal.

The costs C; at the time of inauguration are usually not too complicated to assume for the nec-
essary above-mentioned steps in the management of a structure. There is a great uncertainty in
choosing the p-value, but still more uncertain is the calculation of the time intervals between
the different maintenance works and repairs. To be able to assume the time intervals used for
calculation, the degradation rate of the different parts of the structure must be known. Every
structural engineer knows that this is a very complicated task. According to our knowledge
the best information for assuming the time intervals is historical data from actual bridge in-
spections and repairs. Theoretical degradation models such as using carbonation rates, Fick's
second law or similar approaches seem, at this stage not to feasible. Combination of historical

data with Markov-chain methodology seems however to be feasible if enough data is avail-
able.

3.6.2 Costs for the society

Typical costs, not clearly visible for the owner are costs occurring due to damage to the envi-
ronment, the usage of non-renewable materials and society costs for health-care and deaths
due to traffic accidents.

Most construction materials consume energy for production and transportation. One way to
take this into account is by multiplying all costs for materials for construction and repair with
some factor due to energy consumption for manufacturing and transportation. The use of non-
renewable materials might be taken into consideration by involving costs for reproducing or
reusing materials when the structure is decommissioned.

Costs for health-care due to accidents and deaths is probably only actual when two different
types of structures are compared and when the risks for accidents differs between the two
concepts, or costs for accidents due to roadwork. The accident costs for roadwork could be
calculated using the formula

T
1
LCCsociety, accident — Z(Ar - An )ADTt ) Nt ) Cacc / (3.10)
t=0 (1+7)

In eq. (4) Ay, is the normal accident rate per vehicle-kilometres, A4, is the accident rate during roadwork
and C,. is the cost for each accident for the society, 4ADT; is the average daily traffic, measured in
numbers of cars per day at time 7 and N, is the number of days of road work at time . The costs should
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be calculated to present value and added up for all foreseen maintenance and repair works for the stud-
ied time interval 7.

As an example the Swedish Road Administration uses a cost of about 1,5 million $ for deaths and a
third of that sum for serious accidents.

3.6.3 User costs

User costs are typically costs for drivers, the cars and transported goods on or under the
bridge due to delays due to roadwork. Driver delay cost is the cost to the drivers who are de-
layed by the roadwork. Vehicle operating cost is capital cost for the vehicles, which are de-
layed by roadwork. Cost for goods is all kinds of costs for delaying the time for delivering the
goods in time. Other user costs might be cost of damage to the vehicles and humans due to
roadwork not included in the cost for the society. Travel delay costs can be computed using
eq. (3.11)

1
(1+7)

T
L L
LCCuser,delay = Z(___]ADT; 'Nt (rLWL + (l_rL)WD) (3-11)

=0\ "1 Vh
In eq. (5) L is the length of affected roadway on which cars drive, v; is the traffic speed during bridge
work activity, v, is the normal traffic speed, ADT: is the average daily traffic, measured in numbers of
cars per day at time ¢, N; is the number of days of road work at time ¢, rf, is the amount of commercial
traffic, wr is the hourly time value for commercial traffic and wr the hourly time value for drivers. The
costs should be calculated to present value and added up for all foreseen maintenance and repair work
for the studied time interval 7.

Vehicle operating costs and costs fore transported goods can be calculated using eq. (3.12)

1
(1+7)

T
L L
LCCuser,operating = Z[___JADTt 'Nt (rL(OL +0G)+ (l_rL)OD) (1-12)

t=0 Vr vn

In eq. (3.12) the same parameters are used as in eq. (3.11) except for o, which are operating cost for
the commercial traffic vehicles, og operating cost for transported goods and op operating cost for cars.
The costs should be calculated to present value and added up for all foreseen maintenance and repair
work for the studied time interval 7.

There is usually an accident cost for roadwork for the user not included in the cost for the society. Eq.
(3.6) could be used also for this by just adjusting the cost parameter for this case.

3.6.4 Failure costs

There is a small risk for the total failure of a structure. To get the cost for failure one has to calculate
all costs (K, for the failure, accidents, rebuilding, user delay costs and so on and then multiply these
costs with the probability for failure and with the appropriate present value factor according to the
formula
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1
LCChityre = Zj-zl Ky, ;R; (1—)J (3.13)
+r

In eq. (3.13), R; is the probability for a specified failure coupled to Ky ;. For normal bridges the proba-
bility of failure is so small that the failure costs could be omitted in the analysis. The cost for service-
ability limit failure is discussed in Radojici¢ (1999), but actually the methods presented in the present
paper are a kind of statistically LCC-method given that the parameters for remedial actions are consi-
dered random.

3.7 Time between different MR&R actions

To be able to calculate costs incurring at different times and then be able to discounting these
costs to present values, one has to assume the time intervals for different measures that has to
be taken during the life span of a structure. Typically a bridge needs to be inspected, main-
tained and repaired many times during its life span.

Life span

One parameter of great importance is the planned service life span of the bridge. Standards
often call for life spans from 80 to 140 years. In reality very few bridges survives such long
lives. Due to the need for road rectifying, road widening, higher prescribed loads and changes
in the society the actual service life of a bridge is shorter than the theoretical life span. In
Sweden the mean time for decommissioning bridges is in the order of 60 to 70 years.

Time intervals for inspection and standard maintenance

All structures have to be inspected and maintained. The time intervals between these mea-
sures depends on the type of bridge, the experience in the different countries, the economical
resources available, the ADT value, the usage of de-icing salt and so on.

In Sweden all bridges are cleaned every year after the winter season and lightly surveyed.
More profound inspections are performed every third or six year. These kinds of measures
will of course vary between different countries and different owners. These types of measures
will build up a part of the whole life costing for the owner of the bridge. Table 3.0 shows a
comparison of the time intervals for bridge inspections in different countries. Definitions of
the different types of inspections are different from country to country, so it not possible to
directly compare the denomination and the intervals.

Regular maintenance will of course always be needed. Typically railings, lampposts and other
steel details need repainting regularly.

Railings are often demolished by cars. The time intervals and the probability for these kinds
of incidents are very dependent of the bridge type and the ADT-value.
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Table 3.0

Inspection intervals in some countries.

Inspection intervals for

Country ; ; . : . :
General inspection | Major inspection Special inspection
Belgium 1 year 3 years Depends on results
from major inspec-
tion
Denmark 1-6 years depends on
general inspection
results
France 1 year 5 years
Italy 3 months 1 year
Canada Defines by the
(Ontario) owner (2 years is
recommended)
Slovenia 2 years 6 years when needed
Switzerland 15 months 5 years when needed
Sweden 1 year 3 years 6 years
Germany 3 months 3 years 6 years
USA (national 2 years
bridges)

Degradation models

All the discussed equations in section 3.6 depend on information of lots of parameters, many
of which are very uncertain. One very important factor is the time intervals between repair
and maintenance work. These intervals for remedial actions are not fixed values as they are

affected by the degradation and by considerations of which intervals that are most economi-
cal. It is here to mention that bridges usually are not degrading; it is their structural elements

that degrade.

There are different methods to forecast the degradation of different structural elements of

bridges:

- One method is to use mechanistic or chemical models like Fick’s second law for diffu-

sion of chlorides, carbonation rates, number of frost cycles and combinations to try to

forecast degradation. Such a method is used by Vesikari (2003) and Soderqvist & Ve-

sikari (2003). This approach is used in combination with the Markov Chain Method as
a tool for analysis and this system is presented and discussed in section 3.8 in this re-

port.

- An other method is to use and evaluate results from field observations, Racutanu

(2000), Mattsson & Sundquist (2007).

- The up to day most applied method is to use experience from specialists, usually peo-
ple deeply involved with inspection of bridges.
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A special problem when using more sophisticated methods is to find suitable tools for going
from degradation models to time predictions for MR&R actions.

3.8 The Markov Chain Method (MCM)

The Markov chain is a convenient tool for estimating the service life of bridge components
Jiang & Sinha (1989). The application of the Markov chain technique in estimating the ser-
vice life of components in technical systems has been used in a number of different areas,
such as the deterioration of sewer systems, Abraham & Wirahadikusumah (1999). The results
in the form of numerically determined deterioration curves proved to give good approxi-
mations when compared to deterioration curves based on experience and expert opinions. A
preliminary investigation of possible numerical implementations of the Markov chain method
for estimating the service life of bridge components has been carried out by Ansell (2001).

The MCM method has in a very effective and interesting way being developed for making
LCC analysis for concrete bridges has been developed by M-K. Soderqvist and E. Vesikari.
The basis for the method is presented in S6derqvist & Vesikari (2003), Soderqvist & Vesikari
(2006), Vesikari (2002) and Vesikari (2003). The computer program “Bridgelife” based on
the method is presented in Chapter 4. of this report.

3.8.1 Matrix formulation of the Markov chain

A deterioration function based on a Markov chain is used here to couple an average condition
rating at time ¢, estimated by a regression function Y(¢). The accuracy of this approximation
depends on the step length taken during numerical calculation of matrices within the Markov
chain so that:

E(t,P) = Y(f) (3.14)

The values of condition ratings E(z,P), estimated by a Markov chain, is given Jiang & Sinha
(1989) by the matrix and vector multiplications:

E(t,P)=0()-R"=0,-RT =Q,-P'-RT (3.15)

Where superscript © denotes transformation. The number of objects at each state at a certain
time is expressed by a state vector Q(¢), thus providing a damage index distribution. The con-
dition rating at age ¢ is calculated from the initial condition Qg at £ = 0 by ¢ times multiplica-
tion by a transition probability matrix P, i.e. a chain multiplication. The deterioration is ex-
pressed in terms of discrete condition states.

In Sweden as explained in section 3.3.1 a four-graded scale is used, where index 0 to 3 de-
fines the condition of the studied objects. Degradation index O represents the best condition,
the initial condition state, while index 3 defines the limit state at which the service life is
reached. Index 4 represents the post limit state. According to section 3.3.2 a 5 graded scale is
used in Finland and in Norway a 4 graded scale is used. The exact definitions of the grading
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differ but we can assume that in the above matrix formulation, the vector R is a (5:1) vector of
condition ratings which connects the states to the condition rating scale, here:

R=(0 1 2 3 4) (3.16)
An initial state vector is thus:

Qy=(1 0 0 0 0) (3.17)
The relationship between state vectors as a function of age is:

Q4 =Q, P (3.18)

An average transition probability matrix P is in the following denoted by P,.,, and is valid
from year n to m. The number of years N over which the average of the transition elements
within the matrix is taken is given by m = n + N. The chosen condition rating scale gives:

po l=pp 0 0
0 n 1-p
P=l 0 0 p 1-p, O (3.19)
0 0 0 ps 1-p;
00 o 1

The four diagonal transition elements pg, p1, p> and p3 are the probabilities for the deteriora-
tion of a bridge component to remain in state 0, 1, 2 or 3 when the component ages one time
period, which in this case is one year. The diagonal element 1 in the fifth row and column
restricts the values of condition ratings to 4, i.e. the limit state. The elements 1 — pg, 1 — py, 1
— p» and 1— p3 on the super diagonal are the probabilities for the deterioration to advance one
state as the bridge component ages one year. As a component will either remain at the same
state or proceed to the next state in the next time period, the row sum of P must always be 1.

The MCM can be used both for the degradation and the repair process. The denomination P is
coupled to the degradation process and for this the following assumptions have to be made:
The condition of the studied objects cannot be improved (repaired), and the condition state
can either remain the same or shift to a higher within the next transition period.

In reality, structural members are repaired and they can shift in one step to the third or higher
condition state. The first assumption makes the model accurate until major repairs are made,
usually after approximately 30 years on bridges in Sweden. The repair process using the
MCM is discussed in section 3.8.4. It also implies that the transition probabilities below the
diagonal probabilities are zero. The second assumption can be considered reasonable if all
accident related damages are exempted. As an example, an edge beam or a parapet on a
bridge can be destroyed on the first day of their service life by a vehicle collision. If the as-
sumption is taken, all the probabilities above the super diagonal in P are zero.
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The matrix elements pg, p1, p» and p3 could be determined from the known relation Y(¢) by
solving the non-linear minimization problem or by other methods, see section 3.8.4:

min ZN]Y(t) — E(1,P)| (3.20)

Where 0< p; <1 for i=1,2,3,4,5 and N = 5. This is done using a simple algorithm, which

combines the matrix elements while keeping count of the error given by Eq. (7). The combi-
nation of pg, p1, p» and ps that provides the least error is the solution. The method is time con-
suming for small steps, and it is recommended that a more sophisticated numerical method be
used in practice.

3.8.2 Combination of Markov Chain Method with LCC

The basic idea of the method is to combine a Markov Chain based condition analysis with a
life cycle cost analysis. Starting from the initial condition state distribution of a component a
statistical condition analysis covering the whole design period is performed. The optimal
MR&R (maintenance, repair and rehabilitation) actions are automatically specified by the
help of decision trees. The timings of MR&R actions are automatically triggered by a condi-
tion guarding system which is built over the Markov Chain based condition analysis. When-
ever the predefined maximum allowable probability of exceeding the limit condition state are
attained the system triggers a MR&R action.

Markov Chain based Condition analysis

The Markov Chain method is a mathematical framework based on probability calculus and
vector algebra. In the condition analysis of structural components it is used for predicting the
future condition of structures over a certain time frame. The condition is presented in the form
of condition vectors i.e. frequency distributions based on a predefined set of condition states.
The annual changes in the condition state distributions are predicted by matrix multiplications
using transition probability matrices.

The Markov Chain method as such does not contain any information on the rate of degra-
dation of structures. However, if such data is available in any form it can usually be trans-
ferred into transition probabilities of the Markov Chain degradation matrices so that the re-
sults of the Markov Chain based condition analysis corresponds closely the original infor-
mation. Markov Chain transition probabilities have also been proved to be suitable for model-
ling the action effects of various MR&R actions. The action effect models are necessary be-
cause the condition analysis must cover — not only the period up to the next repair of the
structure — but over the whole design period which may comprise of many sequential MR&R
actions of different types.

The following advantages can be gained by the Markov Chain based condition analysis:
- Fully probabilistic reproduction of the condition of a structure over the time frame.
- Capability of triggering actions based on the reliability theory.

- Capability of combining the condition related effects of both degradation and MR&R
actions.
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- Capability of straightforward combining sequential degradation processes such as the
process of de-passivation by carbonation or chloride contamination and active corro-
sion of reinforcement.

- Capability of describing parallel time dependent processes and their interaction such
as degradation of a coating on a structure which also is deteriorating.

- Easily attachable to a LCC analysis.
- Enables calculation of risk costs and costs that depend on the condition of the struc-
ture.

In the following a description on the basics of the Markov Chain method and its application to
the condition analysis of structural components is given.

3.8.3 Basics of Markov Chain Modelling

The Markov Chain method evaluates the condition of structures as condition state distri-
butions at each year z. A condition state distribution expresses the relative proportions
(=fractions) of structures being at the defined condition states. A condition state distribution is
exemplified in Table 3.4.

Table 3.4 Condition state distribution (Example).

State 0 1 2 3 4
Fraction Wo W1 W> W3 Wy
Example of 0,25 0,35 0,25 0,10 0,05
fraction

When studying the condition of structures at the network level the fractions refer to the sur-
face area (sometimes length or other functional unit) of all structures or structural parts be-
longing to a network of structures. At the object level the fractions refer to the surface area (or
other functional unit) of one structure or a structural part. When predicting the condition of
structures by the Markov Chain method the condition state vector is interpreted as expressing
the probability of a structure or structural part to be at any of the condition states in the future.
The sum of all fractions in a condition state vector must always be 1.

The number of condition states is not restricted. In the following examples of the Markov
Chain calculus the number of states is assumed to be five consisting of states 0, 1, 2, 3 and 4.
The condition state 0 represents the best and 4 the poorest condition. The condition state 3
defines usually the limit state of service life that is the state at which the structure should nor-
mally be repaired.

The changes in condition states as a result of both degradation and MR&R actions are evalu-
ated by transition probability matrices. The condition state distribution of each year is ob-
tained by multiplying the condition state vector of the previous year by the transition prob-
ability matrix. Mathematically the principle is presented in Equation 3.21. By repeated multi-
plication the condition state distributions can be predicted over time up to several years or
even tens of years.

W()y=w(-1)-P (3.21)
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where
W(t)  1is condition state distribution of year ¢ and
P is the transition probability matrix.

There are two kinds of transition probability matrices:
- Degradation matrices

- Action effect matrices.

Degradation matrices are applied in years when repair actions are not performed, i.e. the
changes in the condition state distribution result only from degradation. The action effect ma-
trices predict the condition state distribution, as it will be after the repair action. They are ap-
plied only in those years during which repair actions are performed. Accordingly, by the help
of the Markov Chain it is possible to reproduce the condition of a structure during the whole
time frame as a series of sequential annual condition state distributions. The treated time
frame may include various maintenance and repair actions such as coatings, other predictive
maintenance actions, repairs and renewals.

Degradation matrices

Usually the form of a degradation matrix is assumed to be as the one presented in Table 3.5.
The elements of a transition probability matrix express the probability that a structure, which
at the beginning of a year was at condition state i (vertical direction), will be at the end of the
year at condition state j (horizontal direction).

It has been assumed in the table that within one year the structure either stays at the same
condition state where it was at the beginning of that year or it drops to the next state, i.e.
dropping more than 1 state in a year is not possible. Accordingly, most of the transition proba-
bilities are 0. Only the diagonal probabilities, i.e. the probabilities that a structure stays at the
same condition state and the probabilities next to the right of them expressing the probability
that the structure will be transited to the next state during a year, are non-zero elements. The
sum of transition probabilities in each row must be 1 (p;.; + p;.i+1 = 1).

Table 3.5 Transition probability matrix for degradation (5 state system).

State 0 1 2 3 4
0 Poo Po1 0 0 0
1 0 P11 P12 0 0
2 0 0 P22 P23 0
3 0 0 0 P33 P34
4 0 0 0 0 1

The transition probabilities of degradation matrices are determined automatically from pre-
viously developed degradation model functions by special conversion methods. So the infor-
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mation included in the material, structural and environmental parameters of the model func-
tions are automatically transferred to the transition probabilities of degradation matrices.

The “drop-from-state” transition probabilities, pii+1, can be deduced from the scaled de-
gradation model functions by derivation of the model function and determination of the ave-
rage value of the derivative within the interval of the states i and i + 1.

: 9(DoD(1))
Piiv1 = DODi;i+1 = (— (3.22)
ot i+l
where
Divit1 is the transition probability from state i to state i + 1 and

DoD(?) a scaled degradation function. DoD is “degree of damage” and is considered
to be the same as condition state.

The average value of the derivative can be determined either by calculating the value of the
derivative in several points within the range i to i + 1 or by determining the value of the de-
rivative in a point that is proved to optimally represent the average.

The “Remain-in-state” transition probabilities, pi;, can be determined by subtracting the cor-
responding “drop-from-state” probability from 1.

Pii = 1- Piiv1 (3.23)

At the lower right corner of the matrix the value of the probability element is always 1 as the
structures in the highest possible condition state always stay at the same condition state.

The condition state vector after n years is predicted by multiplying the initial condition state
vector, W(0), by the transition matrix » times in the row, as shown in the example of Figure
3.5. In this example the limit condition state of service life has been defined to be 3 (DoD =
3). The state 4 is assumed to be a “terminal state”, i.e. an extra state where all structures fi-
nally end up. All structures in this case start off in perfect condition, so the initial damage in-
dex distributionis | 1,0, 0,0, 0 |.
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Transition probability matrix

State 0 1 2 3 4
0 0.61 0.39 0 0 0
1 0 0.74 0.26 0 0
2 0 0 0.82 0.18 0
3 0 0 0 0.91 0.09
4 0 0 0 0 1

Year State

0 1 2 3 4 Average DoD

0 1.000 0.000 0.000 0.000 0.000 0.00
1 0.610 0.390 0.000 0.000 0.000 0.39
2 0.372 0.527 0.101 0.000 0.000 0.73
3 0.227 0.535 0.220 0.018 0.000 1.03
4 0.138 0.484 0.319 0.056 0.002 1.30
5 0.084 0.412 0.388 0.109 0.007 1.54
6 0.052 0.338 0.425 0.169 0.016 1.76
7 0.031 0.270 0.437 0.230 0.032 1.96
8 0.019 0.212 0.428 0.288 0.052 2.14
9 0.012 0.165 0.406 0.339 0.078 2.31
10 0.007 0.126 0.376 0.382 0.109 2.46
11 0.004 0.096 0.341 0.415 0.143 2.60
12 0.003 0.073 0.305 0.439 0.181 2.72
13 0.002 0.055 0.269 0.454 0.220 2.84
14 0.001 0.041 0.235 0.462 0.261 2.94
15 0.001 0.031 0.203 0.463 0.303 3.04
16 0.000 0.023 0.175 0.458 0.344 3.12
17 0.000 0.017 0.149 0.448 0.385 3.20
18 0.000 0.013 0.127 0.434 0.426 3.27
19 0.000 0.010 0.107 0.418 0.465 3.34
20 0.000 0.007 0.091 0.400 0.502 3.40
21 0.000 0.005 0.076 0.380 0.538 3.45
22 0.000 0.004 0.064 0.360 0.573 3.50
23 0.000 0.003 0.053 0.339 0.605 3.55
24 0.000 0.002 0.044 0.318 0.635 3.59
25 0.000 0.002 0.037 0.297 0.664 3.62
26 0.000 0.001 0.031 0.277 0.691 3.66
27 0.000 0.001 0.026 0.258 0.716 3.69
28 0.000 0.001 0.021 0.239 0.739 3.72
29 0.000 0.000 0.018 0.221 0.760 3.74
30 0.000 0.000 0.015 0.205 0.780 3.77
31 0.000 0.000 0.012 0.189 0.799 3.79
32 0.000 0.000 0.010 0.174 0.816 3.81
33 0.000 0.000 0.008 0.160 0.832 3.82
34 0.000 0.000 0.007 0.147 0.846 3.84
35 0.000 0.000 0.006 0.135 0.859 3.85
36 0.000 0.000 0.005 0.124 0.871 3.87
37 0.000 0.000 0.004 0.114 0.883 3.88
38 0.000 0.000 0.003 0.104 0.893 3.89
39 0.000 0.000 0.003 0.095 0.902 3.90
40 0.000 0.000 0.002 0.087 0.911 3.91
41 0.000 0.000 0.002 0.080 0.919 3.92
42 0.000 0.000 0.001 0.073 0.926 3.92
43 0.000 0.000 0.001 0.067 0.932 3.93
44 0.000 0.000 0.001 0.061 0.938 3.94
45 0.000 0.000 0.001 0.055 0.944 3.94
46 0.000 0.000 0.001 0.051 0.949 3.95
47 0.000 0.000 0.001 0.046 0.953 3.95
48 0.000 0.000 0.000 0.042 0.957 3.96
49 0.000 0.000 0.000 0.038 0.961 3.96
50 0.000 0.000 0.000 0.035 0.965 3.96

Figure 3.5  Calculation of sequential condition state distributions by the Markov Chain
method.

The expectation value of the degree of damage (= expected average DoD) is obtained by mul-

tiplying the scale vector R = |0, 1, 2, 3,4 | by the condition state distribution, as shown in
Equation 3.24.
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E(t)=W(t)-R (3.24)

where
E(?) s the expectation value for the degree of damage (=average)

R is a scale vector comprising of the numerical values of condition states

The probability density functions and the cumulative probability functions for the states 0...4
are depicted in Figures 3.6 and 3.7.
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Figure 3.6  Probability density functions for condition states (=degrees of damage) 0 - 4
calculated by the Markov Chain method.
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Figure 3.7  Cumulative probability functions for degrees of damage 0 - 4 determined by
the Markov Chain method.
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Action Effect Matrices

The action effect matrices are built individually for each repair action taking into account the
probable changes in the condition of the structure as a result of the action and the risk of fail-
ure during repair. Thus the condition state distribution of the structure after a repair action is
not necessarily the same as that for a new structure.

The general appearance of an action effect matrix is as shown in Table 3.6 As it is assumed
that the condition state of a structure is always improved or at least remains the same as a re-
sult of a MR&R action, all the probability elements above the diagonal are 0. Other elements
may have a value between 0...1. Again the sum of transition probabilities in each row must be
1. Usually heavy repair actions bring the structures close to the perfect condition so that the
elements in the first column of the matrix are near 1 and the others near 0.

Table 3.6 Transition probability matrix for MR&R action effects (5 state system).

State 0 1 2 3 4
0 Poo 0 0 0 0
1 P1o P11 0 0 0
2 P20 P21 P22 0 0
3 P30 P31 P32 P33 0
4 Pao Pa1 Paz Pa3 Paa

Much data is lacking in this area as very little research work has been done for studying the
condition-related effects of various repair actions. So there is usually no conversion methods
used for action effect matrices as were for degradation matrices. In practice the transition pro-
babilities of action effect matrices are usually determined based on expert evaluation (Delphi
study).

A typical action effect matrix can be seen on top of Figure 3.8. The purpose of Figure 3.8 is to
visualise the action effects in a Markov Chain process. The calculation table is programmed
so that a repair is done every time when signed by 1 in the column at the left side of the fig-
ure. The action effects can be readily seen in the condition state distributions and the average
DoD curve presented in Figure 3.9.
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Figure 3.8

Transition probability matrix of repair

State 0 1 2 3 4
0 1 0 0 0 0
1 0.95 0.05 0 0 0
2 0.92 0.05 0.03 0 0
3 0.9 0.05 0.03 0.02 0
4 0.88 0.05 0.03 0.02 0.02
Transition probability matrix of degradation
State 0 1 2 3 4
0 0.61 0.39 0 0 0
1 0 0.74 0.26 0 0
2 0 0 0.82 0.18 0
3 0 0 0 0.91 0.09
4 0 0 0 0 1
Repair Year State
0 1 2 3 4 Average DoD
l 0 1.000 0.000 0.000 0.000 0.000 0.00
1 0.610 0.390 0.000 0.000 0.000 0.39
2 0.372 0.527 0.101 0.000 0.000 0.73
3 0.227 0.535 0.220 0.018 0.000 1.03
4 0.138 0.484 0.319 0.056 0.002 1.30
5 0.084 0.412 0.388 0.109 0.007 1.54
6 0.052 0.338 0.425 0.169 0.016 1.76
7 0.031 0.270 0.437 0.230 0.032 1.96
8 0.019 0.212 0.428 0.288 0.052 2.14
9 0.012 0.165 0.406 0.339 0.078 231
10 0.007 0.126 0.376 0.382 0.109 2.46
11 0.004 0.096 0.341 0.415 0.143 2.60
12 0.003 0.073 0.305 0.439 0.181 2.72
13 0.002 0.055 0.269 0.454 0.220 2.84
14 0.001 0.041 0.235 0.462 0.261 2.94
1 15 0.902 0.050 0.029 0.014 0.005 0.17
16 0.550 0.389 0.037 0.018 0.007 0.54
17 0.336 0.502 0.131 0.023 0.008 0.87
18 0.205 0.502 0.238 0.045 0.010 1.15
19 0.125 0.452 0.326 0.084 0.014 141
20 0.076 0.383 0.385 0.135 0.022 1.64
21 0.046 0.313 0.415 0.192 0.034 1.85
22 0.028 0.250 0.422 0.249 0.051 2.05
23 0.017 0.196 0.411 0.303 0.074 2.22
24 0.011 0.152 0.388 0.349 0.101 2.38
25 0.006 0.116 0.357 0.388 0.132 2.52
26 0.004 0.089 0.323 0.417 0.167 2.65
27 0.002 0.067 0.288 0.438 0.205 2.78
28 0.001 0.051 0.254 0.450 0.244 2.88
1 29 0.903 0.050 0.028 0.014 0.005 0.17
30 0.551 0.389 0.036 0.018 0.006 0.54
31 0.336 0.503 0.131 0.023 0.008 0.86
32 0.205 0.503 0.238 0.044 0.010 1.15
33 0.125 0.452 0.326 0.083 0.014 141
34 0.076 0.383 0.385 0.134 0.021 1.64
35 0.047 0.313 0.415 0.191 0.033 1.85
36 0.028 0.250 0.422 0.249 0.051 2.04
37 0.017 0.196 0.411 0.303 0.073 2.22
38 0.011 0.152 0.388 0.349 0.100 2.38
39 0.006 0.117 0.358 0.388 0.132 2.52
40 0.004 0.089 0.324 0.417 0.167 2.65
41 0.002 0.067 0.288 0.438 0.204 2.77
42 0.001 0.051 0.254 0.450 0.243 2.88
43 0.001 0.038 0.221 0.456 0.284 2.98
44 0.001 0.029 0.191 0.454 0.325 3.07
1 45 0.899 0.050 0.029 0.016 0.007 0.18
46 0.548 0.388 0.037 0.019 0.008 0.55
47 0.334 0.501 0.131 0.024 0.010 0.87
48 0.204 0.501 0.238 0.046 0.012 1.16
49 0.124 0.450 0.325 0.084 0.016 1.42
50 0.076 0.382 0.384 0.135 0.024 1.65

Action effects in a Markov Chain lifetime table.
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Figure 3.9  The average DoD with time showing the effects of repair on the condition of a
structure.

A repair action may also have an impact on the rate of degradation after the repair. If the rate
of degradation is expected to be changed after a MR&R action the degradation matrix is
changed respectively.

Modeling of the Action Effects of Coatings

When applying coatings and other preventive maintenance measures the condition state of the
structure is not considered to be changed at all but the rate of further degradation is reduced.
So no action effect matrix is applied in connection of preventive maintenance actions but the
degradation matrix is changed according to the expected rate of degradation. The effects of

coatings on the condition of the structure depend on the condition of the coating, Vesikari
(2002).

Coatings have both direct and indirect effects on the condition state of a structure. The direct
effects are a result of the physical barrier which retards the penetration of aggressive agents,
such as CO, and chlorides, into the concrete structure. The indirect effects result from the
changed moisture content in the structure because of the coating as the moisture content has a
remarkable effect on the degradation rate. The model of a degradation matrix which takes into

account the direct effects of a coating to the degradation rate of a structure is presented in Ta-
ble 3.7.

Table 3.7 The assumed form a degradation matrix for a coated structure.
State 0 1 2 3 4
O | 1-pcPor  PcPor 0 0 0
1 0 1-pcpi2 PcP12 0 0
2 0 0 1-pcp2s Pc'P23 0
3 0 0 0 1-pcpaa Pc'P34
0 0 0 0 1
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For more detailed information on the modeling of the condition-related effects of coatings
using the Markov Chain method, see Reference Vesikari (2003). As the condition and the pro-
tection properties of coatings are time dependent the condition of the coating is first modeled
by the Markov Chain and then the changes in the condition of the structure are determined
taking into account the concurrent condition state of the coating. So the transition proba-
bilities of the structure are not any more constant but are dependent on the condition of the
coating. Figure 3.10 shows the result of calculation as an example.

4.0

Structure

3.0
Coating

2.0

Average DoD

1.0 4

0.0

0 10 20 30 40 50
Time (year)

Figure 3.10 Average DoD of the coating and the structure (example).

3.8.4 Combined LCP-, LCC- and LCA-Analysis

Working on the “life cycle principle” means that the profitability of optional maintenance
strategies is evaluated by the results of life cycle analyses. Not only MR&R costs but also the
user costs and environmental costs, i.e. environmental impacts are determined by the life cy-
cle principle and are considered in the decision making of maintenance strategies.

The principles of life cycle cost calculations with predefined MR&R action profiles are well
known and described in international standards like ISO 15686-5 /5/ and ASTM E 917 /6/, see
Vesikari & Soderqvist (2003). However, the traditional procedure of cost calculation with
predefined action profiles could obviously not serve as the basis for a life cycle management
system. Rather it is the task of the management system to specify the actions and to define the
timings of actions using appropriate degradation models. So the calculation methods for the
life cycle cost analyses in a life cycle management system must be more advanced and more
automatic than those in a conventional life cycle cost analysis.

A Markov Chain based life cycle cost analysis is actually a combination of a life cycle per-
formance (LCP), a life cycle cost (LCC) and a life cycle ecology (LCE) analysis. It integrates
the Markov Chain based condition analysis to a conventional life cycle analysis framework.
This first ETSI report will not cover LCA or LCE analysis. These kind of issues will be cov-
ered in consecutive ETSI reports.
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General Principles

The life cycle cost analyses can be used both in object level and in network level studies. At
the object level the LCC analysis is used for life cycle design of specific components and ob-
jects. Specific parameter values of structures (obtained from database) are used in these cal-
culations. The purpose of such analyses is to find out the optimal MR&R action profiles for
structural component and to find the optimal project profile for the object.

At the network level the purpose is to use the LCC analysis results for strategic planning of
MR&R activities and to make short- and long term cost scenarios for the future. The struc-
tural parts are treated statistically as populations of structural parts. The calculations are con-
ducted using average values of the material, structural and environmental parameters per-
taining to the network or a sub-network of structures. The purpose is to find the optimal main-
tenance strategy for structures for varying environmental conditions and for varying material
and structural properties. Typically answers for the following questions can be obtained: Is it
cost effective to protect the structures by coatings or other protection methods? Which repair
methods should be used? In which condition state should the structure be repaired and in
which condition state should the coatings or other protections be renewed to minimise the
LCC.

Specification of MR&R actions

For both the manual and the automatic analyses methods each MR&R action must be spe-
cified. The specification of actions is done by answering the following questions, se Table
3.8.

Table 3.8 Definition of actions.

1 Is the MR&R action group used during Yes/no
- the design period? :

2 Which MR&R system? Code of the MR&R system within the MR&R
5 - action group

3 | Limit condition state? Limit state for the action, e.g. 3 or 4

4 Maximum allowable probability for ex- Probability as %. Exceeding the given percent-
: ceeding the limit state? : age will trigger the action.

5 | Maximum number of repeated actions? | Number of allowable repetitions of an action
before a heavier action.

The action groups mean MR&R action categories composed of similar MR&R systems. For
concrete structures the MR&R actions groups may be the following:

- Coating

- Patching of coating

- Protection with concrete overlay
- Patching of concrete protection

- Patching of structure
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- Repair of structure

- Renovation of structure.

Each MR&R action group contains several repair systems or methods. Accordingly, the group
of coatings is comprised of several coating systems. The concrete protection group refers to
methods in which a layer of shotcrete, conventional concrete or cement mortar is applied on
the whole surface of the structure. Cathodic protection methods with a net anode embedded in
a layer of concrete on the original structure is also included in this group of actions.

The group of structural repairs refers to major repair actions which improve the condition of
the structural part. In concrete structures the structural repairs refer to actions by which the
concrete around the reinforcement is renewed. This can be done by removing and replacing
concrete around the steel bars by mechanical repair methods. Electrochemical methods such
as re-alkalisation and chloride extraction are included in this group as the concrete environ-
ment around the reinforcement is renewed by re-alkalisation or removal of chlorides.

Patching means partial repair of the most attacked areas of the structure. Patching may refer
also to partial repair of a coating or other protection. The methods of structural patching are
comparable to the structural repair in that they also change the environment around the rein-
forcement. However, this 1s done only locally and the other parts of the structure remain un-
changed. So patching is not considered to start a new service life but only to extend the on-
going service life.

Renovation refers to complete replacement of a component by a new one, so this group con-
sists of methods for renovation. The component can be reconstructed at site or a new prefab-
ricated element can be installed at the place of the old component.

The data related to specific MR&R action systems are presented in table of MR&R systems.
The MR&R systems are arranged in the table according to action groups and they can be re-
ferred to by their code numbers. For example in the case of the coating group the code num-
ber refers to a specific coating system with defined materials and material thicknesses. In the
case of concrete protection group it refers to specific concrete or cathodic protection systems
with defined materials, thicknesses and techniques.

The maximum allowable probability sets the maximum limit for the probability of exceeding
the limit state. In object level studies one can interpret it as expressing the maximum allow-
able fraction of the surface area of a component to be at the limit state or in still worse con-
dition. In network level studies it means the maximum portion of structures which can be tol-
erated at the limit state or in still a worse condition. The MR&R actions for structures are
automatically triggered when the maximum allowable probability for the defined limit state is
exceeded.

Maximum number of repeated actions sets a limit to the number of the same MR&R action
during the design phase. For instance the number of repairs or re-coatings can be limited. In
the case of coatings the counter starts from zero every time when the component is repaired
and in the case of repairs the repair counter starts from zero when the component is replaced
by a new one.

The life of a component is considered to be composed of three phases for which the MR&R
actions may be specified independently as follows.
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Phase I Residual service life of the component. All actions of protection and patching
are defined until the end of the on-going service life.

Phase II From the end of the residual service life to the end of the residual life cycle of
the component. The repair methods are defined until the end of the life cycle of
the component. The patching and protection methods for this period of time
can be defined in another way than for the on-going service life. This is neces-
sary as the need of protection may be changed after the repair.

Phase III From the end of the on-going life cycle to the end of the last life cycle. The
methods of renovation are defined. For this period of time the repair methods
can be newly defined as also the patching and protection methods.

The division of the life of a component is presented graphically in Figure 3.11. The life of a
component can be described as a combination of nested arches which represent the lives of
actions.

Present Day Life Cycle of Component 2nd Life Cycle of Component

Service Life of Component

Service Life of Protectiol

Residual Service Life of Protection Time

Residual Service Life of Component

Residual Life Cyde of Component

PHASE| | PHASE Il ‘ PHASE Il

Figure 3.11  Division of the life of a component into phases.

Several action groups can be selected for the same design phase with appropriate limitations.
So it is possible to apply for example coating together with structural repair or coating and
concrete protection together with structural repair. However in the design phase I no repair is
possible and in the design phase II no renovation is possible to select.

As a component can be repaired completely without replacing the whole component by a new
one a new service life of the component is considered to start from the repair. Possibly many
consecutive repairs can even be accepted before the component must be replaced. Thus the
life cycle of a component is not considered to end until it is completely renovated or replaced
by a new one. Accordingly a structural repair generates a new service life and a renovation or
replacement generates a new life cycle for the component.

Specification of MR&R actions by a decision tree

The MR&R actions for a component can be specified automatically by a decision tree. The
MR&R action profiles specified by a decision tree have been previously optimised by manu-
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ally defined LCC analyses and risk analyses. The selection of a MR&R action profile for a
particular component is done by the decision tree run during which several decision criteria
related to the specific properties, environmental conditions and requirements of the com-
ponent are evaluated. However, only the types of MR&R actions are defined by the decision
tree. The timing of actions is determined by the Markov Chain life cycle table and the auto-
matic triggering of actions.

A decision tree has a “root” which forks at “nodes” representing the relevant criteria related to
properties of the component, severity of environment and special requirements of the object
and makes with a growing number of nodes an ever-increasing amount of "branches". The
final branches after the last node are called “leaves”. The optimal sets of MR&R actions are
the results of the tree and are inserted in the leaves of the tree.

An example of a decision tree and its solution is presented in Figure 3.12 The component spe-
cific data is given at the row “distribution”. The tree is active to find the correct set of MR&R
actions corresponding to the given data.

LCAP number
LCAP choice

Component: Criteria:

EDGE BEAM [Location Condition state Chloride index Concrete cover Air content
urban (1), not urban (0) from0to 4 from0Oto 1 from 0 mm to 70 mm from 0 % to 10%
Distribution: 0 1 0.5 25 2
Object or
component in
Edge beam urban area TRUE Condition
state 2 or
worse FALSE ‘ 1
Concrete
Condition cover 10 mm
state 1 or TRUE or more TRUE < 2 X
better
Chloride Concrete
index 0.2 or cover less FALSE < 3
bigger TRUE than 10 mm

Air content
2% or more

Chloride
index less FALSE
than 0.2 Concrete Air content < 5
cover 10 mm
Explication of the first criterion, Location: ormere
If the object, facility, component etc. is in urban area, the maximum Concrete
allowable probability of exceeding limit state is 30 %, otherwise 50 %. cover less < 6
The actual LCAPs are the same regardless of the location. than 10 mm
Recommended actions (= different possible Life Cycle Action Profiles) for edge beam
LCAP number Immediate actions Predicted preventive actions Predictive repair actions
1 Nothing Nothing Repair at DoD 4
2 Impregnation Reimpregnation at DoD 3 Repair at DoD 4 X
3 Thickening of concrete cover and impregnation Reimpregnation at DoD 3 Repair at DoD 4
4 Nothing Nothing Repair at DoD 4
5 Impregnation Reimpregnation at DoD 3 Repair at DoD 4
6 Thickening of concrete cover Nothing Repair at DoD 4

Figure 3.12  Decision tree, illustrative presentation.

In a LCC analysis program the decision tree is usually attached as a subprogram. In a program
code of a decision tree the branches are implemented by IF.. THEN statements, which can be
nested multifold.
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Normally the user has no access to the decision tree. However it is possible to make the com-
puter program such that the user can do some changes in the MR&R specifications of the de-
cision tree.

Principles of Condition Guarding and Triggering of Actions

In a condition controlled life cycle cost analysis the timing of actions is performed automati-
cally. The principle of triggering actions in a Markov Chain life cycle table is presented in
Figure 3.13. The sequential annual condition state distributions have been determined by
Markov Chain on the left side of the figure. They show the probability of the component to be
at any of the condition states at any time. In the middle of the figure the respective cumulative
probabilities which express the probability of exceeding or being equal to any of the condition
states are presented. In this example condition state 3 was selected for the limit condition state
and 50 % as the maximum allowable probability for exceeding the limit condition state. If this
criterion is exceeded during a year, a repair action will be performed immediately in the next
year. The action effects on the condition state distribution of the structure are obtained by
multiplying the condition state distribution of the year by the action effect matrix in the upper
left corner. At the same time the repair costs are added in the cost counters in the right side of
the figure. In other years only the increase of degradation is evaluated by the degradation ma-
trix that is situated below the action effect matrix.
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Transition probability matrix for repair action
1 2 3

State 4
0 1.00 0 0 0 0
1 0.95 0.05 0 0 0
2 0.92 0.05 0.03 0 0
3 0.90 0.05 0.03 0.02 0
4 0.88 0.05 0.03 0.02 0.02
Transition probability matrix for degradation
State 0 1 2 3 4
0 0.330 0.670 0 0 0
1 0 0.662 0.338 0 0
2 0 0 0.765 0.235 0
3 0 0 0 0.814 0.186
4 0 0 0 0 1
Condition state distributions
Year State (DoD)
0 1 2 3 4
0 1.000 0.000 0.000 0.000 0.000
1 0.330 0.670 0.000 0.000 0.000
2 0.109 0.664 0.227 0.000 0.000
3 0.036 0.513 0.398 0.053 0.000
4 0.012 0.363 0.478 0.137 0.010
5 0.004 0.248 0.488 0.224 0.035
6 0.001 0.167 0.457 0.297 0.077
7 0.000 0.111 0.406 0.350 0.132
8 0.000 0.074 0.348 0.380 0.197
9 0.907 0.050 0.028 0.012 0.004
10 0.300 0.640 0.038 0.016 0.006
11 0.099 0.624 0.246 0.022 0.009
12 0.033 0.479 0.399 0.076 0.013
13 0.011 0.339 0.467 0.156 0.027
14 0.004 0.232 0.472 0.237 0.056
15 0.001 0.156 0.439 0.304 0.100
16 0.000 0.104 0.389 0.351 0.157
17 0.910 0.050 0.027 0.010 0.003
18 0.301 0.642 0.037 0.015 0.005
19 0.099 0.626 0.246 0.021 0.008
20 0.033 0.481 0.400 0.075 0.012
21 0.011 0.340 0.469 0.155 0.025
22 0.004 0.232 0.473 0.236 0.054
23 0.001 0.156 0.441 0.304 0.098
24 0.000 0.104 0.390 0.351 0.155
25 0.910 0.050 0.027 0.010 0.003
26 0.301 0.642 0.037 0.015 0.005
27 0.099 0.626 0.246 0.021 0.008
28 0.033 0.481 0.400 0.075 0.012
29 0.011 0.340 0.469 0.155 0.025
30 0.004 0.232 0.473 0.236 0.054
31 0.001 0.156 0.441 0.304 0.098
32 0.000 0.104 0.390 0.351 0.155
33 0.910 0.050 0.027 0.010 0.003
34 0.301 0.642 0.037 0.015 0.005
35 0.099 0.626 0.246 0.021 0.008
36 0.033 0.481 0.400 0.075 0.012
37 0.011 0.340 0.469 0.155 0.025
38 0.004 0.232 0.473 0.236 0.054
39 0.001 0.156 0.441 0.304 0.098
40 0.000 0.104 0.390 0.351 0.155
41 0.910 0.050 0.027 0.010 0.003
42 0.301 0.642 0.037 0.015 0.005
43 0.099 0.626 0.246 0.021 0.008
44 0.033 0.481 0.400 0.075 0.012
45 0.011 0.340 0.469 0.155 0.025
46 0.004 0.232 0.473 0.236 0.054
a7 0.001 0.156 0.441 0.304 0.098
48 0.000 0.104 0.390 0.351 0.155
49 0.910 0.050 0.027 0.010 0.003
50 0.301 0.642 0.037 0.015 0.005

Figure 3.13

Average DoD
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actions and calculation of life cycle costs [1,3].
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Principles for the determination of condition state distributions, triggering of

Many kinds of maintenance and repair actions can be included in a life cycle of a structure. So
Figure 3.13 is inadequate to represent the whole life cycle cost analysis. For instance the deg-
radation of a concrete structure can be retarded by applying an extra layer of concrete or a
coating on the structure. However, both the extra layer of concrete and the coating deteriorate
themselves. So before evaluation of their effect on the condition of the structure, the condition
of the concrete layer and the coating must be first evaluated. In practice three lifetime tables
of the form presented in Figure 3.14 are needed:

e Table of coatings

e Table of extra concrete layer

e Table of the structure.
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These tables are connected to each other by rules and formulas, which take into account the
mutual condition-related effects, as schematically presented in Figure 3.14.

S

SN N

o
N N I o »
l Table of Table of Table of Cost Environ-
Coating Concrete or Structure Counter mental
—> Mortar Layer | ! > Pressures
T Counter
(]
>
[N | N >

Figure 3.14 Tables of coating, concrete or mortar layer and the structure connected to
each other and counters for costs and environmental impacts.

Methods of Counting Costs

The costs are counted according to the methods presented in section 3.4. The cost counters get
their information from the Markov Chain life cycle table (types and timings of MR&R ac-
tions) and the table of the MR&R systems (unit costs for MR&R actions etc.). The task of the
cost counters is to collect and summarise the costs from the total time frame. The costs are
understood here to cover MR&R costs, user costs and environmental impacts.

The MR&R costs are comprised of real maintenance costs such as costs of coating, protec-
tion, patching, repair, rehabilitation, renovation etc.

The unit costs of MR&R actions are usually based on statistical data from earlier executed
MR&R projects. In some cases the costs depend on the extent of the repair, i.e. the area of
repair and the depth of concrete that is replaced from the structure. The unit costs may also
depend on the general condition of the structure. Then a single value is not justified for unit
costs but a model formula that determines the unit costs as a function of the relevant para-
meters is applied instead. An example of such a model formula is given in Equation (3.25):

C

UnitCost = UnitCosty - Cyepi, - cond (3.25)

area

where:
Unit Cost is unit costs of a MR&R action, Euro/m’

UnitCost unit cost of a MR&R action with respect to the minimum depth and the
minimum area of repair, Euro/m’

Cdepth coefficient depending on the depth of repair
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Carea coefficient depending on the area of repair

Ceond coefficient depending on the condition of the structure at the moment of
repair.

The presented equations in section 3.4 refer to the road user costs per hour. So the total road
user costs depend on the total time of the repair work. The total costs per unit area (or other
functional unit) can be determined as the product of the user costs per hour and the repair
time. The repair time may be evaluated based on the production rate of the work [mz/day] for
each MR&R action system and the area of repair as follows:

;=4 (3.26)

where:
t, 1S repair time, d
A area of repair, m’

a; production rate of the MR&R system applied, m’/h.

This calculation method is not indisputable as in practice several works for several compo-
nents can be performed at the same time. However, this offers one solution for the problem of
addressing user costs for components.

Methods of Discounting

The life cycle costs are determined according to the principles presented in section 3.4 and in
the state-of-the-art chapter 2.

3.8.5 Life Cycle Cost analysis process used in Bridgelife

The principles of three LCC programs are presented in Chapter 4. In this section some of the
features and examples of the program Bridgelife will be presented.

The total life cycle cost analysis process is presented schematically in Figure 3.15. The phases
of the analysis are the following:

1. Specification of the initial data
2. Analysis process

3. Presentation of results

Figure 3.15 shows also schematically the structure of the life cycle analysis program,
Bridgelife. The program consists of several tables: (1) Tables of object and component spe-
cific data (2) Tables of MR&R systems (3) Tables for definition of actions (4) Markov Chain
life cycle analysis tables (5) Tables for counting costs and (6) Tables of results. In the follow-
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ing the analysis process is described in more detail. The different steps in the analysis process
in Bridgelife is as follows:

J &

Results Tables and Diagrams

ul

General layout of a life cycle cost analysis process.
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Specification of the initial data
- time frame of the analysis
- discount rate
- object
- component

- MR&R actions (unless not specified automatically by the decision tree)

The object specific data contain:
- Identification data
- Measuring data

- Environmental burden data
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User cost data

etc.

The component specific data contain:

Identification data

Measuring data

Structural data

Data on previous MR&R actions
Inspection and condition assessment data

etc.

Analysis Process

The following automatic routines are performed in Bridgelife:

automatic application of object and component specific parameter data for degra-
dation, action effect and cost models,

automatic conversion of degradation models into Markov Chain transition pro-
babilities,
automatic definition of actions by the decision tree (unless manually defined),

automatic arrangement of the guiding columns according to the specified MR&R ac-
tion profile,

automatic determination of the annual condition state distributions in the Markov
Chain life cycle table,

automatic timing of actions,
automatic calculation of life cycle costs, user costs and environmental impacts, and

automatic presentation of the analysis results in tables and diagrams.

Results of Life Cycle Cost Analysis

The main results of a life cycle cost analysis can be compacted into a small results table. Ta-
ble 3.9 shows the life cycle costs calculated per unit area. The annual unit costs are calculated
as average annual costs and equalised annual costs.

Table 3.9 Results of life cycle cost analysis, unit costs (example).

Unit Costs MR&R | User Costs Total ELU
Costs Costs

Cumulative Real Costs, Euro/m’ 2114 455 2 568 1,83

Cumulative PV Costs, Euro/m’ 98 18 115

Average Annual Costs, Euro/m*/a 8,46 1,82 10,27 0,01

Equalised Annual Costs, Euro/m*/a 3,91 0,70 4,61
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The true component costs are obtained by multiplying the unit cost by the surface area of the
component. If, for example, the surface area of the component is 166 m” and the unit costs are
those presented in Table 3.9, the true costs are presented in Table 3.10.

Table 3.10  Results of life cycle cost analysis, true component costs (example).

Unit Costs MR&R User Costs | Total Costs | ELU
Costs

Cumulative Real Costs, Euro 350 905 75 460 426 365 303

Cumulative PV Costs, Euro 16 235 2910 19 146

Average Annual Costs, Euro/year 1 404 302 1705 1

Equalised Annual Costs, Euro/year 649 116 766

As can be seen from the results in Tables 3.9 and 3.10, the ELU costs calculated based on the
EPS method are small as compared to both the MR&R costs and user costs.

The design period was in this case 250 years. The condition of the structure changes during
this time is as depicted in Figures 3.16 and 3.17.

Average DoD

50

100

150 200

Time (year)

Figure 3.16  Average Degree of Damage as a function of time.
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Figure 3.17  Probability of exceeding the condition state 1, 2 and 3 as a function of time.

In this example the maximum allowable probability of exceeding the condition state 3 (= limit
state) was 50 %. From Figure 3.17 one can observe that the repair was triggered immediately
every time when this limit was exceeded.

The costs can also be presented as a function time .Figure 3.18 shows the cumulative MR&R
costs per unit area as real costs and present value costs. The MR&R costs in this case were
composed of structural repair cost and coating costs.
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Figure 3.18 MR&R costs per unit area presented cumulatively as a function of time.

Figure 3.19 shows the cumulative MR&R costs and user costs per unit area.
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Figure 3.19 MR&R and user costs per unit area as a function of time.

3.9 Advanced LC analyses programs for object level and net-
work level use

In different variations of the life cycle analysis programs additional features may be added in
the program routine. Such extended analysis programs are those specially designed for the use
of the Object level and the Network level management systems.

Life Cycle Planning Program for the Object Level Management

In a Life Cycle Planning Program for the object level use all components of an object are ana-
lysed one after another and the MR&R actions pertaining to different components of an object
are reorganised into “projects”. By projects we mean here groups of MR&R actions that are
scheduled to the same year for the same object. Instead of project planning one could rather
call it life cycle planning as not only the next coming project is planned but all the projects
during the whole life frame are planned at the same time. The planning is done automatically
but the program allows manually defined changes to the plans.

The reason for reorganising the MR&R actions into projects is that the optimal timings for
various actions (for various components) will scatter too much. Project planning based only
on the optimal timing of actions would result in too many small projects to be executed for the
same object. That would be annoying for both maintainers and users. So the optimisation in
the preliminary project planning is performed from a wider perspective than in the component
level optimisation. As a result of proper object level planning in which the single MR&R ac-
tions are combined into reasonable groups, economic savings can be won by synergy profit.

From many possible ways of combining actions into projects only one is presented here. It is
effective and probably also the fastest method, as it does not require a separate computer run.
The combination of actions into projects can be performed already in connection with the first
component level runs provided that a reasonable order in the analyses of components is used.

This method of combination is based on definition of both the minimum and the maximum
probability for exceeding the limit state. In an optimal timing of MR&R actions the timing is
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always triggered according to the maximum allowable probability. Now the action is triggered
latest at the maximum probability but it can be triggered earlier if it seems reasonable from
the view point of the project level planning. Accordingly the action is triggered if there is a
previously defined action time (for any action in any component of the same object) and if the
minimum allowable probability is exceeded. The minimum allowable probability is defined in
the decision tree for this type project planning. (Figure 3.20)

Probability
of exceeding
limit state

P

max

P(t

project)

P

min

t.t t Time

min “project “max

Figure 3.20 Principle of triggering actions.

The specification and timing of actions is performed for each component consecutively in the
order of their relative importance. The timings of actions for the first component are defined
at their optimal timings corresponding to the maximum probability. However, for the follow-
ing components the timings of actions may be advanced from their optimal timings provided
that any MR&R action (for any of the previously analysed components) was scheduled earlier
than the optimal timing and the specified minimum probability is exceeded. The system still
guarantees that the higher limit for exceeding the limit state is never overridden.

For the purpose of project planning a new row is added in the MR&R action definitions (Ta-
ble 3.11).
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Table 3.11  Revised table for definition of actions

1 | Is the MR&R action group used during the | Yes/no
design period?

2 | Which MR&R system? Code of the MR&R system within the
MR&R action group
3 | Limit condition state? Limit state for the action, e.g. 3 or 4

4 | Minimum allowable probability for exceed- | Probability as % (exceeding the given
ing the limit state for accepting the timing of | percentage allows timing of the action
action? to equal with a previously defined tim-
ing of any action for the same object)

5 | Maximum allowable probability for excee- | Probability as % (exceeding the given

ding the limit state? percentage will trigger the action
unless not triggered by the previous

condition)
6 | Maximum number of repeated actions? Number of allowable repetitions of an

action before a heavier action.

Program for Cost Scenarios at Network Level

In an analysis program for cost scenarios at the network level the calculation procedures are
essentially the same as those in the object level program. However the project design as pre-
sented above is not performed. The distribution of objects into components is preferably the
same as that in the object level but the surface of components comprises the total surface area
of all components in the treated network or sub-network. The total network is divided into
sub-networks according to the decision tree definitions so that all components of the same
type with the same definition of actions can be treated in the same analysis.

Another difference in the network level procedure as compared to the object level procedure
is in the mathematical way how the triggering of actions is responded. In an object level
analysis the response is that the action is performed and the condition state distribution is
completely changed according to the action effect matrix. However, in the network level
analysis only the fraction which overrides the maximum allowable probability is considered
to be repaired, thus resulting in smaller but more frequent changes in the condition state dis-
tribution. The reason for this is that the network level changes in the condition distribution are
statistical not individual as at the object level.
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4 Desciption of three LCC programs
4.1 Bridgelife - program developed at VTT, Finland

Bridgelife is a life cycle design tool for project level bridge management developed by Tech
Lic Erkki Vesikari, at VTT, Finland. This program is implemented in Excel. It is a result of
EU project — LIFECON, and fulfils the LIFECON principles: predictive, integrated, life cycle
based, optimising and probabilistic. It is capable for automatic design of single and groups of
concrete bridges. There are two design aspects in this program: Life Cycle Design and Service
Life Design. Life cycle design is used for the existing bridges, and service life design for new
bridges and for repair of bridge structural parts. The main interface is shown in Figure 4.1.

Microsoft Excel - ElinkaariSiha 1.1_ 1.8.2005_English_Protected.xls [Read-Only] - |ﬁ' |1|
I‘:‘_I] File Edit iew Insert Format Tools Data  Window  Help Type a question For help » _ & X
NEHR SRIARB- 9 -8z -3l F=== w8 m- 5 A E
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Figure 4.1  The Bridgelife main interface.

The program has the default values for all information and can therefore run independently. It
is adopted by the Finnish Road Administration (Finnra) and is embedded in its bridge man-
agement system. Consequently it can freely obtain the latest data from the database when
connected to that.

4.2 WebLCC - program developed at KTH, Sweden

WebLCC is a life cycle cost analysis program developed by Mr Axel Liljencrantz at KTH,
Sweden. Originally it was academic-oriented and was used for education purposes in Sweden
and was not officially adopted by the Swedish National Road Administration (SNRA). MAT-
LAB was adopted as the calculation tool in this program. The first version of WebLCC is not
web-based and still remains in an academic form. The new version was developed to a web-
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based program. The user needs to have an account and password to access the program. The
main interface after logging in is shown in Figure 4.2.

» Huvudsidan  , Konfigurera WebLC oje pa nytt projekt ., Kopiera proje » Logga ut  , Hjalp

WebLCC
Etsi ar inloggad.

Senaste broar

Derno project 2006-08-27  Etsi

etsil 2006-06-30  Etsi
etsil (kopia) 2006-06-30  Etsi
etsiz 2006-06-30  Etsi
Demo project (kopiaj 2006-06-30  Etsi
etsil (kopia) 2006-06-15  Etsi
etsil (kopia) 2006-06-15  Etsi

Réda wégen 1, 781 87 Borldnge  0771-119 119 ., axelliljzncrantz@byv. kth.s2

Figure4.2  The WebLCC main interface page.

There are totally three tasks in this program: creating of projects, searching of projects and
editing of projects. The main LCC operation lies in the task of editing of projects. This task
consists of five parts: conditions, investments, maintenance, repairs and results. In addition,
the sensitivity analysis is also included. The program is still under development. The LCC
Expert System will be its future. It will include two languages: English and Swedish. The
name WebLCC was later changed to BroLCC.

Database accessing is not involved in the WebLCC. All data needed is stored at KTH’s server.
For wider data resources it can be combined with the Swedish BaTMan (Bridge and Tunnel
Management) system. In Sweden, BaTMan has been recently developed by SNRA as a bridge
and tunnel management system. It is a computerized tool for organizing and storing data and
carrying out activities within the management process. It is also web-based and allows anyone
with the proper access rights and a standard web-browser to use the system. It is currently
used by several regions and local authorities that own and manage structures in Sweden. Ap-
proximately 30,000 structures, mostly bridges, are currently managed using BaTMan. The
system supports the management process on both network and project levels during the entire
life cycle of a structure. The welcome page is shown in Figure 4.3.
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Vidlkommen till BaTMan

Ext | e edf ekt av hrear, iusnlar och asdra kossirskianer.

Mid SaTMan. &0 Bro ooh Tunnel Managament hidlpredal, frvaltas slval an anskild kanstruldion, tax beroar, urnlar,
farisapen och stodkonstruktioner som st uruel av konstruktioner.

Systamet ar st hidpmedal for st orgenicers och utfars sctiviteiems inom fervsitningens ofiks processer
i
@ Operetbs farvalining av bestind

E Takhskistrategisk fornvalning

EaThan inrsh3ller infermation om bla ca 30 000 beoar com 3r 1 dedt. [nom eperativ forvalning finna fkia om dan
mrkildy konstruktiorsene Glstind, utformning mm samt dokument ach rtningar.

[rfrmeton | fom gv sammenstsliningar bver ardsl broar, Sipsdsplanes stc fons | BaTHan: s uttapsverkivg

Foryainingehjaiomadiat ar frameaget i stt samvarksneprojekt maiban yagvarket, Bararkat, G- och Festighatsinrocrst | Gtackholm, Shorstacehoime
lokahrafik samt Eemmunforbindet.

Agare odi Porvaltars ol samt srevari] far vidarautuecklingdn o SaTHan & Vaguerhat.
BdnSende drardan (4421
Version E3.1.9 Build: 208

Figure 4.3  The BaTMan Welcome page.

It is worth of noticing that in Sweden bridge condition is recorded according to three types of
condition:

- the physical condition based on measurements related to development of previous or
new damage, degradation processes, pollution processes, etc;

- the functional condition stated in terms of 4 classes: defective at the time of inspec-
tion, defective within 3 years, defective within 10 years, defective beyond 10 years;
and

- the economic condition described in terms of quantity and cost of a remedial activity,
the LCV method, the cost is calculated automatically.

4.3 BridgeLCC - program developed at NIST, USA

In USA, there are four systems developed for LCC: PONTIS?, BRIDGIT:, BLCCA* and

BridgelL.CC. BridgeLCC was developed by Dr. Mark A. Ehlen at the National Institute of
Standards and Technology (NIST) to help bridge engineers to assess the cost effectiveness of
new, alternative construction materials. The BridgeLCC 2.0 version was taken into this thesis
as an alternative to the two Nordic programs mentioned above. The software uses a life cycle
costing methodology based on both ASTM standard E 917 and a cost classification scheme
developed at NIST. The ASTM E 917 practice insures that the cost calculations follow ac-
cepted practice; the scheme helps the user to account for all project costs, properly categorize
them, and then compare breakdowns of the alternatives’ LCCs.

2 developed under an FHWA project and is available to agencies through the AASHTOware program.
2 developed under the NCHRP and available from the developer, National Engineering Technology Corporation.
4 developed under the NCHRP Project 12-43, National Engineering Technology Corporation.
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The program runs in Windows 95, 98, 2000, NT, and XP. The software, along with related
publications describing the underlying life cycle costing methodologies, can be freely
downloaded from the following website: http://www.bfrl.nist.gov/bridgelcc/welcome.html.
BridgeLCC 2.0 was improved from the former version BridgeLCC 1.05. Improvements in ver-
sion 2.0 include improved Monte Carlo capabilities, context-sensitive help, inclusion of an
expanded concrete service life prediction tool, and a probabilistic events wizard that helps to
add user-tailored events like earthquakes to the analysis. The BridgeLCC 2.0 program's main
interface page is shown in Figure 4.4.

& BridgeLCC

Version 2.0

" St news analysis.
1= Dipen esiating arvilysiz e |

I Do) shaoww lhas veraiow g

Jores?

Figure 4.4  The BridgeLCC main interface.

4.4 Functionality exploration of the programs

The basic characteristics of the three programs are so different that it is impossible to have a
LCC comparison for a common bridge. Therefore, each program is treated separately using its
own local bridge example so that the individual characteristics can be pointed out.

44.1 Functionality of Bridgelife

Access to Bridgelife

There are two ways to use Bridgelife — either on a PC (Personal Computer without network
connection) or online with access to Finnra’s Database. The Finnish version of Bridgelife is
used online in practice. The procedure of online accessing is introduced in Figures 4.5 to 4.11.
They also give a general impression of the database operation. However, in this study, the
English PC version is used.

S for which Dr. Mark A. Ehlen received BFRL’s 1999 Communication Award.
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Figure 4.5

Figure 4.6
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Figure 4.7  Citrix Presentation Server gateway after clicking the “EXT Hanke-SiHa " sym-
bol shown in Figure 4.6 (another user name and password are required).
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Figure 4.8  The database interface after login in the Citrix Presentation Server shown in
Figure 4.7.
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Figure 4.9  Result window for clicking the “Hankekori” button shown in Figure 4.8.
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Figure 4.10 Result window- from “Lisdtoiminnot” to select “Tee elinkaarianalyysi” in Fig-
ure 4.9.

® In this window, the button “Kéynnistd Excel-vienti” is used for getting the initial data, the botton “Elinkaari-Siha” for running the
Bridgelife program, and the button “Vienti Hanke-Sihaan” for bringing the results to the project level bridge management system.
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Figure 4.11 The Bridgelife program (Finnish version, see the English version in Figure
4.1) after clicking the “Elinkaari-Siha” button shown in Figure 4.10.

Life cycle design

After the button “Life Cycle Design” is pressed, the program first checks the initial data and
then the user can get the “Initial Data” form for life cycle planning as shown in Figure 4.12.
Then a list of the bridges in the initial data file can be seen. The program applies an initial
data file produced by the bridge database, if it is running on the database. Otherwise it uses its
own default values.
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H 41 Lemulan silta Date of Initial Data  8.8.2006
2 295 Maskun vikulkusilta '
2 317 Maenkylan uusisilta —
2 1711 Marnmolan riskeyssilta Design Period 100 yeaps
9 1245 Kotkansalmen silta
4 1440 Kataveden sit3 Discount Rate Rl
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g silt5
25

g dlta

a 174 Tulisalmen silta — Data of the Chosen Bridge

g 324 Koljorwirran silta
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8 393 Jokilahden silta : 3
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Da Batch Process [ Da Life Cyele Planning | Close

Figure 4.12  Initial data window for life cycle planning

Contributing functions

There are three contributing function buttons on the right hand side shown in Figure 4.12. The
initial data file can be changed with the uppermost button “Change Initial Data File” on the
“Initial Data” form. The length of the design period and the discount rate can be given by the
user. Then the user selects the bridge from the list. For example, the Ammikoski Bridge is
chosen here. The user can then check the initial data of the selected bridge by pressing the
buttons in the frame marked “Data of the chosen bridge”. This data comprises the structure,
material, environment and condition assessment of the bridge. The further details are shown
in Figures 4.13 and 4.14.

Bridge Specific Data ﬂ

r— Data of the Chosen Bridge
o Maintenance Class of
Geogrephicl shustion | g Fireng x| theRaad |1 toadwzy s.per road ADT 6000, 12000 v
Purpose of Lse 11 Waterway bridae »|  Maintenance Class of ¥
I = J the Crossing Road I J
Exposure Stress I 13 Industrial j Brdge e Class I 14 Lsual j

[EIE]

&
¥

Year of Fabrication e

Close

Figure 4.13  Checking of the bridge specific data
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Component Specific Data ﬂ

Choose the Component

Componenk

301 Deck

201 Edge beam

110 Bearing plane

106 Fronk wall

109 Brow wall

108 Wing wall

108 Wing wall

117 Wall-type support

117 Wall-type support

117 Wall-tvpe support

117 Whall-kvpe support

117 Wall-tyvpe support

113 Edge beam Substructure
202 Deck extension

113 Edge beam Substructure
114 End pole

_hange Component Specific data

Close

Figure 4.14  Checking of the component specific data.
Figure 4.14 shows how the user can select one component to change the specific data. After

pressing the button “Change Component Specific data” the user will obtain the further details
shown in Figure 4.15.
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Figure 4.15 Changing of the component specific data.

Primary functions

There are two primary function buttons at the bottom of the window as shown in Figure 4.12,
namely, the “Do Batch Process” button and the “Do Lifecycle Planning” button. The former
button is needed to perform a life cycle planning for all the bridges in the initial data file. As a

result of the batch process, a special output file should be created.

The latter button is needed to perform a preliminary life cycle plan of a selected bridge. The
program then goes through all bridge components in a row and indicates the specific MR&R
actions needed. In this process the decision tree, for an example see Figure 3.11, and the tim-
ing based on automatic triggering system are used. Actions that take place close to each other
in the same year are automatically combined into bigger projects. As an example, the results

obtained for the Ammikoski Bridge are shown in Figure 4.16.
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— Bridge Specific Results

Project Data | Life Cycle Costs Results of LCA | Close |

Figure 4.16  Life cycle planning results window of the Ammdkoski bridge.

The components of the chosen bridge are listed in the “Results” window, as seen in Fig. 4.16
The user can choose whichever one he/she desires. The data, which show the life cycle action
profile of the respective component, can then be seen in the list box below the component list.
This list box contains all specifications of actions including timings and costs. The diagram
which shows the average condition rating of the respective component during the design pe-
riod is always automatically updated. The automatic design of the bridge includes optimal
action profiles for each component. All the timings and costs of actions are calculated.

There are three primary function outputs in the frame “Bridge Specific Results” in Figure
4.16. “Project Data” gives detailed data on the first projects planned for the bridge, as shown
in Figure 4.17. “Life Cycle Costs” window shows detailed LCC data as shown by Figure
4.18.

The window “Results of LCA” shows environmental impact data for the whole design period,
as shown in Figure 4.19. The environmental impact, caused by the consumption of materials
during the maintenance and repair actions, is calculated with the LCA analysis.
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Figure 4.17  Results window of “Project Data”.
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Figure 4.18 Results window of “Life Cycle Costs”.
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Figure 4.19 Results window of “Results of LCA”.

There are also four additional contributing function buttons as shown by Figure 4.16, namely
“Crack Corrosion”, “Change the Actions Manually”, “Store the Results” and “Print the Re-
sults”. The results seen in Figure 4.20 can be obtained by pressing the “Crack Corrosion” but-
ton in the upper right corner.

x

Crack Corrosion

Average Condition Rating

4
3 /—_—,—7

2 /

T 1+

0 . T . . Y = = : :

2000 2020 2040 2080 2080 2100 2120 2140 ME0 &80 2200

Time (Year)

Close

Figure 4.20  Results window of “Crack Corrosion”.

Button “Change the Actions Manually” allows making manual corrections and changes to the
plans prepared automatically by the program. This button produces a window shown in Figure
4.21. On this window the designer can change the definitions of the MR&R actions or their
timings. The designer can also remove all previous definitions of actions and define his “own”
MR&R action profile with fixed timing. The changes are inserted in the life cycle plan of the
bridge by pressing the button “Transfer the changes into the plan”.
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Figure 4.21  Results window of “Change the Actions Manually”.

All buttons shown in Figure 4.21 are auxiliary contributing functions. The results window of
“Add Actions” is shown in Figure 4.22 and the one of “Code of Actions” in Figure 4.23.

Definition Table x|

I” Remove Existing Definitions

Ackion Group Ackion Wear Repetition times Repetition

-

th & W N

[T = BT -

10
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1) Prokection 1 Action Codes | Cancel
2) Protection 1 Patching IE—

3) Protection 2

43 Protection 2 Patching
51 Patching

&) Repair

71 Renewal
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Figure 4.22  Results window of “Add Actions”.
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Action Codes
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ik kaus

Rakenteet ukuunottamatta | Rakenteet kuun- Rakenteet ukuun- | Kaikki rakenteet Haikki rakenteet
kansiasttam jo attatn atta ottarm atta 1 Wesipiik kaus+ruisku-betonointi | 17 Uudeleentak.
laaker tazoa kansilasttaz kansilastaz 2 Wesipik kaus+betonivaiu valamalla

1 akryylipinnoitus 39 Ruiskubetoni 20 11 Paikkaus, & 3 Uudelleenalkaloirti

2 Silaani+askryylipinnotus mm mucttia 4 Sahkékem. kloridien poista

5 Epoksipinnoitus 40 Ruizkubetoni 30 12 Paikkaus

4 PUR-pinnoitus mm muctilla

5 Kopoly meeripinnotus 41 Katodinen suojaus 1

E  Sementtipinnoftus 42 Katodinen sunjaus 2

T Sem+Polymestipinn. 43 Halkeamien

& “ahspinnotus inje ktoirti

9 Silaani-impregnointi

10 Akryyli-impregnointi

11 Teflon-impregnointi

12 PUR-vedeneristys

Kansilasita Kanzilaatta Kansilasita Kansilasita

15 Mastiksieristys 46 Jyrsintd ja 13 Kansilaatan 18 Pééllysrak.

16 Kermieristys hetonointi ik kaus uusiminen

Laakertazno Laakeritaso

25 Maurer kuminvaitto 5 Laskertason korjaus

26 R13/DC-7 kuminwaibta

27 Wahoflex kuminyaihto

26 Acme kuminvaibto

29 Massalikuntas. huolto

Figure 4.23  Results window of “Codes of Actions” or “Action Codes”.

As shown in Figure 4.16, the two buttons “Store the Results” and “Print the Results” are used
to produce the results file.

Service life design

Service life design as another primary function of the program completes the life cycle plan-
ning module of bridges. When the button “Service Life Design” is pressed, the results win-
dow shown in Figure 4.24 is presented. Some inputs can be given by the user with a desired
value and the others have to be chosen among the available alternatives. The results windows
can be obtained by pressing the corresponding buttons shown in Figure 4.24. The exposure
data can be seen in Figure 4.25, the component data in Figure 4.26, the protection data in Fig-
ure 4.27 and the crack corrosion in Figure 4.28.

A new component of a bridge can be designed so that it fulfils the performance requirements
set for it throughout its service life. The service life design is also based on the Markov Chain
condition analysis, i.e., the deterioration models used in the service life design are the same as
those used in the life cycle planning. The results shown in Figure 4.24 can be printed by
pressing the button “Print the Results”.
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Figure 4.24  Results window of “Service Life Design”.
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Figure 4.25  Results window of “Exposure Data”.
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Figure 4.26  Results window of “Component Data”.
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Figure 4.27  Results window of “Protection Data”.
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Figure 4.28 Results window of “Crack Corrosion”.
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442 Functionality of WebLCC

In the WebLCC main interface, Figure 4.2, there are seven items dealt in this program. “Hu-
vudsidan” (home) is used to access the main interface anytime when using the program.
“Logga ut” (logout) is used to exit from the program. There is no need to say more about
these two items. The other five, however, will be discussed more thoroughly underneath.

Configuring WebLCC

When clicking “Konfigurera WebLCC” (configure WebLCC), the program will show the
“Konfigurera konto” window, Figure 4.29, to allow the user to reset his account including the
account name, password, figure width, figure height and the colour used.

Konfigurera konto

Huwudsidan
Konfigurera WeblCC

Sdk projekt

Skapa nytt projekt

|
|
|
b _
_Kopiera projekt
|

_Logga ut

|

Hislp
Fullstandigt narnn IEtSi

Myttt [Gsenord I

Myt Iﬁsenord(igen)l
Figurbredd |4DD
Figurhaid {300
Anvand farg I'I

Uppdatera | Angra inmatningar |

Figure 4.29  Results window of “Konfigurera WebLCC” in the WebLCC program.

Tracking project

When clicking “Sok projekt” (tracking project), the program will show the window shown in
Figure 4.30. This window allows the user to search for an existing project.
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Slopande av tatskikt 2004-11-24 Hans Bohman

Direktojuten slithetong 2004-11-19  Hans Bohman
2004-10-25 Exempelkonto

Kantballe rostfri 2004-10-28 Exempelkonto

Kantballk wanlig 2004-10-28 Exempelkanto

hhh 2004-02-28 Raid Karoumi

hhh 2004-02-25 Raid Karoumi

Figure 4.30 Results window of “Sok projekt” in the WebLCC program.

Creating a new project

When clicking “Skapa nytt projekt™ (create a new project), the program will show the window
shown in Figure 4.31. This window allows the user to create a new project. After giving a
name and clicking “Skicka” (send) the program will show the most important user interface
(Figure 4.32) with all required inputs in the window.

-5*’!.;‘- Védgverket

w Huvudsidan  ,, Konfigurera WehlCC  ,, S8k prajekt  , Skapa nytt projekt o, Kaopiera projekt 5 Logga ot Hialp

Skapa nytt projekt

+ Projektnamn:huts|
« Tunnel: [
Skicka

rlange 0771-119 1192

Figure 4.31  Results window of “Skapa nytt projekt” in the WebLCC program.
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. Huvudsidan .. Konfigurera weblLCC ., Sék projekt .. Skapa nytt projekt .. Kopiera projekt .. Logga ut .. Hjalp

Allmdnna férutsdtningar

Bronamn huts
Projektnummmer 69
Handlaggare Etsi

Daturn 2006-08-27

Uppdatera |
Region m
Klimatzon [Z =l
Saltning pd vagsn Im
Investeringskostnad enligt offert IW kkr
Rivningskostnad i % av investeringskostnad I'II] e
Kalkylperiod I'IZD— g
Bron tas i traffik o ar
Basir ID— 2
Arlig realranta (kalkylranta) |4— S
Arsdyagnstrafilk IW
Trafiktillyaxt o %
Andel tung trafik IM— o
Tilldten hasitghet pd bron IQD krnsh
Reducerad hastighet pga vagarbeten ISD— krn/h
Timkostnad, personbil [es lerih
Tirnkostnad, lastbil 400 krih
Brotyp [Balkbrs =]
Aantal spann ID—
Brolangd {total) I‘IDD— m
Kantbalkslangd 200 m
Brobredd IZD— m
Broyta W m=
Belidggningsyta W m?
M3lningsyta (st3lbalkar m.m.} W mZ
antal racken ID— st
Rackeslangd ID— m

wiktning av inFhatade wirden

Beraknad Egen
Klirmatzan 0.80 IU.UU
Arsdyansfrafik, ADT 0.80 IU.UU
=altning p3d wagen 1.00 ID i}
Konstruktionsdel utsatt for saltangrepp 0.80 ID oo
Betongkvalite = K40 1.10 IU.UU
tackande betong = norm 1.00 IEI.EIEI

Foruts&tthingar I Irvesteringar Dirift & underhall I Feparationer Fiesultat

Angra inmatningar |

21 87 Borlainge  0O771-11% 119

Figure 4.32 WebLCC input window shown after creating a new project.

There are five primary function buttons at the bottom of the screen as shown in Figure 4.32,
namely, “Forutséttningar”, “Investeringar”, “Drift & underhall”, “Reparationer” and “Resul-
tat” (Assumptions, Investments, Usage & maintenance, Repairs and Result).

The button “Forutsittningar” is used for accessing to Figure 4.32 whenever needed. There are
four drop-down list boxes in the input items shown in Figure 4.32. They show the corre-
sponding prescribed alternatives for inputs, as shown in Figures 4.33 to 4.36.
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—P%“,‘;- Vagverket

projekt . Logga ut .. Hjalp

Allmdnna forutsdttningar

Bronamn huts
Projektnurnmer 69
Handlaggare Etsi

Datum Z006-05-27

Uppdatera I
Reqion E Stockholm I

Klimatzon Norr
hitt

Saltning p& vaaen

. 2 “Wast
Investeringskostnad enligt offert o keler
Rivningskostnad i % av investeringskostnad | Sydost %

Skane
Kalkylperiod Ar

» Hislp

Allmdnna férutsdttningar

Bronamn huts
Projektnummer 69
Handlgggare  Etsi

Diatum 2006-08-27

Uppdatera
Region IStDcthIm 'I
Klimatzon E3 vI

Saltning pd vagen 12 al saltning =
Investsringskostnad snligt offsrt a0 Kkr
Rivningskostnad i % av investeringskostnad g 1l o,
walkylperiod B | En
Biron tas i traffik [57— i

Figure 4.34  Drop-down list box of “Klimatzon” in Figure 4.32

£ Vagverket

«» Logga ut ., Hislp

Allmdnna forutsdttningar

Bronarmn huts
Projektnuririer 69
Handliagare Etsi

Datum 2006-05-27

Uppdatera |
Raghén [Stookhom =
Klimatzon IG
Saltning pd vagen m

Investeringskostnad enligt offert

kalkylperiod

Figure 4.35 Drop-down list box of “Saltning pa vigen” in Figure 4.32.
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-‘;% Vagverket

e ——

» Huvudsidan  , Konfigurera WeblLGC  , Sak projekt , Skapa nytt projekt  ,, Kopisra projekt o, Logga ut . Hj&lp

Allmdnna férutsdttningar

Bronamn huts
Projektnummer 69
Handlgogare  Etsi

Diaturn 2006-08-27

Uppdatera I
Klimatzon [F =
Saltning pd vagen m
Investeringskostnad enligh offert IW kkr
Rivningskostnad i % av investeringskostnad [10 @
Kalkylperind [loo | ar
Bron tas i traffik o ar
Basir EC S
Brlig realranta (kalkylranta) |3— %o
Arsdyanstrafik [eoon
Trafiktillvaxt o £

andel tung trafik

TillSten hasitghet pi bron Baghro krnsh

Reducerad hastighet pga vagarbeten Balkrambro krn/h
Flattrambro

Tirnkostnad, personbil Farbro krih
“alvbro

Timkostnad, lastbil = krsh

Brotyp

Figure 4.36  Drop-down list box of “Brotyp” in Figure 4.32

The results window, which appears after clicking button “Investeringar” in Figure 4.32, is
shown in Figure 4.37. A drop-down list box in the input items shown in Figure 4.37 lists the
prescribed possible inputs, as shown in Figure 4.38.

The results window, which appears after clicking button “Drift & underhall” in Figure 4.32, is
shown in Figure 4.39. There is also an un-editable drop-down list box in the input items
shown in Figure 4.39. The corresponding prescribed inputs are shown in Figure 4.40.

—;‘3;— Vigverket

e ——

»» Huvudsidan 5, Konfigurers WebLCoC < projekt ., Skapa nytt projekt , Kopiera projekt o Logga ut 5, Hjalp

Investeringskostnad

Farrm kr/m2 |55E|—
Betang kr/m= IW
st kr/tan W
armering  krvton [13200
Kablar kr/rn W
Palar e ET T
Racke kersrm IF
Tatskickt ke/m? [BO0
Belaganing ke/m2 |450—

[ Bottenplatior = _Lagatil | Uppdstera |

Firutsatningar I Investeringar I Dirift & underhall I Fieparationer Fesultat I

Angra inmatningar

0771-119 119

Figure 4.37  Results window shown after clicking “Investeringar” button in Figure 4.32.
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=& Védgverket

e

» Huvudsidan ., nfigurera

Investeringskostnad

Form kr/m? ISSU—
Betong lerdm @ IW
St krton [24500
Arrnering  krfton W
Kablar  kejem [SDOD
Pilar kr/m  |800

Racke krirmn W
Tatskickt  |ers/m= IEDD—
Belaganing kr/m2 |450—

| Frontrrur LI Léggt\lll Uppdateral

Eottenplatior

J Drlﬂ&underhé\ll Feparationer Fesultat

Andstod

Frontriur

“ingrmur

Lagerpall

Grusskift

Fyllning
Orurigt - Underbyganad
Hurvudbalkar
Twarbalkar

Fackwverk

Bage L
Pwloner

Kahlar

Brobaneplatta

Kantbalk.

Gwrigt- Owerbyoonad
Upplagsanordning

Tatskikt

Eelaggning

Racke

Jwergdngskonstruktion
Draneringssystem

Churigt - Brodetaljer

Estatik |
COwriga anlaggningskostnader  »

Figure 4.38 Drop-down list box in Figure 4.37.

iy

<% Vagverket

» Hialp

Drift- och underhallskostnad

Inmatning

fFoidpande inspaktion ﬂ Lagg till Uppdatera

MEngd Tvs

Battringsmaining [10 |mznn s F‘"5t|30 [o [o o [o [o 5 [1 o

m Artal Ta bort
@ Fast
. |
& t 0 1) o 0 (1] o 0 o 1)
vrig | o I I I I I | I gt
Artal
Kostnader
D Tra
arging  Tols Par ghng Tat
Battringsrmalning 0 3 34 11
Svrigt [} o [x]
I Muvirde 3 I Muvdrde 11
Forutsattningar I Investeringar Drift & unclerhall Reparationer Resultat

Angra inmatningar I

Figure 4.39  Results window shown after clicking “Drift & underhdll” button in Figure
4.32.
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—5*15% Vagverket

e

» Huvudsidan . Konfigurera WebLCC . Sok projekt .. Skapa nytt projekt .. Kopiera projekt .. Logga ut .. Hjalp

Drift- och underhéllskostnad

Inmatning

[ Fortlépande inspektion :I Lagg till Uppdatera

| Allman inspektion st
|Huvudinspektion

| Rengoring (tvattning av bron fran salt mm.)
| Rengdring awv draneringssystem

| Impregnering och underhall e kantbalkar
| Underhall av rAcke. vthehandling

Ta hort

| Underhall av lagerpall _Iu IU IU IU Iu |5 |1 B

| Underhall av owergéngskonstruktion Ta bort
| Fyllning e Sterstéllande av erosionskyedd

| Battringsmalning L

| Awdukiningsanlaggning, el-kostnad och underhall II] II] II] II] II] II] II] T:hnrt

| Omméalning av stalldda, utvandigt hela bran
| Byte av gummiprofil | Swergdngskonstruktion
| Drrig drift och underhall

?Overslk{llg inspektion

| Sarskild inspektion

| Dreriggt
B&ttringsmalning in 3 34 11
Svrigt o 0 o o
Z Muvarde 3 I Muwvarde 11
Farutsattningar I Investeringar Dirift & underhall I Reparationer I Resultat I

Angra inmatningar |

orlange 0771-11%9 119 L liliencrantz@

Figure 4.40 Drop-down list box in Figure 4.39
The results window, which appears after clicking button “Reparationer” in Figure 4.32, is
shown in Figure 4.41. An un-editable drop-down list box concerning the corresponding inputs

is shown in Figure 4.42.

%—:— Vagverket

» Huvudsi anfig t 0 -3 projekt . Logga ut o, Hidlp

Reparationskostnader

Inmatning
EEiottenplattor x| L'Elggtill' Uppdatera'

Kostnader

Priser

Fﬁruts'&lttningarl In\festeringarl Driﬂ&.underhélll Feparationer | Resultat

Angra inmatningar |

Réda vigan 1 orlange 0771-119 119 . iljigncrantz@

Figure 4.41  Results window shown after clicking “Reparationer’ button in Figure 4.32.
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Reparationskostnader

Inmatning

j Léggtilll Uppdatera

- Intarval

Bottenplattor
Pelare Typ  Bas  Beddkost Eest K b ks pagar
Frantmur
Yingrmur
Lagemal * 0 o
Grusskif | Fast

Fillning ﬁf' ! ’ IU_IU_ID_ IU_ IU_ID_IU IU Salt |4U |1.UD Ta hort
Huvudbalkar il

Twarhalkar
Fackverk
Bége
Pyloner | Tratiarteustrad khr)
Kahlar i perghyg  Tew
Brobaneplatta 0 00
Kanthalk o Thwarde 0
Upplagsanardning
Tatskickt

Beldggning

Racke och bullerskydd
Cwargangskonstruktion
Draneringssystern
Estetik

{wtiq reparation Lt 2004 Rédavigenl, 7 Borlinge  0771-119 119 el liliencrantz@byv. kth,se

ingar | Drift & uncierhdl Reparationerl Resultatl

Figure 4.42  Drop-down list box in Figure 4.41.

There are two contributing function buttons in the window as shown in Figure 4.32, namely,
“Uppdatera” and “Angra inmatningar” (Update and Undo input). They can easily be under-
stood in the words already. There is no need to explain them.

Copying a project

When clicking “Kopiera projekt” (copy a project), the program will make a copy of the pro-
ject file in the server.

Online Help
When clicking “Hjélp” (help), the program will show the window shown in Figure 4.43. This

window offers an online help whenever needed. Figures 4.44 to 4.48 show all the available
online help functions.
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%3 webLCC hjalp - Mozilla Firefox =101 x|

Eile Edt Wiew Go Bookmarks Tools Help

@ - |:> - & @ [ L hitpsifbrolec. oy k. seorolecihelp. bt =] @ [CL

Tillgéingliga hjalpsidor
Owrersikt
Fonutsattningar
Drift & underhdll
Eeparationer
Eanslighetsanalys
Standardavwikelse

s e e e 00

ikt

Dokumentationen fir WebLCC bestir av ctt antal hjalpsidor. Dessa finns lankade i menyn till vanster. P4 manga platser i WebLOC finns lankar till relevanta stycken i dessa sidor,

Hjilp - over

| Done z

Figure 4.43  WebLCC online help shown after clicking “Hjdlp”.
a1

File Edt YWew Go Bookmarks Tools  Help

TG F2) [T httpifforoke byv ith.sofbrclchelp._conditors. htrl =l @ [CL

+ Tillgingliza ljalpsidor

+ Oversilt
+ Forutsattningar

+ Duift & underhdll

+ Eeparationer
+ Eanshghetsanalys
+ Standardawikelse

Forutsittningar

Under [Grutsattmingar matas generella villkor om brons emgivning och utférande . Dessa mikduderar évergripande nformation om bron som langd och brotyp, mformation om brons
forvantade anvandningsomride, som ADT och andel tung trafil, omgivningens klimat samt samt manga andra faktorer som péverlear LCCleallrylen

Done

Figure 4.44  Help window concerning the assumptions in WebLCC.
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¥ webLCC hjalp - Mozilla Firefox =12l

Fle Edt  Wiew Go Bookmaks Tools  Help

5w - & L ) [ repatibrole, by e sefbreiccihelp_martainancs kel =] ©® = [IGL

+ Tillgiingliga lyilpsidor

+ Oversikt
+ Forutsatiningar

+ Drift & underhéll

+ Reparationer
+ Kanslighetsanalys
+ Standardavvikelse

Drift och underhall

WebLCC tter dig specificera drift och underhill som behéwer utforas under brons livseykel och med villeet irtervall

Oversikt

Drift och underhllssidan bestdr av tv delar, delen och I : l Tinr lelen anges vilkea moment som behower utforas pé bron, med vilka intervall de
behover utforas, och sé widare. Anvandaren kan lagga till nya moment samt andra eller ta bort befinthga. Under kostnadssammanstallningen wisas de beraknade kostnaderna.

Intervalltvp

Anger om anvandaren nskar att reparationerna skall utforas med ett Fast interval eller om anvandaren énskar ange specifica &rtal d3 reparationen skcall utforas
Intervall

Anger intervallet 1 & mellan att arbetsmomentet behéver utforas

Trafikstérningar

Trafikstérningar specifficares genom att ange antal dagar or langden pd strackan som utrsétts for trafilkstorningar, Kostnaderna fér dessa beraknas sedan med hj?lp av hastighetss7nlning,
kostnad f5r bilister och drsdygnstrafik, som saratliga specificeras under firuts Mtningar.

Done

Figure 4.45 Help window concerning the usage and maintenance in WebLCC.

% wWebLCC hj refosx = x|
File Edit Wiew Go Bookmarks Tools  Help
@~ - & ) ) [ tetosbrolce byv.kih.sefbrolccihelp_repais bl =] © = [GL

. =]
Reparationer

WebLCC lter dig specificera villa reparationer som behover utforas under brons livscykel och med vilket intervall
Oversikt

Reparationssidan bestér av tvé delar, jelen och ke ! liningen. I ingsdelen anges vilka moment som behover utforas pé bron, med vilka intervall de behover
utféras, och s vidare. Anvandaren lean lagga till nya moment samt andra eller ta bort befintiga. Under kostnadssammanstallningen visas de beralnade kostnaderna

Intervalltyp

Anger om anvandaren dnskar att reparationerna skall utfras med ett fast intervall eller om anvindaren snskar ange specifika &rtal d& reparationen skall utféras
Basinterwvall

Anger grundintervallet mellan att reparationen behéver utféras. Anvands som bas For att berélna det verkliga intervallet

Beriiknat intervall

Det beraknade intervallet ar basintervallet multiplicerat med de faktorer som modifierar detta intervall, exempelvis om reparationen utfsrs pé en del som ar utsatt for saltangrepp kan det
beraknade intervallet vara kortare &n det angivna basintervallet

Eget intervall

O ett eget intervall anges anvands detta interwall istallet for basintervallet. Om det egna interwallet anvands wiktas inte faktorer som saltangrepp eller betongtjocklel in, utan intervallet
anvands oférandrat

Trafikstérningar

Trafikstémingar specificares genom att ange antal dagar or langden pd strackan som utrsatts for trafilkstéringar. K ostnaderna for dessa beraknas sedan med hi7lp av hastighetss7nkning,
kostnad fér bilister och rsdygnstrafik, som samtliga specificeras under ffruts7ttningar

Viktning av reparationsintervall

Om intervalltypen 'Fast’ har valts, samt om inget eget intervall har valts s& anvander WebLCC kolumnen 'Bas' for att berakna det intervall med vilket reparationen 1 friga kommer utfsras
Detta basintervall multipliceras med ett antal falkctorer som beror pa ovriga forutsattningar som anvandaren har angivit,. Om anvindaren anger att brodelen 7r utsatt for saltangrepp s&
multipliceras reparationsintervallet med en faktor som 7r beroende pa vilken region bron Pr byggd i. Tiskicktstjocklcken och betenglovaliten 7r ocks?

Kl

| one

Figure 4.46  Help windows concerning the repairs in WebLCC.
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¥) WebLCC hjlp - Mozilla Firefox _|8] x|

Fle Edt View Go Bookmarks Tools Help

LERY = %‘ O @ | [ itp:forclce. by ki, sefbrolccjnelp_senstity. bl =] ® = [Cl

+ borufsattngar ;I
+ Drift & underhéll

+ Eeparationer

+ Kanslighetsanalys
+ Standardavvikelse

Kiinslighetsanalys

K anslighetsanalysen 1iter dig se hur kanslig kalleylen ar for variationer i enstaka varden. Detta ar anvandbart nar den korrekta kostnaden eller det korrekta intervallet mellan att en aktivitet
ska utféras ar swir att uppskatta korrekt

Ange variabler

Fér att ange osakerheten for en given variabel, valj variabeln frin listan av variabler, samt ange osakerheten i kostnad och mtervall Osakerheten anges som standardaswwilcelsen i procent
av det angfvna vardet,

Exerpel: Om Battringsm3lning antagits behévas utféras var 15:e &r till en kostnad av 900 000 kr och osakerherheten anges sorn 20% pé bide kostnad och intervall kommer kostnaden
variera med en standardawvikelse pd 180 000 kr och 3 &

Resultat

Resultaten av kanslighetsanalysen presenteras i en tabell med faljande kolumner:

+ Medelkostnad, wilket ar den forvantade kostnaden med hansyn till den angiwna osakerheten pd indata. Denna blir vanlighvs négot hogre an den ursprunliga berakmmgen wisade,
eftersom en minskning av intervallet mellan reparationer pd grund av ranteeffekter héjer kostnaden mer an vad motsvarande forlangning av intervallet g6r

+ Standardavwikelse, villeen anger variationen 1 kostnad relatvt den ursprungliga kostnaden,

+ Ursprunglig kostnad, wilket & kostnaden utan hansyn till osakerhet.

+ findring, villcet & den procentuella andringen i kostnad relativt den ursprungliga kostnaden

MWormalt sett ar standardavvilcelsen den infressanta variabeln, d4 den anger hur stor kansligheten kalleylen har fér osakerheten i de angivna vanablerna. Om stor osakerhet férelornmer 1
intervallangden pd flera variabler kan aven den forvantade kostnaden vara markbart hégre an den ursprungliga kostnaden.

Hur resultaten beriiknas

At utféra en exakt kanslighetsanalys ar mycket berakningsintensivt. Tstallet anvander WebLCC en typ av berakning kallad en Monte Carlo-algoritm fér att snabbt utféra en ungefirlis
beralning, Eftersom resultaten fén en Monte Carlo-berakning inte ar exalta kan de variera ndgot fran ging till ging.

Ll

| Dene

Figure 4.47 Help window concerning the sensitivity analysis in WebLCC.

=18] x|

Fie Edt Wew Go Bookmarks Tools  Help

<:3 B r_") ) @ [0 hitp:fibrolee byv.Kth.sefbrolce help_stddev bl =l 0 [Cl

+ Tillgiingliga hjiilpsidor

+ Uversikt
+ Férutsatiningar

+ Drift & underhdll

+ Reparationer
+ Kanslighetsanalys
+ Standardavwikelse

- s
Standardavvikelse
En standardawwikelse kan rent kvalitativt uppfattas som ett mitt pd hur mycket det &r rimligt att anta att en ndgonting warierar

For en normalfordelad fordelning kommer 70% aw alla handelser ligga nom en standardavvikelse fran medelvardet och 95% kommer ligga mom twd standardawwikelser frin medelvardet (Se
figur 1)

Fér mer information om standardavvilcelsens matematiska baltgrund se exempelvis IMathworlds sida om standardawvilcelse

| Done

Figure 4.48 Help window concerning the standard deviation in WebLCC.
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4.4.3 Functionality of BridgeLCC

BridgeLCC (version 2.0) is intended to be used by engineers, designers and analysts who need
to assess the LCC effectiveness of their preliminary bridge designs. Important factors that can

be analyzed include:

- alternative designs, construction materials, and construction processes;

- alternative traffic diversion strategies;

- alternative concrete mix designs that increase concrete strength or durability;

- alternative repair and replacement schemes; and

- other decisions that affect the cost of a structure over its lifetime.

Analyses are conducted on projects. After the specific requirements for building or repairing a
structure are given, up to six alternatives are compared to determine, which of them satisfies
the project requirements at the lowest LCC. The alternative with the lowest LCC is the cost-
effective choice. As shown by Fig. 4.49 , there are two ways to use this program: “Start new
analysis” or “Open existing analysis”. The program provides online help for all of its win-
dows. Key F1 provides help for the current window and key F6 allows access to the Table of

Contents.

Start new analysis

As shown by Figures 4.49 to 4.52, there are four steps in the BridgeLCC program when start-

ing a new analysis.

™ New Project Wizard: Define Project, Alternatives, a

Input the project name, the list of aternatives, the dates that define the study period of the
analysis, and the inflation and real discount rates for discounting future costs to present
values.

—Project Description

Mame [ETSI

Date |13. g.2006 v[

—Project Alternatives

Mumber of aternatives |1 vl

Basscase  [ammakosken Bridae|

Afterqative# - |=erter name=

Aternstive 2 I<e|‘|‘[er name=

Altermetive 25 |<errler names=

Alternative #4, |<errler name=

Afternstive #5 [=<erter names=

- Study Period

Base year |2'3'35 'I Length (yrs) I?S years vl

—Interest Rates

Inflation (%6) I 1,80% Real Discount (%) I 3,00%
Morminal discount rate: 4 5%
Defaults I

Cancel I Mext == |

Figure 4.49  Start new analysis in BridgeLCC - Step 1.
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™ Step 2 of 4: Define physical elements in the strucku

P

Select a =et of elements for your structure. (If desired, vou can later create your

owvn et of elements

—Elements in th

Select set

Elemert #1:
Element #2:
Elemert #3:
Element #4:
Elemert #5:

inthe Element Sets windaw].

e structures

JRE Element

Deck
Superstructure
Substructure
Cither

First =et of di

—Dimensions for bridges

menszions:  Lanes on

Lanes under

Second zet of dimenzions:.  Area of deck, in 5q. feet

Length of bridge, in Feet

Cancel | == Back Mext ==

Figure 4.50 Start new analysis in BridgeLCC - Step 2.

™ Step 3 of 4: Define dlassifying and quantifying dimensions of each structure

These dimenzions wil be used to compare the slternatives, bazed on the listed dimensions and interms of cost per unit dimension (g.g., § per

zouare foot),
~Dimensions
Base caze A A2 A3 Afrd MG
Lanez on |2 'I
Lanes under |2 vl
Ares of deck (S, feet) |1 318959
Length of bridge (Feet) |3?EI.28|
[V Lise same dimensions
Cancel | == Back | Meod ==

Figure 4.51 Start new analysis in BridgeLCC - Step 3.
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™ Step 4 of 4: Input optional cost and service life data. ﬂ

Far quick analysiz, input the total costs of construction, OMR*, and dispazal.

~Costs
Base B 1 it 2 it 3 A4 Afi5

Canatruction (5) ISUUUDUD

Oh anct R (3) |3unonou
Years between repairst IS vl

Dizpozal (3) Iplgg

*The first of the repeating repairs vwill be this number of years from the base year

Canicel | == Back | Finizh I

Figure 4.52  Start new analysis in BridgeLCC - Step 4

After completing the inputs of these steps, the main operational window — “Cost Summary”
window shown in Figure 4.53 appears.

£ Cost Summary: ETSI =10
Inflation: 1.80%  Real discount 300%  _Eoit costs of atermatives
Mominal. 4,85%
Curent mode: Basic———————— | W BC I~ A1 I Al 2 I" AlL 3 I Al 4 I Alt. 5
’V G0 Advanced | St ag defaut | Ammék (3) | cregter | cregter | crestes | <reates | rrestes |
Data
- Descipion |Total ] v oo 1] 1] {0 fo fo
- ltematives Costs by bearer
-~ hssumptions W Agency $22,286.907 0 0 i i i
- Edit Costy [V User §0 50 50 1] 1] ]
- Browse Costs ¥ Third Party 50 ] ] ] ] il
- Edit Events Costs b}'timing
- Event/Cost Map ¥ Iniial Constructian $3,000,000 ] ] ] 50 i
 Image Gallry v O,M, and R $17 286,927 0 0 i 0 i
Tools  Disposal 50 50 i il 50 il
-~ Workzongs Costs by component
- Concrete Elemental
Analysis [V Deck §0 il il il i i
- Compute LCC [ Superstructurs 50 5 ] 50 50 ]
- Sermitivity [V Substructure 50 50 ] 50 50 i
- Summary Grphs WV Other 50 il il 50 50 il
- Cogt Timelings v
Results ' Non-glemertal §22,286.807 30 30 30 30 0
-~ ResultsLog [V Mew-technology introduction il il il il i il
- Reports

Figure 4.53  Cost Summary window in BridgeLCC.

The further operations are carried out in the next part of the program — Open existing analysis.
However, there are two things worth mentioning. One is, that in Step 1, Figure 4.49, the infla-
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tion and discount rates shown in Table 4.1 are recommended to be used, and the other one is,
that in Step 2, Figure 4.50, the so-called PONTIS 2.0 element structure is included. This pro-
cedure divides the bridge into four elements. The elements and the bridge components as-
signed to each element are listed in Table 4.2. The program assigns individual costs to the
correct element.

Table 4.1 Recommended inflation rate and real discount rate in BridgeLCC Ehlen.

Inflation Rate

Length of Study Period
Base year 3-year | 5-year 7-year 10-year 30-year
2003 and beyond | 1,5% 1,7% 1,7% 1,7% 1,8%

Real Discount Rate

Length of Study Period
Base year 3-year | 5-year 7-year 10-year 30-year
2003 and beyond | 1,6% 1,9% 2,2% 2,5% 3.2%

Table 4.2 FHWA CORE (Commonly Recognized) Bridge Elements in BridgeLCC, Ehlen.

Element Includes
Deck Concrete (Bare) Steel - Open Grid
Conerete Unprotected with AC Overlay Steel - Conerete Filled Grid
Conerete Protected with AC Overlay Steel - Corrugated/Orthotropic/Ete.
Concrete Protected with Thin Overlay Timber (Bare)
Concrete Protected with Rigid Overlay Timber Protected with AC Overlay
Conerete Protected with Coated Bars
Conerete Protected with Cathodic System
Superstructure | Closed Web/Box Girder Timber Truss/Arch
Open Girder/Beam Arch
Stringer (stringer-floor beam system) Cable (not embedded in concrete)
Thru Truss (Bottom Chord) Floor Beam
Thru Truss (Excluding Bottom Chord) Pin & Hanger Assembly
Deck Truss
Substructure Column or Pile Extension Submerged Pile Cap/Footing
Pier Wall Submerged Pile
Abutment Cap
Culvert
Other Strip Seal Expansion Joint Elastomeric Bearing
Pourable Joint Seal Movable Bearing (roller, sliding, etc.)
Compression Joint Seal Enclosed/Concealed Bearing
Assembly Jomnt/Seal (Modular) Fixed Bearing
Open Expansion Joint Pot Bearing
Approach Slab w/ or wo/AC Overlay Disk Bearing
Bridge Railing
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Open existing analysis

There are a few examples in the program to show the model analysis. The list of them is
shown in Figure 4.54.

open 2| x|

Look in: | 9 BridgeL CC. 5 - Bk E-
| bmps: R etsiec

| )currproi ERepair or Replace Deck, lcc

| )data Elroutedn I

| ihelp ETerrnrism Risk Management.lcc

EComparing ‘Warkzones.lec
EConcrete Mix Designs.lcc

File name: |Houte40.lcc Open

Files of type: I"_Icc j Cancel

dii

[ Open as read-only Help
Figure 4.54  Open existing analysis in BridgeCC.

As an example, one of them — Route40.Icc is used here. After the chosen file is opened, the
“Cost Summary” window shown in Figure 4.55 appears. This is the same interface as already
seen in Figure 4.53. The program is now in the “Basic” mode.

5 Cost Summary: HPC vs. Conventional Concrete Bridge I ] 25
InfTafiar2;20% eatdscount 380%  _Eqt costs of sternatives
Marinal: 6,083
Cunent mode: Basic————— | W BC v Al 1 ] Ale. 2 [T Al 3 7] Ale. 4 [T Ale. 5
’7 Go Advanced Set a5 defaut | Conve (24) | HPC B (25) | =creates | =Creates | =creates | =creates |
Data
Description |T0tal $) j 124,369 675675 $o 0 o $0
i Altematl\fes Costs by bearer
Assumptions ¥ Agency $715,493 $671,761 §0 50 0 0
Edit Costs ¥ User §8,874 §3,914 §00 50 §0 §0
Browse Costs [V Third Party $0 $0 kil kii] il kil
Edit Events Costs by timing
Event/Cost Map [V Initial Construction $675 454 $652 454 kil il il 50
. Image Gallery [ 0. andR 40,520 $18127 i) 50 30 50
Tools ¥ Disposal 5,064 5,064 $00 50 0 §0
Workzones Costs by component
- Cancrete Elemental
A:nalysis [V Deck $201 813 $179,118 kil k] il il
- Campute LCC [V Superstructure $212,328 $156,328 $0 50 $0 50
Sensitivity ¥ Substructure $260,221 F260,221 ki) Eil] il Ll
- Summary Giphs ¥ Other §45,124 548,124 §0 i § §0
- Cogt Timelines ™
Results [V Mon-elemental #1883 1,853 0 il il 0
233“"3 Log [V Mew-technology introduction 0 $30,000 0 50 0 i
- Reports

Figure 455 Cost Summary window — Basic mode in BridgeLCC
In this example the question is of a preliminary LCC design of a highway bridge, where two

alternative types of concrete bridges are considered. The engineer has usually used conven-
tional concrete. The alternative is to use a high performance concrete (HPC) that the engineer
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has not used before, but it should produce a stronger and more durable bridge. The engineer
wants to determine, which of the two materials is LCC effective for this bridge. Let us first
briefly have a look at the LCC calculation procedure presented in ASTM E 917 (1994). Here
it is developed from the original five steps into nine steps as follows:

- Defining of the project objectives and the minimum performance requirements.
- Identifying the alternatives for achieving the objectives.
- Establishing of the basic assumptions for the analysis.
- Identifying, estimating and determining the costs.
- Computing the LCCs of each alternative.
- Performing the sensitivity analysis.
- Comparing of the alternatives’ LCCs.
- Considering of the other project effects.
- Choosing of the most effective alternative from the LCC’s viewpoint.
Now looking at the underlined total cost in Figure 4.55, the LCC of the conventional concrete

bridge is 724 369 USD. Correspondingly, the cost for the HPC bridge is 675 675 USD. If the
two concretes are equal in every other respect, then the HPC is the preferable choice.

The Cost Summary window, Figure 4.55, illustrates how this program follows the ASTM
practice in categorizing costs. The Cost Summary window serves as a “home page,” where
the total LCCs are displayed, the alternatives’ costs can be accessed, and a step-wise list can
be used to access the most common tasks.

Besides the “Cost Summary” window, we can also read the LCC analysis results from the
LCC summary and timelines graphs and the printed reports. However, both of them can be
obtained from the “Cost Summary” window as well. To clarify this, let us now have a look at
the function of the “Cost Summary” window to see some of the main output results of the
program.

In the upper-left corner of the panel in Figure 4.55, the drop-down list box shows the pre-
scribed types of choice for the calculated costs, as shown in Figure 4.56.

E5 Cost Summary: HPC vs. Conventional Concrete Bridge

Irnflation: 2207 Feal discount: 2 80%
Mominal: 5.02%
Current mode: Basic
r Zo Advanced I Set a=s default I
D ata
-~ Deseription T 4
i Alternatives
Assumptions 4 per Sq. feet (Area of deck)
E dit Costs % per Feet {Length of bridge)

Het savings {($)

y Het savings ($) per Sq. feet {(Area d
dit Ewvents Het savings () per Feet {(Length o
i Ewent/Cost Map I Initial Construction

rovess Costs

Figure 4.56 Drop-down list box in the cost summary window shown in Figure 4.55.

The desired results can be selected from the list. For instance, by selecting “Net Savings”
from the list box it is possible to see where money can be saved by choosing the HPC. The
“Cost Summary” window now shows the net savings of the HPC bridge, when it is compared
with the conventional concrete bridge, see Figure 4.57.

- 126 -



E3 Cost Summary: HPC vs. Conventional Concrete Bridge

=01

Inflatior: 220%  Real discount: 380% it costs of aternatives

Morinal B,08%

Cunrent mode: Basic v BC v Al 1 I Al 2 I™ Al.3 I” Al 4 I” Alt.5

’V G0 Advanced | Set &3 defaut | Conve (24) | HPC B (23] | <crestes | acrestes | acreates | aCrestes |

Do e
- Digscription ‘ ) $48.694 fo fo fo fo
Altematl\.fes Costs by bearer
- Agsumptions [V Agercy 43,734 50 il ] il
- Edft Coste [ User §0 §4 360 §0 §0 0 30
- Browsze Coste [ Third Party §0 §0 0 0 i
- EditEvents Costs by timing
- Event/Cost Map [ Infial Construction §26,000 50 il §0 i
~Image Gallery [ O,M, and R 50 522,594 30 il 0 il

T:DD|S [ Disposal 0 il kil 0 $iI
-~ Wotkzones Costs by component
- Concrete Elemental

Analysis [ Deck §22,694 §0 0 0 30
-~ Compute LCC [V Superstructure 50 $36,000 ] il ] il
Senmitivity [V Substructure 50 50 il ] il ]
-~ Summary Girphs v Other 0 0 50 $0 30
- Cost Timelines ]

Fn':esults [V Mar-elemertsl 50 il ] $0 ]
Rieslts Log [V Mev-technology introduction -§30,000 50 50 il il
- Reports

Figure 4.57  “Cost Summary” window showing “Net savings” in BridgeLCC.

The check boxes in the “Costs by bearer”, “Costs by timing”, and “Costs by component”
categories allow the user to display results for a subset of costs. For instance, to show only the
engineer’s estimates of these two structures, the user checkmarks the “Agency” box in the
“Costs by bearer” group, the “Initial Construction” box in the “Costs by timing” group, and
all four boxes in the “Costs by component” group. The “Cost Summary” window shown in
Figure 4.58 displays only the engineer’s estimates for each alternative bridge, as a total on the
“Total ($)” line and by cost types in the three major cost categories.

The upper left box contains “Go Advanced” and “Set as default” buttons. These allow the
user to switch back and forth between the two fundamental modes, i.c. the “Basic” mode and
the “Advanced” mode. The former one allows the user to conduct and complete analyses
without any uncertainty in parameters and the latter one performs risk and uncertainty analy-

S1S.

In the upper-right section of the “Cost Summary” window, the “Edit costs of alternatives” box
contains buttons for accessing two project alternatives and creating four additional alterna-

tives.
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Data

- Deacription

- Bltematives

- egumptiong

- Edit Costs

- Browse Costs

- Edit Events

- Evert/Cost Map

-~ | mane Galley

Tools
Warkzones
i Concrete

Analysis

- Compute LCC

- Sensiivty

Summary Grphg

- Cogt Tmelines

Results
Results Log
i Peports

E3 Cost Summary: HPC vs. Conventional Concrete Bridge

Inflatior: 2.20%  Real discount 3,80%

=014

Edit costs of afternatives

Marninal: 6,08%
Cument mode: Basic ¥ BC [ Alt.1 " Al 2 I” Al.3 I” Al 4 I” Al.5
[ e ivanved | 5et as defeut | come(t?) | HCBUS) | oede | coeser | coresles | coreater |
|T0tal 1] j $678.484 652,484 $0 $0 0 $0
Costs |
¥ Agency $sra‘4a@ i i ] 50
[~ User 0 50 §0 § 0 50
[~ Third Party 0 50 §0 0 0 50
Costs by timi
v Initial Construction $B?B‘4@ il ki kil il
[~ oM andR L] 50 §0 §0 0 50
[” Disposal k] 50 §0 §0 ki 50
Costs by component
Elementa
[V Deck F161 209 §161,205 kil kil kil kil
¥ Superstructure 5212125 §156,125 il 30 50 0
[V Substructure 257132 $257132 §0 5 0 50
v Other $46,023 48,023 §0 j0 0 500
"
[ Mon-elementsl 0 50 §0 §0 kil 50
v New-technolagy intraduction 30,000 kil 3 kil il

Figure 4.58 Check box role in “Cost Summary” window in BridgeLCC.

Most of the ASTM-consistent steps required to complete a LCC analysis can be accessed un-
der “Data”, “Tools”, “Analysis”, and “Results” in the “Cost Summary” window. There it is

possible to

- describe the overall project and the alternatives under consideration,

- make project-wide assumptions,

- input and edit individual costs for each alternative bridge,

- test to see, if the results are sensitive to changes in particular parameters or costs, and

- print reports documenting the steps in the analysis and the results obtained.

Each step in the left-hand panel can be accessed by double-clicking the mouse on the step.
Most of the steps are very straightforward. It is not necessary to check everything in detail.

Some typical characteristics of the program can be shown with examples.

The “Project Assumptions” window, shown in Figures 4.59, 4.60, 4.61 and 4.62, can be
opened by double clicking “DATA” - “Assumptions”, “Tools” = “Workzones”, or “Tools”
> “Concrete”. It is noteworthy that in Figure 4.62 the concrete panel requires the water-to-
cement ratio and the silica-to-cement ratio as inputs. It also shows the amount of each ingre-
dient per 1 cubic meter. The “Diffusion coefficient” field shows the chloride diffusion rates

for these mixes in unit 10" /m’s. The mix design of concrete is facilitated.
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N Project Assumptions

Econornic |Wolkzones| Concretel Elemenlsl

—Stuidy Period

=100 x]

—Irterest Rates

Baze year |2003 vl
Length I?S vl

Last year: 2075

—CLFrEnCy
US. Dollars (3) -
$1.000.00

Inflation (%) I 2,20%

Real Digcount (%) IS,SD%
Maminal dizcount rate: 6 ,08% Defaultz |

$6,000
$5,000
$4,000
& $3000

$2,000

1,000 -

30

e

4

?_
104
134
164
194
224
25
254
31
34
37
and
43
46
49

‘Year in which the cost occurs

52

554
554

&1 ]
fi4 ]

67 4
70+
T34

- Effect of inflation only on §1,000 - Effect of nomingl rate on inflated §1,000

Figure ilustrates the effects of inflation and nominal interest rates on $1,000. Whie inflation increases the cost of activiies in the
future, the nominal discount rate (which takes into account both inflation and the time value of money) lowers the present value of
these future costs. Whether the resulting present value is less than or greater than the intial $1,000 depends on the relative

walues of the inflation and real discount rates.

Figure 4.59  Economic assumptions panel in BridgeLCC.

A Project Assumptions

Economic ‘Workzanes | Concretel EIements'

$2,000

—Workzone: Thiz get — Per day traffic costs [in 2003 dollars)
|Sing|e lane closure [~ Use metric 2003 2078
Total $1.568 $3.136
Diriver delay $545 41,09
WOC $873 $1.745
- Accident $180 $300
X X A Adrt ’ME
‘warkzone dimengion: e —— - .
Length of workzane |1,D Accidents 000 000
miles $3.500
—Awverage daily baffic (ADT) $3,000
. Escalati o .
Base: 2003 |5uuu Scnfe?ﬁsg Straight line v[ End: 2078 |1 0000 2,500

Rate |55 57 per pear "

—MNomal driving condition:

1,500

e

Driver delay [$] [5,00

VOC 3] 2,00 $£accidentl1 Juni]

$1,000
Speed [mph]IEE,D Accidents (per milion vehicle-milez) [1.90 $500
: = 30
Warkzone driving condition 0 10 20 30 40 50 RO 70 80
Speed [mph) |25.0 Accidents [per milion vehicle-miles) |2,2D Vear
Cost -— Total costs — “ehicle operating costs

- Driver delay costs  — Accident costs

Figure 4.60 Workzones assumptions panel in BridgeLCC.

- 129 -




D Project Assumptions ngﬁl

Economicl Workzonesl Concrete Elements |

Narne of set

Clear figlds | <optionsy j

~ Classifving and quantifuing dimengion
Unit of Meas,
Classifying dimenzion #1 ILanes on Quartifying dimension #1  |Area of deck ISq. feet
Classiiying dimension 2 |Lanes under Quartifing dimension #2  [Length of bridge [Fest
r Element names and description:
Elemert 1 Element 3 Element 5
IDeck |Substruclure |
Concrete (Bare] Steel - Open Grid ﬂ Colurnr or Pile Extension Submerged & ﬂ
Concrete Unprotected with AT Ovwerlay Pile Cap/Footing
Stesl - Conciete Filled Grid Pier wall Submerged Pile
Concrete Protected with AC Overlsy = [Abuiment Cap | =
Elemert 2 Element 4
Superstiuciure |Dther
Clozed wWeb/Bax Girder Timber ﬂ Strip Seal Expansion Jairt Elastomeric ﬂ
Truzsdtirch Bearing
Open Girder/Beam &rch Pouable Joint Seal Movable Bearing
Stringer [stringer-flaar beam system) j [roller, sliding, ete.] j

Figure 4.61 Elements assumptions panel in Bridgel.CC.

™ Project Assumptions =10 x|

Economicl ‘workzones  Concrete | Elementsl

~Concrete set — Site condition:
w| Mame Extemnal lﬁ kg/m3
HFC concentration
E xamples: Imme) vl
j Use defaults | ¥ Leaching

Wi design [per cubic meter of concrete) r— Properties of reinforced concrete member
Wwater | 2000 kg Level ta initiate | 1,00 kag/m3
EErvyrm— COMosIon:
Bzt & ka Concrete cover I 0,00 mrn
Silica fume 0.0 kg 2 o
Fly ash 0.0 kg e days
Slag 0.0 kg
w/ic ratio: 03333 =t 1atio 0,0000 S
airent. [0,00 T
kg Specific grav Yol agg.
Coarse agg. | 9110 28 3E11%
Fine agg. | 5220 2B 21.975%

Diffusion coefficient [in 10°(-12) [m*m]/sec] |1,335536 Calculate | Service life: 11 pears

Figure 4.62 Concrete assumptions panel in BridgeLCC.

The LCC summary graphs shown in Figure 4.63 can be obtained by double clicking “Analy-
sis” = “Summary Grphs”. The graphs are based on the data in the “Cost Summary” window.
As indicated by the set of bars in front, the HPC bridge has lower agency costs, lower initial
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construction costs, and lower deck and superstructure costs. The largest project component

costs are the substructure costs.

lf_"!l Summary Life-Cycle Costs, by Cost Type

_ Ol x|

LCC by Cost Bearer

$500,000
$600,000

$200,000
0

Life-cyele cost ()
Life-cycle cost (3)

"~ Agency

LCC by Project Component

Life-cycle cost (§)

Substructure
Superstructure

Deck

M convertional Concrete Bricge  [ll HPC Bridoe

LCC by Period

) Dizpozal

Mewr Tech

Figure 4.63 The LCC summary graphs in BridgeLCC.

The LCC timelines graphs shown in Figure 4.63 can be obtained by double clicking “Analy-
sis” > “Cost Timelines”. These graphs illustrate the distribution of costs over time with two
types of graphs — “Yearly Costs in Current-Year Dollars” and “Cumulative Costs in Current —

Year Dollars”.

IE‘! Current and Constant Costs, Yearly and Cummulative

Yearly Costs in Currert-Year Dollars

Life-cyele cost (5)

1,400,000

1,200,000

1,000,000

500,000

Lifz-cyele cost (5)

$600,000

Life-cycle cost (8)

Year
cummulative Costs in Current-Yesr Dollars

Life-cycle cost (5)

‘ear

B conwentional Concrete Bridge [l HPC Bridge

—loix]

Yearly Costs in Base-Year Dollars

Wear
Cumulstive Costs in Base-Year Dollars

Year

Figure 4.64

The LCC timelines graphs in BridgeLCC.
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As regards the sensitivity analysis, for example, a graph, see Figure 4.65, of the effect of the
real discount rate can be obtained by clicking “Analysis” = “Sensitivity” = “Input Values”
= “Parameters” > “Interest rates” = “Discount Rate”. Here the “Variation” item in Fig-
ure 4.65 can have four different values provided in the drop-down list, i.e. +/-10%, +/-20 %,
+/-50 %, and +/-100 %. Figure 4.66 shows in addition the “top 10” graphs that can be dis-
played after the relative weights of the analysed variables in the total LCC are calculated in
the “Most Significant Factors” panel. There are two other alternative graphs, i.e. “top 25 and
“all”, which are not shown here.

In order to carry out risk and uncertainty analysis, it is necessary to switch to the advanced
mode shown in Figure 4.67. Now the “Uncertainty and Risk” window shown in Figure 4.68
appears, when the “Uncertainty” step is clicked.

E3 sensitivity Analysis = |EI|1|
Input Values | LCC Snapshotsl
El Parameters Change in a Single Factar | st Significant Factors I
=- In:tere.st rates $950,000
- Discourt Rate (3,800
- Alternatives
. [#-BC:Convertional Concrete Bridge
[ Af1:HPC Bricge
= Tools $300,000
[ Traffic costs
‘- Concrete prediction
850,000
&
bl
o
o
& $800,000
=
)
£
-
§750,000
§700,000
$650,000
1] 1 2 3 4 5 =1 7 g
DISCOUNTRATE
-5 B Convertional Concrete Bridge - Al1: HPC Bridge
Valiali0n|+£-1unz v[ Compute
Edit parameter Refresh _I

Figure 4.65 Effect of Real Discount Rate on LCC in BridgeLCC.
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™ Top Factors affecting life—cycle costs

BC: prestressed i-beam type iv (50 QUARNTITY: 25,0000

B prestressed i-beam types iv (80 UMITCOST: F000,0000

BC: prestressed i-beam type iv (80 QUARNTITY: 28,0000

B prestressed i-beam types iv (80 UMITCOST: F000,0000

BiZ: prestressed i-beam types iv (80 QUARMNTITY: 28 0000

Factar

B prestressed i-beam types iv (80 UMITCOST: F000,0000

21 concrete class &3 QUANTITY: 716 0000

A9 concrete class a3 UMITCOST: 219 9000

21 concrete class &3 QUANTITY: 716 0000

2

=

:concrete class a3t UMITCOST: 2419,9000

oo ns 1.0 1.5 20 25 3.0
Effect of 10% increase in factor on LCC (3]

Figure 4.66  Graph of Top 10 Factors affecting LCC in BridgeLCC.

F3 Cost Summary: HPC vs. Conventional Concrete Bridge & |E| ﬂ
Inflatior: 2.20%  Fedl discourt: 3.80% : _
Worminal: 5.08% Eclit costs of afternatives
Current mode: Advanced W ¥ A1 I~ Al 2 = Al 3 [T Al 4 [ ALS
Conve (24) | HPC B (25) | <creater | <creater | <creater | <crester |
qalg i [1ota (5 - $724,369 $675.675 $0 40 $0 %
escription
Ellematives Costs by bearer
Bssumplions ¥ Agency §715,495 FET1 TR L] 50 50 5
Edit Costs ¥ Uszer $8,874 §3.914 kil il kil 30
Browse Costs ¥V Third Party tl 30 30 30 50 50
Edit Events Costs by timing
Event/Cost Map [V Initial Construction $675 454 $652 454 ] 3l 0 0
- Image Gallery ¥ OM andR 40,520 8127 L] 50 50 5
Tools |7 Disposal $5,064 §5,064 ki) 50 1] 30
- Warkzones Costs by component
‘... Concrete Elemental
Analpsis [V Deck 201 313 $179,119 $0 50 5 50
Compute LCC [V Superstructure $212328 $156,328 50 50 il 50
Sensitivity [V Substructure $260,221 $260,221 0 30 0 1l
Uncartainty [ Cther §48,124 §48,124 §0 50 1] 50
Summary Grphs v
L. Cost Timelines [V han-glemental 1,583 1,883 $0 30 ki b1l
Results [V Meswv-technolgy intracduction §0 $30,000 Fi 1] 0 0
" Results Log
i Reports

Figure 4.67 Cost Summary window — Advanced mode in BridgeLCC.
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E3 Uncertainty and Risk

Overview | Run Slmulallonl Wiew Hesultsl Interpretting Monte Carlo lesultsl

=101 x|

far inflation, real discount rate, costtiming and amounts, and event timing

The simulations are conducted by Tollowing these steps:

Overview of Monte Carlo Simulations

Monte Carlo simulations are the technigue used by BridgeL CC to analyze the effects that parameter, cost, and event uncertainties have on the life-cycle costs of the
alternatives in question. The simulations help estimate the range of life-cycle costs that could occur for each alternative, using user-specified estimates ofthe range ofvalues

1

2.
3
4.

Estimates of the uncertainty in parameters are input either via (1) in their respective screens for example, uncerainty fields for the inflation rate are to the right of the
inflation field in the Economic tab in the Assumptions window), ar (Z) the View and edit uncertainty values group in the second tab of this wizard

I the Run Simulation tab of this wizard, select the number of samples to run, and the press the Run button
In the View Results tah of this wizard, view the simulation results graph and statistics.

Using the Interpreting Monte Carlo results tah, determine whether {or nof) one ofthe alternatives is life-cycle cost effective in a probahilistic sense.

Frobabiity (%]

c 8 B8B&558383¢EE8EB
E.\
g
4 \
T

Py ra
e o
T o " T .
31125 szest 568 = e
a7 1,259
0 2 454 [E3] T
2192 wsass 2 336,050

Fangs 0" fie-Gycee GO, JrOsped n 20 DS (5aTDeS * 100}

¥ lewDaie Case 0 How A11

Figure 1. Sample Distributions from a BridgeLCC Monte Carlo Simulation

|

Figure 4.68 Uncertainty and Risk window in BridgeLCC.

The “Run Simulation” window is shown in Figure 4.69. When the number of samples has
been chosen, the program is started by clicking the “Run” button. It will run for a while and
calculate the Monte Carlo Simulation results shown in Figure 4.70. When the two options
“Show as cumulative distribution” and “Show as line” are chosen, another form of Monte
Carlo Simulation results shown in Figure 4.71 will be obtained.
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B Uncertainty and Risk

Overview Fiun Simulation |View Results | Intespretting Monte Carla results |
1. et values ————————————— -2 Opfionat save raw data 3. Run simulation
S;;?the rimber of samples I e
j'
~View and edit global uncertainty value:
Make global changes | Update view | Print |
Category Type | Distobution | Lower Bound Best Guess hhost Likely Upper Bound
Al Conventional Concrete
EVENTS:
COsTE:
Conerete Clags 44
Untcost  nomal 217 2680 2500 2932
Epawy coated reinfore
Untcost  nomal 052 055 0 054
Bridge deck qrooving
Untcost  nomal 2% ALl EALL 3%
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Figure 4.69  Run Simulation window in BridgeLCC.
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Figure 4.71  Monte Carlo Simulation results in another form in BridgeLCC.

The “Image Gallery” window in this program is used for organizing and printing images re-
lated to the analysis. It is an attractive feature in the program, but the details are not given
here. The user can determine what is included in the report produced by the program. Clicking
“Analysis” = “Reports” in the “Cost Summary” window (Either Basic or Advanced mode)
opens the “Reports” window shown in Figure 4.72. The program produces a complete printed
report for the whole LCC analysis. Typically, there are totally 34 pages in the report in this
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example, if all boxes in the reports window are check-marked. Check-marking just two boxes
— “Introduction” and “Summary” produces a short report, typically 3 pages, showing the for-
mat of the reports.

F3 Reports =10
—Data — Analysis

IV Introduction ™ Cost Summary

™ Description ™ Scenarios

™ Project Assumptions ™ TopFactors

[~ Alernatives ¥ Summary

™ Events [ Uncertainty

I™ warkzones ™ Monte Carlo data - not yet computed

[ Individual Costs

™ Photo Gallery

™ Concrete mikes

Check &ll | Uncheck all | Cancel | Previgw I

Figure 4.72  Reports window in BridgeLCC.

4.5 Comparison of the programs studied

The comparison of the programs studied will be done according to the exploration results and
the individual software characteristics that are listed in Table 4.3.

Table 4.3 The software characteristics of the three programs studied.

Programming Size Application platform
Program language [MB]
Bridgelife VBA 5,6 Citrix Systems' MetaFrame thin-client’” or an
independent PC
WebLCC MATLAB 4 Web-based applications (also thin-client)
BridgeLCC (Unknown) 18,7 ((1)rr11‘l/};s on a PC not with remote, networked

451 Costs to be considered

The costs to be considered are different in the three programs. From “Project Data” shown in
Figure 4.17 and “Life Cycle Costs” shown in Figure 4.18 it can be seen that three types of
costs are calculated in the Bridgelife program: MR&R costs, user costs and delay costs.
WebLCC takes into account the costs including investment costs, operation and upkeep costs,
repair costs, traffic costs and demolishing costs. From the Cost Summary window shown in
Figure 4.55, or Figure 4.5, it can be seen that BridgeLCC has an abundant cost category,

7 A thin-client is a computer (client) in client-server architecture networks, which depends primarily on the central server for processing
activities.
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where the desired alternatives can be chosen freely by check-marking. There are three ways to
divide the costs into categories: by bearer, by timing and by component. “Costs by bearer”
have three categories: “Agency”, “User” and “Third Party”. “Costs by timing” also have three
categories: “Initial Construction”, “O, M, and R” and “Disposal”. “Costs by component” have
three categories: “Elemental”, “Non-elemental” and “New-technology introduction”. The Ele-
mental costs have four subcategories: “Deck”, “Superstructure”, “Substructure” and “Other”.
This is the so-called NIST cost classification. They help the user to account for all project costs,
properly categorize them and then to compare the breakdowns of the alternatives’ LCCs.

Especially in BridgeLCC, the costs incurred on third parties, who are not direct users of the
bridge but are impacted by the construction and repair works, are also included. It did not be-
come clear to the author, how these costs are considered in the user and delay costs in
Bridgelife. In WebLCC, the traffic costs are taken into account in broad sense. However, it is
not quite clear, if the third party costs are fully included in the traffic costs calculated by
WebLCC.

Initial construction costs and final demolishing costs are considered in BridgeLCC and
WebLCC, but not in Bridgelife. Especially in Bridgelife, the LCC is not included in the results
of the “Service Life Design” part. Therefore, the Bridgelife program does not seem to be par-
ticularly suitable to LCC analyses when seen from the bridge designer’s viewpoint.

There is one common shortcoming in all the three programs studied, i.e. the neglecting of ex-
traordinary costs. Extraordinary costs, which are incurred when unusual events happen, typi-
cally include both agency costs and user costs. They should be part of LCC. Here unusual
events involve hazards like flooding, seismic events or traffic occurrences that may or may
not cause disruption or damage. These things must be considered by the agency responsible
for bridge management. Although probability for unusual events is usually very small, the
costs of such events may be considerable. Consideration of the extraordinary costs results in a
more realistic estimate of the LCC especially in a network level bridge LCC analysis.

4.5.2 Techniques used

The present value method presented in section 3.6 forms the basis for all LCC calculations.
To treat the uncertainty and risks, the WebLCC and BridgeLCC programs use the classic sto-
chastic approach, in which the Monte Carlo simulation and sensitivity analysis techniques are
applied. The Bridgelife program, however, adopts the Markov Chain method when treating
the uncertainty in the costs data but not in the cost results.

Because of the need of the Markov Chain method, degradation model is used in the Bridgelife
program. Decision trees technique is also used in it for planning of the MR&R actions. The
applications of these techniques cannot directly be detected in this program, but LIFECON
Deliverable D1.1 and D2.2 confirm, that these techniques are used. The two required coeffi-
cients ¢ and n for a degradation curve used in the Markov Chain Method also prove the use of
degradation model technique in this program. Because a degradation curve serves as a
benchmark in the calculation of Markov Chain, it is clear that these two coefficients ¢ and »
are crucial in the calculations. The default values invisibly embedded in the program are actu-
ally the results of some research projects carried out by VTT. It is not an easy task for a pro-
gram user to choose spontaneously the values of these two coefficients.
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Deterioration is considered in the BridgeLCC program in a comprehensive way. Diffusion and
corrosion of concrete, as shown by Figure 4.62, are evaluated in the calculations, but there is
no degradation model in the program. WebLCC is similar to BridgeLCC in this respect. It
does not include any degradation model.

45.3 Adopted standards

The principles of the Bridgelife program module follow the outlines described in the EU pro-
ject LIFECON (GIRD-CT-2000-00378). According to LIFECON principles, the charac-
teristics of a module are the following: predictive, integrated, optimizing, life cycle based and
probabilistic. It is understood that the WebLCC program may follow some standard formu-
lated by SNRA (Swedish National Road Administration).

The BridgeLCC program’s costing methodology is based on the ASTM practice for mea-
suring the LCCs of buildings and building systems (ASTM E 917) and a NIST cost classi-
fication scheme for comparing LCCs of different alternatives, respectively. The ASTM prac-
tice insures that the cost calculations follow the accepted practice; the scheme helps the user
to account for all project costs, properly categorise them, and then compare breakdowns of the
alternatives’ LCCs. In addition, the BridgeLCC program uses FHWA CORE Bridge Elements
to assign the individual costs to the correct element

45.4 Intended users and objectives

The Bridgelife program was developed for bridge owners, maintainers and designers who
need to predict the condition of different bridge components, plan MR&R actions and calcu-
late maintenance costs, user costs and environmental impacts during the design period of a
bridge. The life cycle design part of the program is the most essential part and it is more fre-
quently used than the service life design part. It is understood that this program is mainly used
by the administration sector of Finnra.

The WebLCC program is an academic-oriented program that is intended to illustrate the the-
ory of LCC calculations. It is understood that it is used by the users interested in the LCC cal-
culation theory.

The BridgeLCC program is specifically designed to help bridge engineers, material specialists
and budget analysts to determine the LCC effectiveness of bridge designs and processes. The
user defines the project (a bridge), defines the alternatives (such as use of steel instead of con-
crete), compiles the costs of construction and maintenance and finally compares the alterna-
tives presented.

455 User interface and inputs

The Bridgelife and BridgeLCC programs use normal window interface. The web-based
WebLCC program uses vertical scrolling window interface with a scroll bar. From the usabil-
ity viewpoint, normal window interface looks more user-friendly than a scrolling window in-
terface. As far as the window interface is concerned, it looks like the Bridgelife program
would need more improvement than the BridgeLCC one. As shown in Figures 4.12 to 4.28,
all windows of the Bridgelife program have only one symbolic “Close” button on the top right
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corner of the window, while the most of the BridgeL CC program windows have three buttons,
one for minimizing, one for maximizing and one for closing the window. The latter system
tends to be more user-friendly.

The BridgeLCC program is the only program that considers the inflation rate, as shown by
Figures 4.49 and 5.59. It uses the selected input values for inflation and real discount. It is
obvious that the other two programs fully ignore the effect of the inflation rate.

45.6 Documentation

The Bridgelife program provides a life cycle design results file and a service life design file,
respectively. The WebLCC program provides a similar file. The BridgeLCC program, how-
ever, provides a full documentation printout, Figure 4.72, where the content related to the
LCC analysis is included. At least in this regard, the BridgeLCC program tends to be much
closer to a commercial product program than the two other ones, although it is freely available
online. One disturbing detail from the program user’s viewpoint may be, however, that the
title NIST is reported at the bottom of every single page.

4.5.7 User guide

The Bridgelife program has a user manual available both in English and in Finnish, but with-
out any help functions in the program. The WebLCC program provides online help, but it is
rather simple. The BridgeLCC program provides context-sensitive help functions for all of its
windows as well as a detailed user manual following a standard window nomenclature. There-
fore, in this regard the BridgeL CC program is more user-friendly than the two other ones.

45.8 Programming language

There are many computer programming languages available. All languages have their own
specialities. It is important to choose the right language for a particular job. There are also
many factors involved, but the most important one is the suitability. Some languages are very
easy for the computer to understand and so very efficient. Other languages may be less effi-
cient but practical.

Excel

Excel is an electronic spreadsheet program that resembles a paper ledger sheet. In that en-
vironment, number manipulation is easy. The VBA (Visual Basic for Applications) functions
were included into Excel, when Microsoft Visual Basic was integrated into Microsoft Office
applications. VBA as a Basic-based programming language allows the automation of certain
operations. VBA is adopted by the Bridgelife program. The main advantages of a VBA pro-
gram are as follows:

- Vast functionality available;
- No need to design or create a user interface.

Consequently, the drawbacks are as follows:
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- Low calculation efficiency and sensitivity to calculation errors due to the characteris-
tics of a Basic-based program;

- An Excel platform, Figure 4.73, is needed to run the program which means, that a
stand-alone program possibility is excluded;

- The program does not function on the web.

Figure 4.73  The Software Platform for VBA.

OS (UNIX, Linux,
Macintosh or Windows)

Figure 4.74  The Software Platform for MATLAB.

MATLAB

MATLAB (abbreviation for MATrix LABoratory) is an interactive, high-level, high-perfor-
mance matrix-based system for doing scientific and technical computation and visualization.
The advantages of a MATLAB program are as follows:

- It suits very well to numerical computations, because it is a C-based program (it is op-
timized to be even quicker than a C program when performing matrix operations);

- it can be used on various platforms - compatible with UNIX, Linux, Macintosh and
Windows operating systems, Figure 4.74;

- its graphics capabilities are very powerful;
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- it functions on the web.
Consequently, the drawbacks are as follows:
- 1in general it is not more user-friendly than Excel VBA;

- it is not suitable for things like parsing text, because it is mainly designed for scientific
computation.

459 Program size

A program size depends on the total number of lines of the code. To implement one function
point, different lines of code are needed when using different programming languages. The
LOC/FP (lines of code/function point) estimates are valid for different programming lan-
guages. According to that Excel VBA has 6 LOC/FP and MATLAB has 12 LOC/FP which
means that MATLAB, compared to Excel VBA, needs twice as many lines of code to imple-
ment the same amount of function points. As seen in Table 4.3, the size of the Bridgelife pro-
gram is 5,6 MB and that of WebLCC 4 MB. Therefore, a preliminary conclusion is that
Bridgelife has more function points than WebLCC. To a certain extent, the more function
points, the better functionality.

45.10 Application platform

Bridgelife and WebLCC are both available in a web-based form. However, they adopt differ-
rent web-based applications. Bridgelife is used on the web by means of the Citrix Systems'
MetaFrame thin-client solution (Excel VBA itself does not function on the web). WebLCC
adopts a classic web-based thin-client application. This is possible due to the fact that MAT-
LAB functions on the web. These two programs use different intranete technology, as shown
in Figure 4.75.

In Figure 4.75, Citrix Presentation Server functions with any application, with any device and
over any connection, with ultimate flexibility. That is why Bridgelife can also be applied in
web form with the Citrix Presentation Server - the special type of intranet technology. How-
ever, the Citrix solution is hardware intensive. The Citrix Secure Gateway, Figure 4.76 of the
Citrix solution encompasses three modules installed on three servers (Secure Gateway, Web
Interface and the Secure Ticketing Authority). Adding redundancy into this architecture in-
creases the complexity even further. The Citrix solution needs considerable hardware, deploy-
ment, support and maintenance costs. Therefore, a Citrix solution is an expensive solution for
the Bridgelife program when used on the web.

8 An intranet is a service that uses the technologies of the World Wide Web (usually HTML over HTTP) to distribute information within a
single organisation over its internal network. Note that the intranet is no longer the network itself, but a service run over it.
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Figure 4.75  The different network routes for Bridgelife and WebLCC

] Remote
Virtual
Desktop

Citrx MataFrame
Fresentation Serer Farm

Citrix MetaFrame
Wk Interface

Clhie Sacure Golewey
Sanvar

Figure 4.76  Citrix Secure Gateway Complexity.

As seen in Figure 4.75, the WebLCC program needs only one server to be web-based. Its web-
application model is shown in Figure 4.77. This is the way WebLCC usually is used on the
web. Using of the WebLCC program on the web is easier and less expensive than using of the

Bridgelife program.
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Figure 4.77 A classic web-application model.

The BridgeLCC program only runs on a personal computer with a local hard drive. It does not
work with remote, networked drives.

45.11 Summary of the comparison

The summary of the comparison is shown in Table 4.4.
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Table 4.4

The characteristics of the three programs studied.

Comparison

Bridgelife

WebLCC

BridgeLCC

Costs consid-
ered

MR&R, user and
delay

Investment, operation & up-
keep, repair, traffic and de-
molishing

By bearer: agency, user and third party.
By timing: initial construction, “O, M,
and R” and disposal.

By component: elemental (includes
deck, superstructure, substructure and
other), non-elemental and new-
technology introduction

Mathgmaﬂcal Markp v Chain sto- Classic stochastic Classic stochastic

solutions chastic

Standard LIFECON (GIRD- SNRA ASTM E 917 and NIST cost classifica-
adopted CT-2000-00378) tion scheme

Intended user

Bridge owners,
maintainers and
designers

Those who are interested in
the LCC calculation theory

Bridge engineers, material specialists
and budget analysts

Objectives

Predicting the con-
dition of different
bridge components,
planning MR&R
actions and calcu-
lating LCC during
the design period of
a bridge

[1lustrating the theory of
LCC calculations

Determining the LCC effectiveness of
bridge designs and processes

User interface

Normal window
interface.

Vertical scrolling window
interface

Normal window interface

Fully ignoring the

Fully ignoring the effect of

Inputs effect of the infla- the inflation rate Including inflation rate
tion rate
Providing a life
Documentation cycle design rf.:sults Providing a results file Providing a full documentation printout
file and a service
life design file
User manual in
. En glish and in Fin- . . User manual and context-sensitive help
User guide nish, but no help Simple online help . o
S functions for all of its windows
functions in the
program
Programming | ;5\ MATLAB (Unknown)
language
Program size
[MB] 5,6 4 18,7
Citrix Systems'
Application MetaFrame Web-based applications Only on a PC;
platform (thin-client); (also thin-client) Not with remote, networked drives
An independent PC
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4.6 Conclusions and recommendations

This study was designed firstly to expound the principles of LCC and secondly to focuse on
the comparison of three bridge LCC analysis programs. The final goal is to conclude, what a
commonly accepted bridge LCC analysis program should be like. This section presents key
lessons and recommendations based on the results of this study.

46.1 Conclusion

Within the context of this study, the following conclusions are made.
1. The basic deterministic method is the basis of LCC analysis

Although each program has different cost breakdowns to calculate the LCC, the idea shown in
section 3.6 about, how to accumulate the LCC, does not change. The deterministic method of
LCC calculations is the foundation of all LCC calculations.

2. The Bridgelife program, applying Markov Chain method in project level LCC, shows
its originality in bridge LCC analysis

The Markov Chain method, as a mathematical framework, has not been used in project level
LCC before, although it has been the most commonly used mathematics in the existing pre-
dictive facility management systems in the world. The Bridgelife program creates an excellent
prototype for its application in this domain. Degradation models are important in this program
and the reliability of the calculation relies very much on them.

By and large, The Bridgelife program has three defects due to the programming language
VBA used in it. Firstly, relatively long time is needed to solve problems, which leads to low
calculation efficiency. Secondly, the program has poor portability due to the fact, that it can-
not be a stand-alone program — Excel is a must. Thirdly, the program cannot be web-based
without costly IT infrastructure, i.e. the Citrix Presentation Server.

3. The WebLCC program has computational and web-based advantages compared to the
Bridgelife program

MATLAB is undoubtedly superior to Excel in matrix manipulation, especially when complex
algorithms are concerned. With MATLAB it is not necessary to deal with raw numbers, but
the Excel users have to handle the raw numerical data in detail. It is also easy for a MATLAB
program to be web-based.

The programs explorations show that the user interface of the WebLCC program is not as
user-friendly as that of the Bridgelife program. This is a minor drawback of MATLAB. How-
ever, there is a new tool — Excel Link, which makes it possible to write MATLAB programs
that can transfer data between MATLAB and Excel.

4. BridgeLCC program explicitly embodies the usefulness of a LCC analysis

This program is used to get an optimum bridge LCC design by comparing the different design
alternatives’ cost results rather than counting on the cost results. The other two programs cal-
culate the LCC results, but they deal with one alternative at the time only.
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4.6.2 Recommendations

The investigated programs mainly tackle the number of maintenance actions - the most diffi-
cult and uncertain factor in a LCC calculation. A LCC calculation tends to be perfect, when
the other two factors, that is the cost of maintenance action and the interest rate, are taken into
account as well. The following recommendations are given under the premise, that a new pro-
gram would be developed for the Nordic road authorities.

1. Unifying cost breakdown

It is understood that a unified cost breakdown is needed, if a new common program will be
used in the Nordic countries. The unit costs are not same in the different countries and that is
why the choice of unit costs should be left to the users. An alternative method would be to let
the user choose the country and the program would then provide the cost information. This
alternative may cause problems in maintainability, if the new program needs to be adopted by
other countries afterwards.

2. Standardising a yield curves for the discount rate

In Ehlen, BridgeLCC shows the information needed for the yield curve describing the rec-
ommended inflation and discount rate in the USA. It is often difficult for the program user to
take into account the effects of the inflation and discount rate. So, it is necessary to have stan-
dard yield curves for the inflation and discount rate especially, when they have significant
effect on the calculation result. Then the program user can easily and precisely decide what
inflation or discount rate should be used in the LCC analysis. The inflation rate is not consid-
ered in Bridgelife and WebLCC, so the yield curves for discount rates at least should be stan-
dardised.

3. The use of Markov Chain -based LCC analysis in future applications

In the Bridgelife program, the Markov Chain method is combined with a traditional LCC
analysis. As a consequence, the timing of MR&R actions can be defined on the basis of an
automatic condition guarding system. On the other hand, combined with the decision trees for
optimal MR&R action profiles, the Markov Chain method enables automatic life cycle design
of bridges. From this it follows, that the Bridgelife program is the most suitable one for the
bridge administration sector. The unique feature of the Bridgelife program is the original use
of the Markov Chain method and that is why this method should be used in the future applica-
tions as well. In other words, if a new program was developed, then the functionality of the
Bridgelife program should be adopted because of its superiority compared to the two other
programs.

4. MATLAB as the programming language

As described in section 4.5.8 there are many advantages for the favour of MATLAB as a pro-
gramming language of a new WebLCC program. The only minor drawback is the user inter-
face. As known, Excel provides good interface and allows flexible examination of the data. If
the user interface needs to be improved, then an Excel Link can be a good solution. An Excel

9 In finanal studies, the yield curve means the relation between the interest rate (or cost of borrowing) and the time to maturity of the debt for
a given borrower in a given currency.
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Link allows to use Microsoft Excel spreadsheets, while MATLAB calculates and creates
graphics on the background. The functionality of an Excel Link is shown in Figure 4.78.

Microsoft Excel MATLAB

Excel
Excel workspace | MATLAR workspace

A L m k ?* A A

Handle

X
Worksheat Graphics SIMULINE

r 3

Toolboxes MATLAB
Macro Compiler

Figure 4.78  Functionality of an Excel Link.
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5 Suggestions for future research and development

The final task of the ETSI project is to develop a Nordic unified methodology for LCC and
LCA calculations. This final goal is maybe not possible to reach, but some steps are abso-
lutely reachable, which is clearly visible when studying this report. Both the State-of-the-art
chapter, the methodology and comparison of the existing programs indicate the path that
should be followed to at least reach some steps on the road to a unified LCC and LCA meth-
odology and computer program.

A LCC methodology a consists of two main parts
1. An economic methodology
2. A system to decide the MR&R interventions in time.

This reports show that the knowledge of the first question is enough, except the choice of the
real interest rate. This choice is considered not to be a part of the work of this project and
should be more of a political issue.

The second question is much more complicated. It consists of different parts
1. Degradation models for all kinds of bridges and their structural elements.
2. Tools for transforming degradation models into timings for MR&R actions.

3. Methodologies for describing bridges both regarding their measures, structural parts
and their conditions.

4. Computer tools for making LCC and LCA analysis.
1. Degradation models

Degradation models are the most important and most complicated part of a LCC analysis. For
at least some structural elements of concrete bridges, the methodology presented in section
3.8, based on the work done by Vesikari et al. and presented in the Lifecon project seems to be
in the forefront of knowledge for these kinds of structures. For other materials and other struc-
tural elements more research is needed.

2. Tools for transforming degradation models into timings for MR&R actions.

The Markov Chain method is judged to be a fruitful tool for combining degradation with con-
dition classes that could be used in a LCC analysis. As a consequence, the timing of MR&R
actions can be defined on the basis of an automatic condition guarding system.

Since it is estimated that the input needed for a Markov chain assessment, other methods
should be tested in the future ETSI work.

3. Methodologies for describing bridges both regarding their measures, structural parts
and their conditions.

It is understood that a unified cost breakdown is needed, if a new common system will be
used in the Nordic countries. A unified system for condition rating and breaking down the
different structural parts of a bridge for calculating degradation of these and the associated
costs is probably needed. Of course the unit costs are not same in the different countries and
that is why the choice of unit costs should be left to the users.
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Comparing the methodologies used in the three countries it is clear that the Swedish system
has to few classes to be used in the future system. It is suggested that changing this should be
a part of the future work.

4. Programming language

The most effective system for making a web based computer subsystem is using a MATLAB
based system. It is suggested that the next step in the ETSI program should be to merge the
Bridgelife and WebLCC system into one new Web-based program system, with more func-
tionalities than the envelope of the two systems of to-day.
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