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Abstract

ABSTRACT

The cost of a road construction over its service life is a function of design, quality of
construction as well as maintenance strategies and operations. An optiroptlifecost for a

road requires evaluations of the above mentioned components. Unfelyumaad designers

often neglect a very important aspect, namely, the possibility to perform future maintenance
activities. Focus is mainly directed towards other aspects such as investment costs, traffic
safety, aesthetic appearance, regional developarehenvironmental effects.

This doctoral thesis presents the results of a research project aimed to increase
consideration of road maintenance aspects in the planning and design process. The following
subgoals were established:

¢ |dentify the obstacles that prevent adequate consideration of future maintenance during the
road planning and design process; and

e Examine optimisation of lifecycle costs as an approach towards increased efficiency
during the road planning and design psxe

The research project started with a literature review aimed at evaluating the extent to
which maintenance aspects are considered during road planning and design as an improvement
potential for maintenance efficiency. Efforts made by road authoritiésctease efficiency,
especially maintenance efficiency, were evaluated. The results indicated that all the evaluated
efforts had one thing in common, namely ignorance of the interrelationship between
geometrical road design and maintenance as an effeivleto increase maintenance
efficiency. Focus has mainly been on improving operating practises and maintenance
procedures. This fact might also explain why some efforts to increase maintenance efficiency
have been less successful.

An investigation was aalucted to identify the problems and difficulties, which obstruct
due consideration of maintainability during the road planning and design process. A method
called AChange Analysiso was used to analyse
roaddesign and maintenance. The study indicated a complex combination of problems which
result in inadequateonsideration of maintenance aspects when planning and designing roads.
The identified problems were classified into six categories: insufficient tmmstnsufficient
knowledge, regulations and specifications without consideration of maintenance aspects,
insufficient planning and design activities, inadequate organisation and demands from other
authorities. Several urgent needs for changes to elimthase problems were identified.

One of the problems identified in the above mentioned study as an obstacle for due
consideration of maintenance aspects during road design was the absence of a model for
calculating lifecycle costs for roads. Becausetbis lack of knowledge, the research project
focused on implementing a new approach for calculating and analysingydife costs for
roads with emphasis on the relationship between road design and road maintainability. Road
barriers were chosen as an exde. The ambition is to develop this approach to cover other
road components at a later stage.

A study was conducted to quantify repair rates for barriers and associated repair costs as
one of the major maintenance costs for road barriers. A method dalkd s e St udy Res
Met hodd was wused to analyse the effect of S
barrier type, road type, posted speed and seasonal effect. The analyses were based on
documented data associated with 1625 repairs condurcfedridifferent geographical regions
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in Sweden during 2006. A model for calculation of average repair costs per vehicle kilometres
was created. Significant differences in the barrier repair costs were found between the studied
barrier types.

In another sidy, the injuries associated with road barrier collisions and the corresponding
influencing factors were analysed. The analyses in this study were based on documented data
from actual barrier collisions between 2005 and 2008 in Sweden. The result watused
calculate the cost for injuries associated with barrier collisions as a partsidiseconomic
cost for road barriers. The results showed significant differences in the number of injuries
associated with collisions with different barrier types.

To calculate and analyse li#eycle costs for road barriers a new approach was developed
based on a met hesddlLiiecay t€d GAstimgdby By model i
presented approach gives a possibility to identify and analyse factorsl éouaigtimising
life-cycle costs. The study showed a great potential to increase road maintenance efficiency
through road design. It also showed that road components with low investment costs might not
be the best choice when including maintenancesaidd-economicaspects.

The difficulties and problems faced during the collection of data for calculatingyiifie
costs for road barriers indicated a great need for improving current data collecting and
archiving procedures.

The research focused on Swedishd planning and design. However, the conclusions can
be applied to other Nordic countries, where weather conditions and road design practices are
similar. The general methodological approaches used in this research project may be applied
also to othertsidies.

Keywords: road maintenance, road management, road planning, road desigycldifeost,
road barer, guardrails, cable barriaoad traffic injuries barrier collisions and barrier repair
costs
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Chapterl: Introduction

CHAPTER 1
INTRODUCTION

1.1 Background

Road maintenance includes all activities carried out to maintaipriperties for which the

road was designed. In some countries, e.g. Sweden, road maintenance is divided into operation
and maintenance activities. Operation activities include gbort measures with the primary
purpose of keeping a road open for traffieg. winter maintenance, grass mowing and
cleaning of reflectors. Maintenance activities relate to {@mmgn measures ensuring durability

of the road network, e.g. paving works and bridge repairs.

As funding sources for road infrastructure dwindle, touirsimplementation of new
projects and maintenance of existing roads, road authorities worldwide are forced to increase
efficiency and reduce cost®rarche 2007) Because maintenance costs constitute a large
portion of the annual expenditure on road infrastructui@sd rmauthorities are continuously
trying to increase road maintenance efficiency and reduce related costs. For this purpose,
different strategies and contract forms have been used, such as maintenance outsourcing in
competitive markets as well as developmehlife-cycle cost models and new funding and
subsidiary forms. Even if these efforts have reduced maintenance costs considerably, the
general opinion is that some of these efforts have resulted in reduced maintenance standards
and impaired road conditis, as focus mostly has been on reducing the rate of recurring
maintenance activities.

The cost of a road over its service life is a function of design, quality of construction,
maintenance strategies and maintenance operations. An optimeydiée costfor a road
requires estimations of the above mentioned components. Unfortunately, road designers often
neglect a very important aspect, namely the possibility to perform future maintenance
activities. The focus is mainly aimed towards other aspects, sugtvestment costs, traffic
safety, aesthetic appearance, regional development and environmental effects.

During the road planning and design process, the number of hours devoted to analysis of
future maintenance activities and the associated costs, ligiblegcompared to the hours
devoted to technical structural calculations, technical descriptions and quantity calculations.
This is the case despite the fact that construction usually takes only a few years while the
maintenance period lasts for thirty forty years or more.

The need for specific maintenance measures
to problems in certain locations along the road. Those locations could, in many cases, have
been identified by experienced maintenance staffome cases, the construction documents
are sent to the maintenance department for revision. Unfortunately, the limited resources of
maintenance departments often obstruct sufficient revision of these documents.

Sometimes, the insignificant considerasasf the maintenance aspects during the planning
and design process can be on purpose. For example, because of limited investment budgets,
designers are often forced to select road equipment with low initial costs, even if they are
aware of the high maint@nce costs this equipment will generate in the future.

In other cases, maintenance aspects are neglected for aesthetic reasons. This often occurs
in urban regions with high aesthetic requirements. For example, in Sweden, there are specific

15
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aesthetic requirements for the design of motorway approaches to cities. Designers have to
follow the requirements, even if they are aware of high future maintenance costs associated
with the selected designs. One example is the use of pipe barriers i redgians. Other
examples include the selection of certain types of vegetation that result in increased
maintenance costs and the use of glass noise barriers, despite the high maintenance costs
associated with thedmarriertypes.

Figure 1.1 shows a noise barrier which is installed along road E6 in the city of
Gothenburg, Sweden. The glass elements are repeatedly vandalized or damaged by flying
stonesfrom the road. According to the maintenance contractor, the repair cost for each glass
el ement is 8000 SEK (4800 EUR).

Figure 1.1 Damaged noise barrier along road E6 in the city of Gothenburg in Sweden

In some cases, maintenance aspects are neglected because the designers do not have
enough experience of road maintenarfeigure 1.2shows a design proposal for a new road
where the designers propose a concrete roadside barrier very close to the rabekighers
have not considered how to get rid of the snow piles left by the snowploughs along the verges,
because they have falsely presumed that the snow heaps do not need to be removed. However,
the verge must be free from snow and ice according to Stved@ntenance regulations
(Vagverket 2008a)This means that the snow has to be loaded onto trucks and transported
away from the road after each snowfall, both cansiderable cost and possible traffic
disruptions.

Figure 1.2 Design proposal for a new road section (Source: SRA)

16



Chapterl: Introduction

1.2 Obijectives and Delimitation
The overall goal of this PhD project was to improve the possibilities to consider maintenance
aspects during the road planning and design process. The results are expected to provide a
basis for a new method for the road planning and design processifgstygle cost analysis.

More specifically, the objective of the project was to:

e Compile and evaluate experiences regarding efforts made by road authorities to satisfy the
needs for efficient maintenance (Paper I);

o Evaluate the extent to which maintenaaspects are considered during road planning and
design as an improvement potential for maintenance efficiency (Paper |);

o |dentify the problems which obstruct due consideration of maintainability during the road
planning and design process and identify gingent need for changes to eliminate these
problems (Paper Il);

e Quantify and compare the rate of barrier repairs and the average repair cost for different
barrier types (Paper Il);

e Analyse how factors, such as road barrier type, road type, speed dintitseasonal
effects, influence the number of barrier repairs and the associated costs (Paper Ill);

o Quantify and compare the rate of different injury categories associated with collisions with
different barrier types (Paper 1V); and

e Examine the possibilityo implement a new approach for calculation and analysis ef life
cycle costs for road barriers during the road planning and design process (Paper V).

The research was focused on the planning and design processes at the Swedish Road
Administration, SRA, Wich is in charge of both country and urban roads in Sweden. SRA is
also responsible for guidelines and specifications for road planning and design in Sweden, as
well as maintenance specifications. Another reason for this delimitation is that SRA is the
initiator for this research. However, the conclusions can be applied to other Nordic countries
where weather conditions and road design practises are similar. The methodological
approaches of this research project are general and may be applied tosgidhis:

The research is mainly limited to geometrical design of roads. The structural design of the
roads is not included, as this subject has already been included in several other research
studies.

1.3 Scientific contribution

Generally, the scientific conlriition of this PhD project lies in the fact that it provides a basis
for a new method for planning and designing roads based eoytife cost analyses am
appropriate way to increaseo ad aut horitiesd efficiency.

The PhD project also provides loagvated information regarding maintenance aspects
for road barriers and injury costs associated with road barrier collisions. For road authorities,
road designers and barrier producers this information is a crucial and much needed piece of a
puzzle for lifecycle cost analyses.

By mapping out the problems and difficulties, which prevent sufficient consideration of
maintenance aspect during the road design process, this project constitutes a basis for future
research aiming at increased efficiency in the in&dstructure sector.

17
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1.4 Research method

The project started with a review of previous studies of the research subject with the intention
of gathering existing knowledge and defining the outline of the PhD project (Paper 1). The
focus was on attempts madeibcrease road maintenance efficiency through consideration of
maintenance aspects during the planning and design process. More details about the literature
study can be found in Chapter 2.

The second stage of the research was to identify problems and difficulties, which prevent
consideration of maintenance aspects during the road planning and design process (Paper II).
For this purpose, actors involved in both road maintenance and roadhglamad design were
interviewed. The most urgent needs for changes, which would contribute to an increased
consideration of the maintenance aspect, wer |
An al y(Sddkubl and Rostlinger 1998yas used toanalyse and identify problems,
planning and design activities and goals which govern those activities. This part of the PhD
project is described in Chapter 3.

Results obtained in the second stage showed that one of the obstacles preventing
consideration ofmaintenance aspects during road design is the absence of a reliable approach
for analyses of lifecycle costs. This initiated the later stages in the PhD project, namely
development of a new approach for road design based oeaytife costs. Difficultiesin
obtaining reliable data and the complexity of a road structures and its influence on society,
prevented the creation of an approach fordifele cost analyses, which would cover all road
components. Therefore, the initial focus was on analysis ofif¢theycle costs of one road
component. After consulting with road design and maintenance experts, road barriers were
selected as a suitable component.

The third stage in the PhD project was quantification and analysis of barrier repairs and
associated @sts (Paper lll). Repair costs constitute a considerable part of theydife costs
for road barriers. This stage of the research was carried out for two purposes. Firstly, to
establish a model to calculate barrier repair costs. Secondly, to analyggrameters, such
as road types, posted speed limits, road barrier types, road barrier placement, road section
types, alignment and climate affect barrier damages and associated repair costs. The analysis
of the repair costs was based on data collected fegrairs of $25road barriers in Sweden.

The method used for this proposgis 2083 $hist he @AC
part of the PhD project is explained more in detail in Chapter 4.

Another considerable part of liigycle costs for road baeris is the injury costs associated
with barrier collisions. Quantification of the injury costs required quantification of the injury
rates in the fourth stage in this PhD project (Paper 1V). The study was based on documented
data associated with 1019 barrcollisions between 2005 and 2008 along two motorways in
Sweden. Chapter 5 contains more details about this study.

Results from the third and fourth stages were used in the fifth stage to create and evaluate a
new approach for calculation and analysishd life-cycle costs of road barriers (Paper V).

Thi s new approach was bas ebdhsedolifeCyc Ineet @o@slt icnag
(Emblemsvag 2003)The fifth stage is described in Chapter 6.

18
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CHAPTER 2
MAINTENANCE ASPECTS IN ROAD DESIGN - A
LITERATURE REVIEW

As funding resources for road infrastructure are seldom sufficient, road authorities are facing
the following challenges:
o insufficient funding sources to face the increased need for new road infrastiitanghe
2007) increased demand for proper management of both newly constructed and existing
roads
¢ Increased maintenance backlogs (Gahm 2008);
e Increaseddemands for safety, accessiyiland use of advanced traffic management
systems to reducesocioceconomic costs in terms of reduced maintenaneiated
environmental impacts, traffic disturbances and fatalities.

Due to the funding challenges, road authorities are facing a great need for increased
efficiency and reduced expenditures. Focus is on efficient road maintenance, as maintenance
costs constitute approximately 50% of the annul road infrastructure finafRriaghe 2007)

To increase maintenance efficiency, different strategies and contract forms have been used by
road aithorities. This includes outsourcing of maintenance activities in competitive markets,
development of lifecycle cost models, as well as new funding and subsidiary forms. Even if
these attempts have reduced maintenance costs considerably, the generali®giat some

efforts have resulted in reduced maintenance standards and impaired road conditions, as focus
mainly has been on reduction of the rate of recurring maintenance activities.

The aim of the literature study was to:

e Compile experiences regamd attempts made by road authorities to satisfy the needs for
efficient maintenance and the results of these efforts; and

e Evaluate the extent to which maintenance aspects are considered during road planning and
design as an improvement potential for mairaince efficiency.

The studied attempts were outsourcing of maintenance, consideration of maintenance
aspects during road design, life cycle cost analyses for road infrastructure -FRivaite
Partnership Project (PPP projects) and performéased cotmacting.

2.1 Outsourcing maintenance activities

Outsourcing maintenance activities in a competitive market has been used as an option to
increase maintenance efficiency and reduce costs. Due to maintenance outsourcing in Sweden
between 1992 and 2001, transait costs for maintenance contracts for the outsourced
maintenance areas, e.g. bid preparation and contract monitoring and evaluation, were
estimated to be at least 5% lower than for-natsourced maintenance arg¢hgiegren 2003)

In Sweden, outsourcing of several maintenance areas in a competitive market during the first
year reduced bid prices on average witli 2ZZ% compared to #house maintenaeccosts

(Arnek 2002) These cost reductions are often attributed to reorganisation and reduction of
personal rather than to technical progress in machinery and m¢8tedbeck 2006)
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Such reforms have also been used by the Swedish government as an incentive to cut grants
for road maintenance. However, these reforms have negatively affected road maintenance,
primarily for pavement and bridge maintenance, beeashorterm maintenance measures,
such as winter maintenance, cleaning and grass mowing, have been prioritised. The situation is
the same in all Nordic countrié&ahm 2008) Studies of roadiser opinions havindicated
increased dissatisfaction regarding road maintenance, which, in turn, indicates that the
maintenance standards in Sweden have decreased after the reforms, primarily on roads in
sparsely populated are@sterberg 2003)

By outsourcing maintenance activities, SRA tried to encourage contractors to develop
technical improvements. Unfortunately, effects of outsourcing on innovation have bee
limited (Stenbeck 2007; Thorsman and Magnusson 20@8velopment interest among
contractors habeen low because development costs are often high compared to the benefits
obtained. In addition, contractors often have refused to share knowledge with others in order to
maintain competitiveness. As a result, Stenbeck (2007) claimed thatelongtechical
developments in Sweden have decreased. He also mentioned that maintenance costs for
outsourced contracts in Canada were 26% higher than-fasuse contracts. The quality and
technical development were neither noticeably higher nor lower in ou&baontracts than in
in-house contracts.

2.2 Consideration of maintenance aspects during the
road planning and design process

Problems faced while conducting maintenance activities often trigger debates on road planning
and design as a crucial underlying fagiereerHewish 1986) The cost of a road project over

its service life is, among other things, a function of design standards, construction quality
control, maintenance strategies and maintenance quality. These aspects loemata of road
deterioration and dictate the maintenance workload throughout the life of thé-rgakR.1).
However, very few studies consideritite interrelationship between these components have
been found in the literature.

i Design standards
Construction cuality Increasing network of

control \ new troads

|
|
1
i
f [ Maintenance workload ] ———» Vehicle operation
|
1
1
|
|

costs

MMaintenance Quality of -—--- |
strategy maintepanc e work

=~ _ Deterioration from traffic .~~~
and environmental

Figure 2.1 Development of maintenance worklo&deer-Hewish 1986)
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According to Thorsmaand Magnusson (2004), insufficient consideration of maintenance
aspects as well as inadequate support for the designers during the planning and design process
are two major factors contributing to high maintenance costs. They suggest the following
improvements:

e Improving methods and technologies for reducing maintenance costs through reduction in
intervention time and use of efficient tools;

e Creating functions for supporting designers and coordinating maintenslated
consulting between involved partjiesd

e Improving coordination and information sharing between contractors.

Gaffeny and Ganél970)compiled a list of some aspects of road design, which contribute
to decreasing the need for future road maintenance. Based on experience from the United
States, some general advice is given concerning design of cuttings, embankments, bridge
bridge abutments, steelworks, street lighting, pavement types, pavement thicknesses and
surface types. Regrettably, calculations for quantifying the positive effects were not
performed.

Olsson (1983) describes a new method for road construction desigg annual cost
calculations. The major factors, which prevent consideration of road management and
maintenance costs during the road design process, include difficulties in quantifying
administration costs, time shortage and inadequate experience ofmaattnance among
road designers. A road design model is recommended consisting of the following three steps:

e Study different design alternatives and calculate annual costs, including investment and
maintenance costs, to choose an optimal design;

e Clarify the calculation suppositions to offer enough information for decision makers
concerning calculations and included cost items; and

o Estimate calculation accuracy statically or based on practical experiences.

Other studies concerning design of pavementggbs and specific roadside components
have also indirectly considered maintenance aspects. A study mé&deumil and Peet 1970)
examined the fill height of embankments, whereby flattening slopes proved to be cheaper than
installing guardrailsWolford and Sicking (1997dleveloped guidelines to determine the need
for road barrier installations based on ebshefit analysesMattingly and Ma (2002)
compared different road barrier etetminals in order to identify the most profitable ones in
order to decrease future ingenance needs. This study was based on practical experiences,
which did not include lifecycle cost analyses or any evaluation of how factors, such as traffic
volume and road design would, affect maintenance costs of thieenihals.

2.3 Life -cycle costan alyses

Life-cycle costdor road objects are considered as a more important decision basis than only
investment costs, and, consequently, road authorities are encouraged to overweighelife

cost analyses and provide calculation meth(®igaj et al. 2002; Gransberg and Molenaar

2004) Life-cycle costs are also suggested as a parameter for selecting road designs or
evaluating bids(Adams and Kang 2006; Stenbeck 2004) Bot h road aut horit
socioeconomiccosts must be included in the calculation of-tifecle costs. Road authority
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costs consist of costs for planning, design, construction, maintenance and rehabilitation. These

costs are usually covered by governments using tax revBpua-economiccosts include:

e Road usersd6 costs, such as \vtimbpeoplespermprer at i o
the road;

e Accident costs; and

e Environmental costs.

Many road authorities have developed models for-clfele cost analyses with the
intention of reducing the total cost for the road infrastructure and maximizesaitie
economicbenefits. Some models are simple and include only road authority costs. Other
models are very complex including calculation sidciceconomic costs and models for
prediction of road deterioration. A study of liégcle cost models used in the Nordic coigst
showed that these models often considered t he
maintenance costs and to some extent, user and environmenta(Hoistsik and Wallin
2007) Sstill none of the models can be used as a standard model without considerable
improvements, since they are developed for speaifid projects. The disadvantages of the
studied models also included use of roughly calculated maintenance costs and insufficient
consideration of how design influences maintenance costs.

Huvstig (1998)has studied several models for calculation ofdiele costs maelby road
authorities such as, COMPARE (Great Britain), QUEWZ (Australia), Whole Life Costing
System (USA) and Highway Designh and Management (HDM | to 1) developed by The World
Bank. These models have mainly been used for design of road constructioavandept
types.

Life-cycle cost is suggested as a parameter when selecting road designs or evaluating bids
(Adams and Kang @6; Stenbeck 2004)Unfortunately, lifecycle cost analyses are still of
less importance in bid evaluations due to, among other things, difficulties related to the
absence of reliable data and methods for calculatingyifde costs for road objec{&arim
2008) Lack of maintenance and investment related data is attributable to the fact that most
road authorities do not have proper methdais systematic data collection or folleuwp
procedures regarding planning, design, construction and maintenance. Absence of reliable life
cycle cost methods is due to lack of accurate road deterioration models as well as models for
calculating societal cés. Current deterioration models are based on experience and empirical
models (Huvstig 2004) Such models can give acceptable results, if the historical
circumstances are similar to future circumstances. However, such circuesssmidom exist
for a road construction due to, among other things, traffic development, use of heavier vehicles
and new types of tires.

Life-cycle cost analyses may in some cases result in higher investment costs. The lowest
possible yearly lifecycle cos has been tested as an award criterion by $&énbeck 2007)

This has resulted in higher investment costs, causing bugdgatablems. A conspiratorial
explanation, according to the same study, is that the contractors are taking advantage of the
situation, trying to sell expensive solutions with leng r m s pecul ati ve pr omi
verified or corrected until too late.

It is worth noting that the above mentioned-lifecle cost models have been established
for structural road design as a tool for selecting the most economical solution for investment
and maintenance. The geometrical road design is ignored in almdst aliadels despite the
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fact that geometrical road design, such as road alignment and road restraint systems, affects
costs dur i n-gycld(FreerHewislal®g6s | i f e

2.4 Public -private partnership projects

Road authorities asei to develop new funding forms to bridge infrastructure funding gaps.
PublicPrivate Partnership Project (PPP project) is a new funding form used to deal with the
increasing demand for new road infrastructu@snek et al. 2007) In PPP projects,
governments, or another public sector, assign the obligation to finance, design, build, operate,
maintain and rehabilitate an infrastructure project to a prsattor partner (the
concessionaire). The concessituration is usually 5 to 30 years. The archetypal PPP project
is a build operatétransfer projec{Queiroz 2007) Other forms of contract are also possible,
such as operatiemaintenance projects. The concessionaire collects revenue from users by
way of road tolls, while the balaacof the revenue comes from the government. When the
volume of traffic, combined with the agreed toll, do not generate sufficient revenue to cover all
costs, governments mustcept shared costs.

Benefits of PPP projects include increasing efficiency dutlire design, construction and
operation phases of a project, enhancing implementation capacity, mobilizing financial
resources and freeing scarce public funds for other {seited Nations 1998While PPP
projects in the road sector only recently have been used in the United States and Europe, they
are comma in countries such as Chile, Argentina, South Korea, Malaysia, Chad and The
Philippines(World Bank 2002)

A basic principal of PPP projects is the consideration of maintenance aspects during
planning and design, espdbiathe influence of road design on maintenance. This will lead to
increased maintenance efficiency and reduced overall costs. As the contract is awarded to the
concessionaire who provides the highest value, ddtedhe lowest cost over the term of the
concession, the bidders strive to minimize the overall cost of the project, not only the initial
cost for design and construction, but also the costs for operation, maintenance and
rehabilitation. This leads to a solution that is not derived from the ailéjladf funds, but is
determined by what is most cost efficigffrarche 2007)However, a review of guidelines
deweloped by the World Bank (2002) and tBeropean Commission (200f9r PPP projects
shows that consideration of maintenance aspects in the planning and design process is not
prioritized. Experiences from the Nordic countries and other European countries indicate that
the influence bgeometrical road design on road maintenance has been ignored in most of the
PPP projects carried out up to n¢karim and Magnusson 2006)

2.5 Performance -based contracts

Performancérased contracting in the infrastructure sector means that public sector
representatives and a commercial enterprise sign a contract for both construction and
maintenance, or solely maintenance, of an infrastructure object. The contract reresed

on certain specified services that must be given to future users, and not for the fulfilment of
technical specifications. It is the performance of the assets over the contracting period that
matters(Nilsson et al. 2006)Performancéased contracts have mostly been used for road
pavements witha span of 4 to 10 years. The main reasons for usin@rpehcebased
contracts are to:

23



Road Design for Future Maintenanté.ife-cycle Cost Analyses for Road Barriers

e Maximize performance by allowing contractors to deliver the required service based on
their own best practices and the customerds
e Maximize competitiorby encouraging innovation from the supplier by using performance
requirements;
e Minimize burdensome reporting requirements and reduce the use of contract provisions
and requirements;
e Shift risk to contractors so they are responsible for achieving the wkgt¢hrough the
use of their own best practices and processes; and
e Achieve solutions which give optimal l#eycle cost.

The most important characteristic of performabesed contracts is to give contractors
freedom to decide the best met hods and mater
road performance. Performanbased road management and maintenance ctsfaeserve
road assets according to predefined performance standards on-terlanbasis. The most
challenging task is to develop performamekated specifications, which ensure that the
objective is achieved as efficiently as possible. These perfoesimsed specifications
provide guidelines for the design and construction of the road p{§jecpenter et al. 2003)

Payments are based on how well the contractor manages to comply witlertbenpnce
specifications defined in the contract, and not on the amount of work and services executed.
According to Zietlow (2004) devel opment of Arighto perfo
challenging task, since they have to satisfytaogoals such as:
e Minimizing total system costs, including the letegm cost of preserving roads, bridges
and traffic assets and costs for the road users;

e Satisfy road usersd comfort and safety.

Introduction of performanebased contracts in USA, Auatian and New Zeeland has
resulted in cost reductions of between 10% and 20% compared to traditional contract forms
(Carpenter et al. 2003). In Latin America, 40 000 km of the national roads are maintained
under performancbased contracts. Rough estimateslicate that performandeased
contracts in Latin America have resulted in cost savings of around 10% compared to
traditional unit price contrac{&ietlow 2008)

There are also examples of performabesed contracts that have turned out to be more
expensive than traditional contracts. A study of four performbased contracts showed an
increase in costs betwed®% and 50% compared to traditional contracts (s#ek 2007).
Regarding quality aspects, studies also show different results. In Denmark, a summary from
six years of experience of performarz@sed maintenance contracts for a total of 300 km
roads indictes that in the first year of the contracts, municipalities experienced a more
frequent rate of surface renewal than the budget typically al{Battzer 2007) Experience
from two performancdased contracts in Sweden shows significant road quality improvement
(Ydrevik 2009) However, Stenbeck (2007) presents an anonymous case where a perfermance
based contract resulted in inferior quality. Accordinghe study, unsuccessful cases could be
due to lack of experience in implementing lelegn maintenance contracts for road projects
and absence of sufficient folleup procedures.
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Despite many successful performasi@esed contracts, acceptance of this kihdantract
is limited. According toCarpenter et al. (2003)the primary reasons for this can be
hypothesized as follows:
e Lack of knowledge in implementing lostgrm maintenance contracts inethroad
construction sector;
e The extra work involved in developing specifications for such projects;
e Lack of research and evaluation comparinghduse maintenance with outsourced
maintenance;
o Road authorities are not sure what typéprojects benefit masrom performancédased
contracting;
e Road authorities have concerns about the ability of the contractors to maneggdtoger
long-term warranties;
e Contractors are not willing to take great risks; and
* Road authorities are concerned about losing themktedge base.

An evaluation of the above presented studies of performdrasesl contracts do not give
any reason to believe that the interrelationship between geometrical road design and future
maintenance measures has been sufficiently considered.

2.6 Stra tegies to increase road maintenance efficiency

The governmental road net in Sweden of 98 300 km is managed by SRA. SRA is divided into
seven regions: the Northern Region, the Central Region, the Stockholm Region, the
MalardalenRegion, the Souteastern Region, the Western Region and the Skane Region
(Figure2.2). Each region has a separate department responsible for rogdmanace.

NORTHERN
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Figure 2.2 SRA regional divisions
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Each region is divided into several geogr a
maintenance activities within these areas are outsourced to one or maaméenance
contractors. The contracts are usually four years long with a possibility for a few years
extension depending on the type of contract.

To deal with future funding challenges in Sweden, various strategies are stated in the
strategic plan for 2082017 established by SRA to improve efficiency and reduce costs,
including maintenance expenses (Vagverket 2007). Strategies to improve the efficiency of
road maintenance are:

e Develop new forms of cooperation and contracts as well as perforrbased
requirements to stimulate innovations and promote productivity growth within road
infrastructure;

e Exploit SRAO6s purchasing volume to guarante
and maintenance contractors;

e Coordinate guidelines and requirements vatljacent countries in order to increase the
number of international and domestic bidders;

e Focus on applied research in order to improve road management efficiency;

e Use life-cycle cost analyses to achieve an optimal total cost; and

e Develop new funding formssuch as PPP projects, road usage fees orthnortloans, to
increase flexibility and efficiency.

SRAO6s strategic plan states that the effici
be increased by 1% per year. It also states that the piesittib make savings concerning
operational activities are very limited. SRA has, therefore, made efforts to increase
maintenance efficiency through, among other things, prioritization of some maintenance
activities (e.g., snow removal) before other nmai@nce measures (e.g., pavement
maintenance). However, some efforts made by SRA to increase maintenance efficiency are
mainly costcutting efforts rather than stimulation of maintenance efficiency. Focus is on
reducing recurrence rates of maintenance itietivand prioritising some activities before
others. Many of these efforts might decrease road maintenance standards. One example is the
devel opment al project fiReview of Maintenance
by SRA with the intention ofncreasing maintenance efficiency. GAD and other similar
projects are expected to give SRA 70 million SBKZ(million EUR) per year in costavings,

i.e., 1% of the annual maintenance budget. However, some measures proposed by GAD have
resulted in lowestandards. For instance, road visibility has decreased due to a reduction of the
roadside mowing width along the road sides from seven to three meters and a reduced
frequency of cleaning road reflectors. This type of -@usdting with its negative consequees

is not unique for Sweden. A study of maintenance costs in Newfoundland and Labrador in
Eastern Canada showed that the maintenance budget was reduced by a third in three years
(Stenbeck 2007)Several actions that have been undertaken to keep the budget in balance such
as reducing sand quality, fewer depots for material and equipment, narrowing shoulders and
changing doubldines to single line markings. According to the study, innovation has been
interpreted as the capacity to cut quality without too many negative effects. In addition to the
direct effects of the cuts, the study points out that productivity also may deelaaeise of
displeased staff and more relocation time needed as a result of fewer equipment depots per
area.
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2.7 Reflections based on the literature study

To face road infrastructure gaps, road authorities have continuously made efforts to increase
efficiency,especially maintenance efficiency.

Some of these efforts have resulted in reduced costs. However, in some cases, such as
outsourcing of maintenance contracts, it seems that sometimes standards have deteriorated. In
the ambition to increase maintenancecedficy, focus often has been on eastting through
reducing the recurrent rate of maintenance activities, prioritising some measures before others,
e.g. the prioritization of winter maintenance, cleaning and grass mowing over bridge and
pavement maintemae. Road authorities should consider such efforts assaestgs rather
than an increase in efficiency as the definition of efficiency is to get more value from the same
resources or to get the same value from less resources. This might explain wheffedséo
increase maintenance efficiency have been less successful.

Implementation of performandeased contracts, PPP projects anddifele cost analyses
requires the consideration of maintenance aspects during the planning and design phase.
However,in almost all the projects and literature evaluated in this study, focus has been on
structural design, such as pavement design, rather than geometrical design. In guidelines for
these types of contracts, recommendations to analyse the influence of gdrdesign on
maintenance are seldom considered. Despite this fact, perforsfhased contracts and life
cycle cost analyses have, in many cases, resulted in reduced maintenance costs and improved
road structure quality. However, these contract typesaaadl/ses are still uncommon in the
road sector owing mainly to a lack of knowledge in implementing-teng maintenance
contracts and poor followp procedures for these contracts. The bidders have perceived a
higher risk and the contracts have been mexpensive than traditional contract forms
(Stenbeck 2007). There are also reasons to believe that road authorities in many cases have
used performanebased contracts and PPP projextly to transfer risk to the contractors and
to obtain a financing parém.

One of the most important characteristics of performdrased contracts and PPP projects
is to give the contractors freedom to decide upon the best design and construction method and
materials for the road project. In some cases, especially in PR#tprdahis can be difficult,
since the concessionaires are often foreign companies with a limited experience of risks and
conditions existing in a spetfcountry.In these cases, contracts may become more expensive
than traditional contracts as the cessionaires are taking higher risks. In the long run this
could lead to poor competition in the infrastructure market, as only large actors will have the
required knowledge and resources for these contract types. In addition, road authorities may
lose valable knowledge, if only contractors prosecute technological development.

It is obvious that road authorities have mostly emphasized reducing costs in the
construction or maintenance stages, instead of in the design stages. According to Emblemsvag
(2003), such emphasise leads to a reactive cost management, as opposed to reducing costs
before they are incurred; proactive cost management. Reactive cost management is insufficient
as 80% of the total costs for a product are committed to the activities prodaiction.

Many organisations or companies realize this fact but still employ reactive cost management.
Emblemsvag (2003) claims that this might simply be a matter of bad habits or that people
dislike learning new things, unless the consequences of auwiiig are worse than those of
learning.
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All maintenance efficiency attempts evaluated in this study have one thing in common
namely ignorance of the interrelationship between geometrical road design and maintenance as
an efficient tool to increase maimnce efficiency. Focus has mainly been on improving
operating practises and maintenance procedures. This might also explain why some attempts at
increasing maintenance efficiency have been less successful. Ignorance of maintenance aspects
during the planimg and design process is a wiallown issue. However, there are very few
studies published concerning the underlying fac{ereerHewish 1986)which is confirmed
in this studyby the limited amount of literature foundhi$ fact was the reason for conducting
a study highlighting the problems and difficulties preventing due consideration of maintenance
aspects during the road planning and design process. The study is pres©higutén3.
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CHAPTER 3
ROAD DESIGN FOR FUTURE MAINTENANCE |
PROBLEMS AND POSSIBLITIES

Road planning includes examining conditions relevant to the building of new roads or the
improvement of old ones, such as transportation demands, climate, topography, geology and
material supplies. It also includes evaluation of the consequences fotysaieh as
environmental impact, transportability, traffic safety and economic development.

Road design means selecting material and dimensions of the road and its components, e.g.
width of traffic lanes, road profile and type of road equipment. The psoocEroad planning
and design is very complicated due to the numerous components of which the road consists
and other aspects which have to be considered for an optimal solution. The road planning and
design process in Sweden consists of four subproceabsefeasibility study, the road survey,
creation of the work plan and creation of the construction documents. The first two
subprocesses are called road planning and the third and fourth ones are called road design.

The possibility to execute future m&gmance activities is an important aspect which has to
be considered during the alanning and design proceskhe designers should consider
maintainability to a higher extent than today. According to the actors involved in the planning
and design pross, there are many different reasons for improper consideration of
maintainability. The problems of performing maintenance activities and costs associated with
improper road design are often a subject for discussion. However, the literature study for this
PhD project shows that the problem is not reflected in the literature as there are very few
articles published within the subject. Because of this, a study was carried out with the intention
of identifying the problems obstructing due consideration of ramiability during the road
planning and design process. The objective was also to identify the urgent needs for changes to
eliminate these problems. The focus was on the planning and design processes at the SRA.

3.1 Method

The investigation was carried outt fwo stages: data collection and data analysis. Data was
collected through interviews and reviews of planning and design related documents. The main
objective of the interviews was to formulate situations perceived as problems by the actors
involved in mantenance activities or in the road planning and design process. The respondents
were divided into four categories: consultants, maintenance contractors, persons involved in
maintenance activitiegand persons involvedin planning and design at the SRA. Sem
structured interview§Trost 2005)were chosen to give respondents the possibility to answer in
their own words and to generate a dialogue.

The second part of the data collection phase was to review documents describing the
processes of planning and design, constructioncandignment in Swede(jvagverket 2004a;
Vagverket 2004c; Vagverket 2004d; Vagverket 2004e; VagvexRe4f, Vagverket 2004g)

Other reviewed documents were guidelines for road planning and d¥siguerket 2004h)

and documents related to the purchasing pro@ésgverket 2004b)These documents were
examinedto identify planning and design activities, and the goals governing these activities.
The collected data was | ater analysed wusing
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mostly used in the preliminary phases of a study for organization developmeictivities
(Goldkuhl and Réstlinger 1998)

According to fAChange anal yaediistbe folldawingefouc ol | ec
steps:

1. Problem analysisThe aim of this analysis was to obtain an overview of the situations
identified as problems and to describe their causes and consequences. This analysis was
carried out in four steps: formulation, classification, delimitation of problem areas and
analysis of the relationship between the problems.

2. Activity analysis This andysis was aimed at evaluating the activities included in the
planning and design process in order to understand how the process was conducted and
to identify problems not mentioned by the respondents. This was done by describing
action patterns within eactubprocess and by clarifying how different documents were
treated and how administrative activities were performed within the processes.

3. Goal analysisThe aim of this analysis was to identify the goals which the planning and
design process must fulfilnd to examine and evaluate correlations between them. This
analysis was carried out in three steps: identification of the goals, analysis of the
interrelationship between the goals followed by an evaluation of the goal.

4. Analysis of the needs for chan@wis analysis was aimed at identifying the most urgent
needs for change, which are necessary for sufficient consideration of maintenance
aspects in the road planning and design process.

Analysis of the need for change was conducted in two steps: probldmatéva and
formulation of the needs for change. During the problem evaluation, the problems were
divided into four different statuses:

o No problem (NP): the situation was misunderstood or incorrectly evaluated.

¢ No solution for the problem (NPS): this &pf problem has no solution or has a solution
outside the scope of this investigation.

e Solved problem (SP): this category contained problems which were already solved or in
the process of being solved.

¢ Need for change (NC): these problems were deemgehtfor elimination and could be
eliminated by changes within the planning and design process.

For the last category of problems, a high priority was set based on the following criteria:
e A problem which caused several other problems.
e A problem connectetb high costs or one which could result in serious consequences.
¢ A problem which was crucial to the solution of another problem.
o A problem which was stressed during the interviews.
o A problem which was relatively simple to eliminate, thus generating a frrgjéve effect
for little effort.

Generally, low priority was given to problems which could be solved entirely by solving
another problem.

The evaluated problems formed the basis for formulating the need for changes. The aim of
this activity was to indicate the needs for change which could contribute to the elimination of
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the identified problems. The changes were identified without specifyiggneasures to fulffil
them. In this phase of the investigation, it was important to focus not only on the problems but
also to study the strengths of the road authority or the other actors involved in planning and
design as well as possibilities withielevant fields.

3.2 Result s

During the interviews more than 100 situations perceived as problems for sufficient
consideration of maintainability were presented by the respondents. The analyses reduced that
number to 45 problems (Paper I, Appendix 1). Mosthef problems were identified during
the interviews. A few more were identified during the analysis phase.

The problems were classified into six problem areas:

1. Insufficient Consulting: This problem area is related to insufficient consulting between
the acbrs involved with maintenance activities and planning and design. Consultation
between these actors is limited to only a few meetings. Those meetings are often
arranged during the construction phase. Any design corrections during this late phase
will be difficult and costly.

2. Insufficient knowledge: This problem area is related to knowledge regarding road
planning and design and road maintenance. Insufficient consideration of maintainability
is often due to project managers or consultants not having adeloatdedge
pertaining to the costs and performance of maintenance activities.

3. Regulations without maintainability consideration: This problem area is related to
regulations within the planning and design process, which are often develithedt
sufficient consideration for maintainability.

4. Insufficient planning and design activities This problem area are related to
deficienciesin planning and design activities These deficiencies often result in the
selection of road designs which require costhd unnecessary maintenance activities.
For example, limited investment budgets force project managers and consultants to
select cheaper road designs which require costly maintenance measures.

5. Inadequate organisation Problems collected in this area relab the organisational
structure of road authorities. A linear organisation often leads to poor coordination
between the different processes and activities within the organisation resulting in an
inadequatexchange of knowledge and experience.

6. Demands from other authorities: Problems in this area are related to requirements
from other authorities. During the planning and desigh phases, municipalities and county
administrators present arguments which are perceived as more important than
maintainability. Ths is the reason why maintainability is often overlooked.

The subjects for further analysis were in problem aregswihich were directly connected
to the panning and design process.

Analysis of the relationship between these problems revealed thes@mdseonsequences
of each problem. A structure in the form of
problems within each problem area (Paper I, Figures). 2ZThese graphs constitute an
important basis for the elaboration of the proposalthleirdemand for changes.

The analysis of activities made the correlatietween planning and design activities more
understandable. The divisions involved with planning and design activities at SRA and other
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involved organisations were identified. In attgh, input and output for each activity was
illustrated. A few more problems mentioned in the problem list were identified during this
analysis.

Analysis of the goals indicated that SRA has not established any clearly definet&riong
goals considerindguture maintenance. No goals cover maintainability, even if the overall
transportatiorrelated policy goal indicates a cost efficient transportation system. The absence
of well-defined goals concerning maintainability leads to insufficient consideratidhiof
aspect. Because of this, requirements to fulfil existing operational goals concerning other
aspects of road design often direct planning and design towards the selection of a road design,
which may require costly maintenance measures.

The budget fram is considered as a ndocumented goal, which directs planning and
design. For each project, a budget is established during the road investigation subprocess. This
budget is often made many years before construction is started. The suppasittbns
calcdations in the budget can have lost actuality, meaning that the costs could be
underestimated. This can force road authorities to select designs with low acquisition costs,
which can later incur high maintenance costs.

To identify the most urgent needs fehange, which are necessary for satisfactory
attentionto the maintenance aspects in the planning and design phase, the identified problems
were classified into four different statuses
(NC), six problems&® 6 no solution to the problemd (NPS)
(SP) and one problem as O6no problemdé (NP).

A prioritising of the NC problems in accordance with the five criteria, mentioned in
Section 3.1, resulted in 26 problems with high prioritgd 46 problems with lower priority.

Based on the mentioned analyses, severalsé&adchanges were identifiedhe most
urgent one is establishment of we#fined and longerm goals for road maintenance. These
goals should be possible to break down mperational goals which, give the maintainability
significance in the planning and design process. It must also be possible to evaluate the
fulfilment of the operational goals at the end of each road project. A minimugeytfe cost
including maintenarecosts can be such an operational goal.

During the planning and design process, there is a great need festnwetlred systems
for consulting and knowledge exchange between all actors involved in maintenance activities
and in planning and design. Thensulting process has to be carried out by designated actors
and through weltlefined activities in accordance with the established guidelines. Consulting
expenses should be a specified part of the planning and design budget.

Increased knowledge of road signs, which support future maintenance, is needed for
road authorities, contractors and consulting firms. Such knowledge is the basis for an adequate
consideration of maintainability. Increased knowledge requires an efficient feedback system
from the maitenance process to the planning and design process and vice versa. One part of
such a system is the registration of expenses for supplementary maintenance measures which
have to be performed because of inappropriate road design.

An evaluation process witblear guidelines is recommended for each completed road
project as a part of a quality assurance system. This process should ensure that probable future
maintenance measures are considered to a sufficient extent for each road project.

There is a great nedd supplement guidelines, legislation and other documents governing
planning and design with maintenance aspects.
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Requests for quotations and other purchasing related documents should contain clear
guidelines regarding maintainability, e.g. requirementsniaintenance management plans or
requiremend to minimize lifecycle costs.

There is a need for increased incentives for consulting firms to get them to pay more
attention to maintainability during planning and design. Compensation in the form of bonus
points during the evaluation of quotations could be an option for consultants, who have
demonstrated a consideration of the maintainability aspect.

3.3 Discussion and conclusions

The problem analysis indicates a complex combination of problems which result in a
insufficient consideration of maintainability aspects during the road planning and design
process. The problem areas, which contribute to the main problem, are also affected by the
existence of related problems found in other problem areas. This irsdibaitethe problem

areas are closely related. None of the problems can be solely eliminated without affecting the
others. On the other hand, the elimination of a problem area can also contribute to the
elimination of problems in other problem areas.

The ron-existence of a welliefined goal concerning maintenance is a fundamental basis
for insufficient consideration of maintainability aspects. This state of things is often the reason
why improper planning and design regarding maintainability is not coesides a problem.

The nonrexistence of such goals makes road authorities more concerned with fuffilling other
goals regarding other aspec8uch a situation often results in road designs with costly and
unnecessary maintenance requirements.

The analysis othe activities confirms the claims made by the interviewed respondents
regarding poor consulting among actors involved in maintenance activities and in planning and
design. One reason for poor communication be
inadequate organisational structure.

The following needs for changes have been identified to eliminate inadequate
consideration of maintenance aspects during the planning and design process:

e An urgent need to establish weléfined longterm goalsregardhg maintenance antb
developmethods to evaluate the fulfilment of those goals;

o Development of welstructured systems for experience exchange and consulting among
actors involved in maintenance activities and in the planning and design process;

e Increagd knowledge regarding road maintenance among all actors involved in the
planning and design process;

e Development of a systematic evaluation process with clear guidelines for the examination
of completed road projects to ensure adequate considerationiriénamce as a part of a
guality assurance system;

e Addition of maintainability in planning and design related guidelines, regulations and
other documents;

e Creation of guidelines and requirements for future maintenaoosiderations which
should beincorporated into quotation requests and other purchasing related documents;
and

e Creation of incentives for consultants to sufficiently consider maintainability aspects
during the planning and design process.
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The implementation of these changes requirethén studies to establish effective and
long-term solutions. Avoiding measures requiring lot of resources is important. At the same
time, it must be recognizethat efforts for change and development always require new
resources. The optimal solutievould be to select measures which can solve several problems
at the same time. It is also important to study all possible positive and negative consequences
of the measures for everyone involved in road planning and design.

Based on the results of this @iy road authorities are encouraged to create an approach to
calculate and analyse liigycle costs in order to support due consideration of maintenance
aspects during road design. The approach will constitute a basis for selecting a design giving a
minimum life-cycle cost. Creating such an approach became one of the main objectives of this
PhD project. The approach and the necessary data collection are presented in the following
chapters.
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CHAPTER 4
ROAD BARRIER REPAIR COSTS AND INFLUENCING
FACTORS

The studies presented in Ghiears 2 and 3, indicated that absence of an approach for analysis
of life-cycle costs for road infrastructure is an underlying factor for insufficient consideration
of maintenance aspects dyiplanning and design of roads.

An approach for analysis of déifcycle costs during road design should consider all costs
associated with all road components, such as costs for acquisition and maintenance as well as
socio-economiccosts This requires an extensive data collection becauseadaetors affect
these osts.Some of the data is often archived in a way that makes data collection difficult,
and some data is even Reristent. This fact was the reason to focus on one road component
initially and gradually develop the approach to include other road componAfier
consultation with maintenance experts, road barriers were chosen as a suitable component to
study.

Life-cycle costs for road barriers consist of investment costs, maintenance costsiend
economiccosts. Each of these costs was examinetthis PhD project as input towards the
desired approach for analysis of {ifgcle costs for barriers.

One of the costs examined was repair costs associated with barrier damage repairs. This
chapter presents a study conducted to quantify the rate of barainsrége., number of barrier
repairs per vehicle kilometrégvelled and the assodiad costsSeveral influencing factors,
such as barrier type, road type, posted speed limits and seasonal effects, were analysed.

The scientific contribution of this sty lies in the fact that it provides information
regarding the maintenance aspects of road barriers. For road authorities and road design
consultants, this information is a crucial and much needed piece of a puzzle-&ycldecost
analyses.

4.1 Roadbarri ertypes

Road barriers are usually categorized as flexible (e.g., cable barrierrigiente.g., wbeam
barrier) or rigid (e.g., concrete barrier), depending on their deflection characteristics on impact
(Figure 4.1). Flexible systems generally imposedr impact forces upon vehicles than the
other categories since more of the impact energy is dissipated by the deflection of the barrier
(AASHTO 2006)

During the road planning and design process, a barrier type is selected according to several
criteria regarding performance and safety, such as containment level, impact severity, level of
deflection, and the possibility to modify the deflection level.sSkheriteria are specified by the
EN 13175 standardEuropean Committee for Standardization 1998)

4.2 Road barrier maintenance

The most frequent maintenance measure for road barriers is damage repairs, generally caused
by vehicle collisions or impacts by snow removal equipment. Damage caused by vehicle
collisions usually require immediate repairs as the damaged barriers usisalythleir
efficiency after the impact. In some cases, the damaged components, such as damaged posts or
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beams on the road surface or protruding into the traffic area, constitute additional hazards for
road users. These parts have to be removed as fast siblgoslowever, some kinds of
barriers, e.g. weam barriers and Kohlsweeam barriers retain some degree of efficiency
after minor impacts due to the rigidity of their elemeg@®ASHTO 2006) Therefore, repair of

these barriers sometimes has a low priority after minor itspac

e

Pipe barrier

Figure 4.1 The most common barrier typiesSweden

Barrier damage caused bsnow removal equipment is another maintenance issue.
However, this kind of damage often does not require immediate repair, because many barrier
types, such as dweam barriers and Kohlswmeam barriers, retain a degree of their efficiency
even after such daage.

Barrier repair costs differ dependiron the type of road barrieFor example, owing to
their rigidity and strong construction, repair costs for concrete barriers are very low compared
to other barriers because they seldom need to be repaired.

For the same type of barriers, repair costs differ depending on the design. For example,
repair costs for cable barriers differ considerably as different manufacturers use different
structures and components for their products. Unfortunately, due to procunemelations,
road authorities can only specify performance requirements for the barriers but not a specific
barrier type known for its low maintenance costs.

Road type is another factor which probably influences barrier damage and repair costs. For
instarce, the number of barrier collisions along motorways in Sweden is considered to be less
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than along collisioffree roads, because motorways normally show broader lanes and a better
road standard. However, this opinion expressed by road authorities is @ueelyotal ad not
scientifically verified.

Posted speed limits also influence barrier repair costs. Evaludititire gperformance of
collision-free roads shows that the barrier collision rates (i.e., number of barrier collisions per
vehicle kilometre) alng roads with a posted speed limit of 110 km/hr is 20% higher than
along roads with a posted speed limit of 90 knf{@eirlsson and Bride 2005)his result may
indicate that annual repair costs for barrier damages are probably higher for barriers along
roads with a posted speed limit of 110 km/hr as well.

Another factor which likely affects repair costs for barrier damage is seasonal effects.
Repair costs for baers seem to be higher during winter. This opinion is based on experiences
regarding difficulties in conducting repair measures for some specific barrier types during the
winter months. For example, replacement of cable barrier posts is difficult and time
consuming during the winter due to frozen water inside the post sleeves or at the concrete
foundations. It has also been proven that barrier collision risks (measured in number of barrier
collisions per vehicle kilometre) for barriers along collisfoge roads in the northern regions
of Sweden are 20% higher than in the southern regi@asisson and Bride 2006This
difference is attributable to poor road commiis due to colder winters in the northern regions.
Therefore, the repair costs are probably higher in northern Sweden owing to rarhigtteer
of barrier collisions.

4.3 Method

Experimental analyses of the correlatibatween repair costs and influencing éastwas
considered as unrealistic because of the high number and combinations of influencing factors.
It would be very difficult to simulate such a large number of accidents in an experimental way,
Instead, the study focused on barrier repairs that aldeadyeen carried out.

The study was based on 1625 repairs conducted in four regions of the SRA. Cable barriers,
w-beam barriers, Kohlswaeam barriers, pipbeam barriers and concrete barriers were
studied. The analysis focused on cable barriers abdam barriers because they are the most
common barrier types in Sweden. Furthermore, the analyses were focused on median barriers,
as the data concerning roadside barriers were too limited. For the same reason only
motorways, folane roads and collisiefiee roads were analysed.

The necessary data regarding barrier repair, such as barrier type, repair cost, etc., were
obtained from barrier repair invoices. The Swedish National Road Database (NVDB) was used
to collect data, such as road type, barrier lengthd posted speed limits. Data regarding
annual average daily trafficAADT) was obtained from the AADMaps. Interviews with
maintenance experts and contractors were used to obtain general information about procedures
for repair actions, problems faced thgr the repairs as well as factors influencing repairs and
the associated costs.

A method called fAiCase Study Res€ramre08 Met ho
Figure 4.2shows the steps which were followed to carry out the case study. The case study
started by defining the research question, research propositions, units of analysis and logic of
l'inking data to the propositions. The resear
such as posted speed limits, road types, barrier types and sedfemts| affect barrier repairs
and the associated costs?0
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The following research propositions were formulated based on common opinions
expressed by the interviewed maintenance experts:

e The number of barrier repairs and the associated costs are highabffbarriers than for
other barrier types.

e The number of barrier repairs and the associated costs are higher along endlisicrads
than along other types of roads.

e The number of barrier repairs and the associated costs are higher along roadsosiieal a
speed limit of 110 km/hr than along roads with a posted speed limit of 70 km/hr or 90
km/hr.

e The number of barrier repairs and the associated costs are higher during winter than during
summer.

Design of the case study
AFormulation of the research question
AFormulation of the research propositions
ASelection of the case study type (Holistic multiple-case study)
ASelection of the units of analyses

ASelection of the logic for linking the data to the propositions

|
! ! ! !

Case study 1

Unitof analysis:
Western Region

Case study 2

Unitof analysis:
Central Region

Case study 3

Unitof analysis:
Northern Region

Case study 4

Unitof analysis:
South-Eastern

Region
Data collection Data collection Data collection Data collection
and and and and
establishment establishment establishment establishment
of databases of databases of databases of databases
Calculation Calculation Calculation Calculation \
results results results results

Comparisons of the results
between the cases

Results of
the comparisons

Comparison of the results
with the propositions

Conclusions

Figure 4.2 Structure of the case study

sasAleuy
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For this investigation, a holistic multiplease study was selected for four regions in the
SRA: the Northern, Cerdl, Western and SoufBastern.These regions were the most
appropriate units for analysis, because each reagianique regarding costs, subsidiary prices
and climate. The regions themselves are also archiving their own information about barrier
repairs. It was important to investigate more than one region in order to establish a strong base
for the analyses andegeralization of the findings.

To link the data to the propositions, pattern matching logic was chdsechim 1989)

The empirically based data pattern (i.e., the findings fraoheinit of analysis) was linked to

the predicted patterns (i.e., the propositions). The findings from each region were compared to
determine, if they predicted the same results or not. If the findings coincided, they were
considered as an actual empirigabased pattern. Later, the findings were compared to the
propositions to support or reject them. The findings were presented in terms of repair cost per
vehicle kilometre and repair rate measured in number of repairs per vehicle kilometre. The
reason fowusing these two terms was to neutralize the effects of barrier length and AADT on
the rate of recurrence of barrier repairsl on the repair costs.

The repair rate and the average repair cost per vehicle kilometre for different combinations
of road typesbarrier types and posted speed limits were calculated for each studied region
using the following equations:

T @1)
.bs
I=n
TATW,, = > AADT,, - (1+TGF)*"™.LL, . 365 4.2)
=1
ARQ,b,s = BRR.b,s -AVC Fg,b,s (43)
br=n
2. RCBR,,,
AVCR =&l (4.4)
w TATW,,
where
BRR= Barrierrepair rate measured in number of repairs per vehicle kilometre.
r = Road type.

b = Barrier type.

s= Posted speed limit.

NR= Number of barrier repairs during the studied year.

TATWE= Total annual traffic work measured in vehicle kilometre.
AADT= Annual average daily traffic for the studied year.

| = Road link.

TGF = Traffic growth factor.

ys= Year of the study.

ym= Year of AADT measurement.

LL = Link length.
ARC-= Average repair cost per vehicle kilometre.
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AVCR= Average cost per repair for links with the same combination of road type,
barrier type and posted speed limit.

br = Barrier repair.

RCBR= Cost for one single barrier repair.

The repair rate and average repair cost per vehicle kilometre could ondjch&ated for
median barriers, as the lengths of the roadside barriers were unknown.

For statistical analysis of the results, the methods of linear and generalized linear models
were usedOlsson 2002)More details about the statistical analysis can be found in Paper llI.

4.4 Results and discussion

4.4.1 Effect of barrier type

To analyse the effect of barrier typa barrier repair costbarrier repairs on the same type of

road were compared. This was only possible for cable barriers dednv barriers installed as
median barriers along motorways in tiMestern and the Soutbastern RegionThe result

shows thathe average repair cost per vehicle kilometre is higher for cable barriers than for w
beam barriers in both regions mainly because the repair rate for cable barriers is approximately
two times hidper than for wbeam barriers (Table 4.1). These differences are statistically
significant (Rvalue = 0.0001) (Paper Ill, Appendix).

Table4.1 Barrier repairs and associated costs for road mediabeam and chle barriers
along motorways in two regions, regardless speed limits.

Average repair cost pi

Barrier Number of  Annual traffic Repair rate vehicle kilometre
Region type barrier repairs work (Mvkm)  (Rep/Mvkm) (SEK/Mvkm)
Western Cable 105 514 0.20 2200

W-beam 207 2453 0.08 900
SouthEastern Cable 165 1403 0.12 3700

W-beam 15 190 0.08 2800

Not e: 1 SEK & 0.1 EUR

It is worth noting that no repairs were found in this study for the examined 41 kilometres
of concrete barriers. The limited numberrepairs may be explained by the fact that normal
collisions do not result in any damage to this kind of barrier. From a pure maintenance
perspective, the absence of repairs might indicate that concrete barriers can be the most cost
effective. Especially ahg urban road sections with a high traffic volume and a high risk for
collisions, concrete barriers may be the best alternative. As mentioned before, cable barriers
have to be repaired even after minor collisions because of its weaker constructiony-while
beam barriers often retain somegree of efficiency.

4.4.2 Effect of road type

The average repair costs per vehicle kilometre in the Central and the Western Regions are
higher for barriers along collisiefiee roads than for barriers along motorways arand

roads (Table 4.2). This difference is statistically significant at a less than 5% level of
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significance (Paper Ill, Appendix). The difference is mainly based on a higher repair rate along
collision-free roads. One explanation could be that road ba=dersy collisionfree roads are

more exposed to damage due to the relatively short distance between the barriers and the edge
of the traffic lane. Another explanation could be that the geometrical standard for motorways

is higher than that for collisiefree roads. The higher repair rate on collisfoze roads can

also be due to the fact that this type of road is mainly equipped with cable barriers with a high
repair rate as mentioned in the previous section.

In contrast with the Central and Western Reginrihe SouthEastern Region, the average
repair cost per vehicle kilometre is higher for barriers along motorways than along collision
free roads. This divergence might be due to the fact that the average cost per repair in the
SouthEastern Region is mhdigher along motorways than along collisivee roads (Table
4.2). Another underlying factor for this divergence could be that motorways in the- South
Eastern Region are mainly equipped with cable barriers, while motorways in the Western
Region and the éntral Region are mainly equipped withbeam barriers. As mentioned
before, the average repair cost per vehicle kilometre is higher for cable barriers than for w
beam barriers.

Table4.2 Barrier repairs andassociated costs for road median barriers along different road
types, regardless of barrier type or speed limit

Number of
Numbel Annual repairs per Average Average repair
of traffic vehicle cost per cost per vehicle
damage work kilometre repair kilometre
Region Road type repairs (Mvkm)  (Rep/Mvkm) (SEK) (SEK/Mvkm)
Northern Collision-free roads 93 241 0.39 11200 4 300
4-Lane roads 4 33 0.12 6 800 800
Central Motorways 74 270 0.27 16 300 4500
Collision-free roads 235 555 0.42 14 200 6 000
4-Laneroads 19 78 0.24 17800 4 300
Western Motorways 315 2980 0.11 10 00 1100
Collision-free roads 60 199 0.30 11 200 3400
4-Lane roads 40 649 0.06 8 00 500
SouthEasternMotorways 180 1689 0.11 31 00 3400
Collision-free roads 142 700 0.21 10000 2 100

4.4.3 Effect of posted speed limit

Based on the results from the different regions, it is not possible to present a reliable
correlation describing how posted speed limits affect barrier repairs and the associated costs.
The differences in thaverage repair cost and the repair rate per vehicle kilometre between the
studied posted speed limits are not statistically significanta{Be > 0.45) (Paper Ill,
Appendix).

4.4.4 Seasonal effects

Table 4.3 shows that the number of barrier repairs is higher during winter than during summer
in all regions. This difference is highly significaptP e a r s esquéred statiatic=63.834 on

1 df) (Paper Ill, Appendix). The difference can be explainediénkness and road conditions

41



Road Design for Future Maintenanté.ife-cycle Cost Analyses for Road Barriers

in wintertime with slippery road surfaces and frequent snow removal activities, which lead to
higherbarriercollision risks

Table4.3 Barrier repairs and associated costs foadside and road median barriers during
different seasons, regardless of road type, barrier type and speed limit

Seasons
Summer Winter
15th April and 14th October 15th October 14th April

Number of Average cost pe Number of Average cost pe
Regions repairs % repair (SEK/Rep repairs % repair (SEK/Rep
Northern 36 32 13100 76 68 12200
Central 164 41 16 8@ 238 59 15 200
Western 286 42 11200 397 58 11 200
SouthEastern 160 38 23 300 262 62 21 2®

Table 4.3 alsshows that, to some extent, the average cost per repair is higher during
summer than winter in all regions. Barrier damage from collisions seems to be greater during
the summer. This is verified in Table 4.4, where the average number of replaced posts per
repair in all regions is higher during summer than during winter. An explanation may be that
lower speeds during winter, due to bad weather and road conditions, lead to lower impact
forces at collisions with less damage to the barriers. However, theediffein the repair costs
between the seasons is not statistically significant.

Table4.4 Average number of replaced posts for roadside and road median cable barriers,
regardless of road type and speed limit

One year Winter Summer
Average Average Average
Number replaced posts Number replaced poste Number replaced posts

Regions of repairs  perrepair  ofrepairc  perrepair of repairs  per repair
Northern 97 8.3 68 7.8 29 9.2
Central 341 9.6 218 8.5 123 11.4
Western 172 9.5 111 5.9 61 15
SouthEastern 348 9.5 218 8.2 130 11.7

4.4.5 Differences between the Regions

The repair costs per vehicle kilometre are higher in the Northern and Central Region than in
the Western and SoutBastern Region (Table 4.2), regardless of barrier and road type. This
difference is statistically significant {Palue = 0.0007) (Paper IllAppendix). The major
factor contributing to this difference is that the number of repairs per vehicle kilometre in the
Northern and Central Region is higher than in the Western and -Eastarn Region. The
difference is statistically significant {falue= 0.0001) (Paper Ill, Appendix). In other words,

the risk for barrier damage is higher in the Northern and Central Region than in the Western
and SoutkEastern Region, despite the fact that traffic intensity is much higher in the Western
and SoutkEasternRegion and repair policies are the same in all regions. The higher risk for
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barrier damage in the Northern and Central Region could, among other things, be due to the
long, cold, and snowy winters with slippery road conditions and, consequently, freqoent s
removal activities. This is confirmed by Table 4.4, where the number of barrier repairs is
higher during the winter than during the summer in all regions.

Differences in tendered and unit prices f@arrierrepairs between the regions are factors
contibuting to the differences in average cost per repair between the four regions. Higher
tender and unit prices in the Central and Northern Region indicate poor competition within the
road maintenance market.

Another factor contributing to a higher averaggair costs per vehicle kilometre in the
Northern and Central Region is that the majority of the roads in these regions are epésion
roads. As mentioned in section 4.4.2, the average repair cost per vehicle kilometre for barriers
installed along coision-free roads is higher than for barriers installed along motorways-and 4
lane roads (Table 4.2).

4.5 Conclusions and recommendations

Based on the results presented in ¢higly, the following conclusions can be drawn:

e The repair rates and the average irepast per vehicle kilometre for median cable barriers
are higher than for median-seam barriers, regardless of road type.

e From a purely repair cost perspective, the use of barriers with a stronger construction, such
as wbeam barriers, is more cost efiee for the road authorities. The repair rate for
median barriers along motorways can probably be almost halved by usiagrw barriers
instead of cable barriers.

e The repair rate and the average repair cost per vehicle kilometre for median barrigrs alon
collision-free roads are mostly higher than along motorwaysland roads. The risk for
barrier collisions along collisicfree roads is higher than along other road types probably
due to lower geometrical standards along collidfiee roads.

e From apure repair cost perspective, the use of barriers with stronger construction along
collision-free roads and roads with low geometrical standards will be cost effective for
road authorities, as the use of this barrier type will result in a reduced numtegraos
and lower repair costs.

e Based on the information available from this study, it is not possible to describe how speed
limits affect barrier repairs and the associated costs.

e The number of barrier repairs being higher during the winter than the suimmrobably
due to collisions caused by poor road conditions, slippery road surfaces, darkness and
damage caused by snow ploughs. However, barrier damage is greater during the summer
probably due to higher speeds.

¢ In the Northern and the Central regiprwhich are characterized by long and snowy
winters, the repair rate and the average repair cost per vehicle kilometre for median
barriers are higher than in the Western and S&attern regions.

e From a pure repair cost perspective, the use of barrighs avstronger construction in
regions with long snowy winter seasons will be cost effective for the road authorities, as
the number of barrier repairs will be reduced.
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A recommendation to use a specific barrier type must not only be based on maintenance
aspects. Several other important aspects need to be considered, e.g. investment costs and safety
performance. Such aspects together with the results presented in this chapter were used to
create a new approach to calculate and analyseyidfle costs foroad barriers. This approach
is described in Chapter 6.
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CHAPTER 5
ASSESSMENT OF INJURY RATES ASSOCCIATED
WITH BARRIER COLLISIONS

Costs for injuries associated with road barrier collisions are a considerable partsotithe
economiccosts. To estimate such costs for a particular barrier type, it is necessary to quantify
collision and injury risks associated with the barrier in question. Unfortunately, it is often
difficult to precisely quantify the injury risks associated with roadribr collisions because
information regarding collisions, traffic conditions and road barrier types is often unavailable.

This chapter presents a study aimed at quantifying and comparing the rate of injuries (i.e.,
number of injuries per vehicle kilonre) associated with collisions with different barrier
types. The injury rates obtained from this study were used to calculate the costs for injuries as
a part of the sooteconomical cost for road barriers. This study is unique in that barrier
performanceevaluations were based on actual collision data, consideration ofrstt
collision data and an injury classification made by Swedish healthcare services.

Estimation of injury risks associated with barrier collisions based on standard crash tests,
with the aim of evaluating barrier performance, was not used in this study. This was due to the
fact that impact conditions, redirection criteria and occupant response parameters in the current
crash tests are specified for rather unlikely crash scenariosx&msples, Thomson (1999)
mentioned ignorance of the effects of secondary collisigas postimpact collisions) the
choice of too small impact angels as well as conflicts between approaches predicting occupant
injury risks in crash tests and actuatriE performance.

5.1 Injury risks associated with barrier collisions and
influencing factors

In general, the use of road barriers is a very effective way to reduce road injuries and fatalities.
Installation of median cable barriers on 13 m wide roads redineedumber of fatal crashes

by almost 76% in Sweden during the period 193809 (Carlsson 2009)Fatal and disabling
crossmedian collisions on highways in Washington State were reduced by 75% on highways
by using median cable barriefRay et al. 2008)Another study showed that the number of
fatal collisions reported by police on Rh highways with roadside barriers was 50% less
than on roads without barrief®lartin et al. 2001)

Despite the effectiveness of reducing injuries, road barriers themselves may cause severe
or fatal injuries by inflicting severe impact forces on vehicleupants during a crash
(Insurance Institute for Highay Safety 2008; Road anfraffic Authority 2004; Stigson
2009) The severity of an impact into a road ba
angle and impact speed. Flexible systems, such as cable barriers, generally impose lower
impact brces upon vehicles than other systems, since more of the impact energy is dissipated
by deflection of the barrieffAASHTO 2006) Because the impact event occurs over a large
lateral distance, the time of the impulse event is extended. With flexible barriers, the risk of
pog-impact collisions has to be considered. Thomg®@99) showed that 65% of the cases
involving impacts with flexible barriers reiedin severe secondary collisions.
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Impact speed is another factor affecting impact severity. Accordirgjrtgelton et al.

(2004) the injury risk is proportional to impact speed. It has been shown that a higher posted
speed is associated with higher crash sevéYitienius 2009)

The severity of a barrier impact also depends on the impact angel. Based-swmalaull
barier crash tests, a study showed that the impact severity increased when the impact angel
increased from 20° to 45CYdenius 201Q) The most significant increase in injury risk
occurredwith concrete barriers. Based on this result, flexible or segiui barrier systems
showed potential for reducing injury severity. It is worth noting that Ydenius did not consider
the risk for severe injuries due to secondary collisi@ryden and Fortuniewicz (1986)
showed that 25% ofdrier collisions resulted in secondary collisions causing severe injuries.

It has also been reported that 25% of all road median barrier collisions involve more than one
collision and that severity increases with the number of colligigiak et al. 1986)Secondary
collisions have been reported as the cause of more severe injuries than the initial impact with
road barrier{dRay et al. 1986; Ray et al. 1987)

Furthermore, choosing a 45° impact angyeYdeniusas an initial barrier impact angle in
barrier crash tests is to some extent unrealistic. A reconstruction of 81 accidents on European
roads showed that 90% of the cases had an exit angle belowe2(the angle between the
barrier and the travel line of the vehicle after agriercollision) (Thomson et al. 20060n a
straight road with a drrier parallel to the edge line, the exit angle and the impact angle are
almost equal. A factor affecting the impact angle is the lateral distance between the barrier and
the edge line of the carriageway. The possible impact angle increases if a ldagar la
distance is available for the vehicle to trag&lomson et al. 2006)

The lateral distance between the road barrier and edge line cdittigeway also affects
the risk of posimpact ovet/underrides which in turn affects barrier collision severity
(Marzougui and McGinnis 2010)

5.2 Method

The analyses in this study were based on documented data associated with actual road barrier
collisionsfor the period 2002008 in Sweden. The road segments studied included 640 km of
road E4, located betwreHelsingborg and Knivsta, and 346 km of road E6, located between
Rabbalshede and Vellinge.

The best way to compare road barrier performance is to use documented barrier collision
data to calculate collision rates as described in NCHRP Repo(R4§0et al. 2003)Collision
rates are calculated by determining the number of collisions in a particular category and
dividing it by the traffic work (i.e. vehicle kilometres travelled) along tbad segment. In the
present study, the analysis was based on the injury rates calculated by dividing the number of
injuries in a specific injury category, by the traffic work during a four year period for the road
segment equipped with a specific bartigoe using the following equations:

NI,
Rl = =2

TATW, GEY
TATW, = AADT, . BL,, . NY. 365 (5.2)
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where
RI = Injury rate measured in number of injuries per vehicle kilometre.
NI = Number of injuries.
bt= Barrier type.
i =ISSinterval.
TATW= Totaltraffic work3.
AADT = Average annual daily traffic.
BL = Barrier length.
NY =Number of the yearcovered in the study

The lengths of barriers along the studied roads were measurseite amsing a vehicle
mounted digital distance meter, a Coraliipmetef. This was necessary because records of
the lengths of median barriers were limited and records for roadside barriers were unavailable.
Information regarding AADT was obtained from a wedsed database called AABVTap
containing information aboutaffic volume on Swedish roads. Collision data, such as location
of the collision, posted speed, injury type, barrier type, cause of collision etc., was obtained
from the Swedish Traffic Accident Data Acquisition (STRADA). In this data base, the injuries
are classified either by the police or health care personal or by both. The police classify the
injuries into four categories esite: Fatal, severe, mild and no inj&rié¢i.e., only property
damage).

Healthcare services classify injuries according tadnjSeverity Score Codes (ISS) into
five ISSintervals: 0 (unhurt),-B (mild injury), 48 (moderate injury),445 (severe injury) and
16 or higher (very severe or fatal injury).

Traffic safety analyses in Sweden are often based on accidents reported jglide
because the number of accidents reported by healthcare services is limited due to the limited
number of healthcare services connected to STRADA. It is-kmellvn that injury
classifications made by the police are less accurate than classificaidoiesby the healthcare
services, as the police have neither the qualifications nor the required tools to make diagnoses
on-site. To minimize the possible effect of this divergence on this study, the injury
classification made by healthcare services wasl s a basis for analyses. Furthermore, the
number of injuries in different categories reported only by the police was converted to the
number of injuries in 1ISSntervals. This result was used in equation 5.1 to calculate tingy inj
rate for each IS$terval.

For the statistical analysis, a method called Poisson regression analysis was used. Details
about the statistical analysis can be found in paper IV.

5.3 Result s

In STRADA, 1019 barrier collisions, involving 1529 persons, were found along the studied
roadsduring the period 2062008 (Table5.1). Among thecollisionsstudied, 330 collisions,
involving 495 persons, were reported both by police and healthcare services.

The results showed an oveassification of injury severity made by the police in Sweden.
For example, among the injuries classified as sever¢hbeypolice only 15% were in fact
injuries with 1SS O 9. The number of ifqjuries
intervals and summarized with the number of injuries reported by healthcare services for the
same ISSntervals Table5.2). Detail about this conversion can be found in paper IV.
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Table5.1 Data regarding the studied barriers andmber of injured persons associated with
barrier collisions for the period 2008008

Injury Classification Injury Classification made by the

made by the Police Healthcare (ISSntervals)

g g g8 _8

Barrier o3 25 33 £5 P

Barrier  Length Traffic work £ 25 o0& uLE © & ¥ o =
Type (km) (100 Mvkm) Number of injuries
W-beam 1439 321.38 73 476 96 11 73 226 30 5 13
Cable 1027 137.78 33 406 22 4 112 173 14 7 6
Corcrete 117 41.57 12 67 9 0 4 41 1 1 0
Pipe 87 25.99 9 59 15 0 5 17 2 2 0
Sum 2670 526.74 127 1008 142 15 194 457 47 15 19

Table5.2 Number of injured persons associated with barrier salns reported both by police
and healthcare services after conversion to-ir88rvals

ISS-interval
Barrier Type 0 1-3 4-8 9-15 16-
W-beam 174 498 61 16 17
Cable 175 346 30 12 8
Concrete 18 e 4 2 0
Pipe 20 59 7 4 1
Sum 387 979 103 34 26

For injuries with ISS> 1, a likelihood ratio test showed that the differences in injury rates
between the barrier types were significant at 95% confidence int€wali{e< 0.001) (Table
5.3). The results also showed significant differences betweerinfney rates for different
posted speed limits at 95% confidence interPavdlue< 0.001). The highest injury rate was
found on roads with speed limit of 90 km/hr (Table 5.3).

Table5.3 Injury rates and confidence intervals for injuries associated with barrier collisions

Il njuries w Injuries w Injuries w
. 95% 95% 95%
Injur;/ confidence Injury  confidence Injury  confidence
rate interval rate interval rate interval
Barrier type
W-beam 2.09 1.77-2.47 0.29 0.21-0.39 0.11 0.07-0.17
Cable 3.82 3.10- 4.69 0.41 0.27-0.60 0.19 0.11-0.31
Concrete 1.75 1.22-2.52 0.14 0.06-0.32 0.04 0.01-0.15
Pipe 2.44 1.59-3.72 0.39 0.19-0.81 0.07 0.02-0.31
Posted speed limits
70 2.83 2.217 3.62 0.29 0.18-0.47 0.09 0.036- 0.21
90 3.63 2.75-4.77 0.53 0.33-0.85 0.17 0.075- 0.39
110 1.80 1.48-2.20 0.25 0.18-0.36 0.07 0.035-0.13
120 1.84 1.187 2.88 0.17 0.07-0.43 0.08 0.021- 0.29

%The injury rates are presented in number of injuries per 100 million vehicle kilometre
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For injuries with ISS> 4, the differences in injury rates between the barrier types were also
statistically significant at 95%confidence interval R-value=0.041) (Table 5.3).The
differences in injury rates between different posted speed limits were also significant at 95%
confidence intervalR-value= 0.013). The highest injury rate was found on roads with speed
limit of 90 km/hr(Table 5.3)

For injuries with 1ISS> 9, the statistical analysis for the differences in injury rates between
barrier types and posted speed limits were not statistically signifiearalje= 0.208)(Table
5.3). The limited number of barrier injuriegith ISS> 9 gave a poor statistical basis.

5.4 Discussion

5.4.1 Effect of barrier types

The results show that the rate of injuries with 5§ and 1SS> 4 was higher due to collisions
with cable barriers than with other barrier types (Table 5.3). The secontiatturt highest
injury rate were associated with pipe anebeam barrier collisions, respectively. The lowest
injury rate was observedif concrete barriers collision.

As an explanation, for the high rate of injuries due to collision with pipe barries, i
worth noting that 70% of the pipe barrier collisions presented in this study were collisions with
pipe barriers installed along highway bridges in urban regions with high traffic density, several
connecting roads, and, consequently, a higher riskbforier collisions and podinpact
collisions. Furthermore, pipe barriers along bridges are distinguished by a strong construction
due to its solid posts and additional longitudinal beams. Even though this type of pipe barrier
constituted only 34% of thetal studied pipe barrier length, collisions with them resulted in
75% of the injuries reported. It is also known that the {bipams often do not interact during
the impact event due to a weak connection between them. The lowdrgaipeoften falls to
the ground during the impact (Lennart Wahlund, persopatrmaunication, 25 Oct. 2010).
Thesefacts might, to some extent, explain the high injury rate associated with pipe barrier
collisions.

To find more explanations for the differences in injury rdiesveen the studied barrier
types, several pod$mpact events were studied. As for any automobile accident, barrier
collisions are divided into three phases: -Pnpact, impact and po$nhpact. Posimpact
events include all events that can occur durirg gbstimpact phase. It should be observed
that one or several events can occur during the-ipgsct phase. In this study the following
postimpact events have been studied:

e Postimpact collisions, where the vehicle after the initial barrier collisiamashes into

other vehicles, barriers or other obstacles,

e Redirection of vehicles, where the vehicle has crossed more than one lane after the initial
barrier collision,

e Postimpact over/underrides, where the vehicle rides over or under a barrier; and

e Postimpact rollovers, where the vehicle turns over after the initial barrier collision or
after a post impact collision.

Postimpact collisions: The rates of barrier collisions resulting in paapact collisions were
to some extend higher on roads equipp#ith cable barriers and pipe barrier than with the
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other barrier types (Table 5.4). This could be a possible explanation for the differences in the

injury rates between the barrier types. As mentioned beforejmpatt collisionscause more
severe injuies than the initial impact with road barri€Reay et al. 1986; Ray et al. 198T)is

also known that severity increases with the number of colligidiak etal. 1986)

The high rate of postpactcollisionsalong roads equipped witbable barries could be

due tothe fact that median cable barriers in Swedenoéten placedat the centre of the road

median. With this placement barrier collisions will occur with large impact angleand,
consequentlylarge exit angles. Largexit angles normally increase the risk for pispact
collisions. On the other hand,-meam and concrete barriers are ofiestalledvery clo® to

the edge line ofhe carriageway. Thigvay of placement contributes to small impact angles,

and, consequently, small exit angl&slenius (2010) confirmed that the exit angles increased
drastically for semrigid and flexible barriers when impact angles increased front®2@%°,
while it remained alrast the same for rigid systems.

Redirection of vehicle: After a barrier collision, the vehicle involved is almost always
redirected. However, redirection occurs at different angels and along different lateral distances.
In this study, the analysis of vehicle redirection events focused on barrier collisions where the
vehicle involved crossed over more than one lane after being redirected back into traffic. This
is because the longer the lateral distance, the higher the risthfarposimpact events.
Table 5.4 shows that the rate of barrier collisions, where the vehicles after impact crossed

more than one lane, was highest on roads with cable and pipe barriers. This indicates that the
vehicle travelled a long lateral distancefter impact with cable or pipe barriers. This
contributes to an increased risk for pespact collisions.

Table5.4 Postimpact events occurred immediately after the first impact

Barrier Barrier collisions Barrier Barrier
collisions where the collided collisions collisions
whichresultec vehicle crossed resulting in post resulting in
in postimpact more than one impact ove#/ postimpact
collisions lane underrides roll-over
‘B N N N—
52 c 22 c o2 ¢ o2 2
23 8 23 3 23 B 23 3
L Ve ) ] ) ] ] ]
Barier £33 g ES S¢ ES S Es 3¢
T Zz0 O @ Zz O o g Z0 OGS Z0 O =
ype
W-beam 45 0.14 94 0.29 7 0.04 48 0.15
Cable 25 0.18 73 0.50 19 0.14 47 0.34
Concrete 6 0.15 18 0.38 0 0 2 0.05
. b
Pipe 4 0.17 12 0.46 - - 4 0.15
& Collision rates are presented in number of collisions per 100 million vehicle kilometre
b Pipe barriers did not exist as road median barriers along the studied road.
A combination of the cable barrierods

fl

exi

behaviour might be an explanation for long lateral travel distances. Unlike other barrier types,
cable barriers generally impose low impact forces on vehiclesubedhe impact, energy is
dissipated by barrier deflectioffPASHTO 2006) It is therefore possible that the steering
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systems often remain undamaged after a cable barrier collision. This allows the driver to
instinctively redirect the vehicle back into traffic after the intpaable elasticity could
impose an additional force, propellitige vehicle back into traffic. Consequently, the risk of
postimpact collisions and po#tpact roltovers will increase.

In collisions with rigid or semiigid barriers, deflection and elésty is limited and
vehicle damage is usually so extensive that the drivers cannot steer the vehicle after the impact
and the vehicle will only travel a short distance. This could explain the low rate efruzstt
events caused by concrete aneb®am baiers (Table 5.4). Unfortunately, no scientific
research confirming this has been found.

Post impact over-/under-rides: The collision rate for vehicles ending up in the opposite
traffic lanes, due to oveunderrides, was highest for cable barriers ([€ab.4). This high rate

of over/underrides could be an explanation for the high injury rate observed on roads
equipped with cable barriers.

One explanation for # high rate of ovefunderrides observedon roads equipped with
cable barriergould bethe placement otable barriersAs mentioned before, cable barrigrs
Sweden are placedlt the centre of the road median, whilebe@am and concrete barriers are
placed close to the edge line of the carriageway. Consequibietimpact anglesvill be larger
on roads equipped with cable barrier than on roads equipped wltbam and concrete
barriers A combination of high speed and large impaglemightincrease the risfor over
/underrides

Accordingto Marzougui and McGinni§2010), placement of barrierat the road meidn
centre or close to ihcreases the risk for ovéunderrides (Figure 5.1)Anotherdisadvantage
of the placement of barrieiat the centre of the road median is that the snow heaps on the
edges increase the risk for ow@tes bydecreasing therequired height of median barriers
(figure 5.2) Several inciderstof this type wereobserved in Sweden during tlastyears

It is also worth noting that leeam barriers in Sweden are often installed on both sides of
the road median. This double installation reduces the risk of the errant vehicle crossing the
road median. Ovelunderrides due to collisions with concrete barriers were not found in this
study. It is worth noting that heavy trucks were not involved in any of thermles.

Postimpact roll-overs: The highest rate of pegtpact rollovers occurred in collisions with
cabk barriers (Table 5.4). This high rate of rollers could partly be explained by the high
rate of posimpact ovesrides for cable barriers. The instinctive reaction of the drivers to
redirect the vehicle after the impact might also increase the ris&lfayvers.

5.4.2 Effect of posted speed limits

The injury rate associated with barrier collisions, with3SISand 1SS> 4 respectively was
higher on roads with speed limits of 70 and 90 km/hr than roads with speed limits of 110 and
120 km/hr. This result is inontrast to previous studies which showed that the injury risk was
proportional to impact speg@ingelton et al. 2004)To explain this divergence, it is worth
noting that the roads with speed limits of 110 and 120 km/hr investigated in this study were
mainly rural roadswith high geometrical standard, such as smooth alignment, and good
visibility. Whereas, roads with posted speed limits of 70 and 90 km/hr were mainly urban
roads with high traffic density, several connecting roads and, consequently, a higher collision
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risk, as mentioned in Chapter 4. The effect of posted speed limits on injury rates for each
specific barrier type could not be investigated because separating data in this way gave an
insignificant basis for statistical analysis.

" 6:1 Slope - 24 ft Median

40 Vehicle Travel Near-side region Far-side region
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Figure 5.1 Vehicledynamicsanalysismade by Marzougui and McGinn(@010)explairing
the relation between barrier placement afek for over/underrides

—

Figure 5.2 An override incident in Sweden where the road median barrier has lost its
function mainly due to the snow heaps
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5.4.3 Limitation and strength of the study

The high injury rate for cable barriers found in the present study is in contrast to the results of
previous studies and the good reputation that cable barrierstRAEHTO 2006; Ray et al.

2008; Ydenius 2010)This divergenceould be due to the use of injury classifications made by
healthcare services and the consideration of injuries associated witimpast events in the
present study

The effect of norreported traffic accidents on the accuracy of traffic safety analyses
well-known issue(Amoros et al. 2005; Elvik and Mysen 1999 study of the barrier
collisions and barrier repairs on the roads studied in 2006 showed that the number of reported
barrier collisions in STRADA was only 131% of the number of reported barrier repairs,
depending on the geographical region. The rate of reporting is usually highest for accidents
involving fatal injuries, and lowest for accidents involving only property danjageros et
al. 2005) and, therefore, collisions with ISS = 0 were not considered in the analysis in this
study.

Each barrier type examined in this study exists in mangreifft designs. Even though this
variation might affect the results, it was not considered in the study as segregation of variants
would give an insignificant basis for statistical analyses. Collisions with more than one barrier
type were excluded in thigugly as it was hard to conclude which barrier type contributed to
the injuries.

5.5 Conclusions and recommendations

Based on the results presented in this chapter, the following conclusions can be drawn:

e The rate of injuries associated with barrier collisidnsSwedenis highe on roads
equipped withcable barriershan on roads equipped withe other barrier types studied.

e The rate of barrier collisions resaly in postimpact collisions, overides, roltovers and
collisions, where the vehicle crossed more than one lane after the initial barrier caflision,
higher on roads equipped with cable barriers than on roads equipped with other barrier
types. This highrate of posimpact eventson roads equipped with cable barrigss
probably due to the placement of cable barriers and their mechanical properties.

e The result of this study contrasts with previous evaluations, which indicated a higher
performance levefor cable barriers compared to other barrier types. This divergence
might be explained by the use of actual documented collision data, consideration of
injuries associated with peshpact events, and use of injury classifications made by
healthcare servés in this study.

e The injury rate associated with barrier collisions is higher on roads with speed limits of
70and 90 km/hr than on roads with speed limits of 110 and 120 km/hr.

In order to reevaluate the Swedish guidelines for placement of the mediarets, SRA
is recommended to investigate the high rate of -dwederrides and rollovers due to
collisions with cable barriers. SRA is also encouraged to use the injury classification system
used by healthcare services for future barrier performaradeaions and other traffic safety
analyses. For this reason, reporting injuries by healthcare servicasnationwide level is
required.
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Injury rates obtained in this study will be used in the next chapter to calculate accident
costs as a part of a lifgycle cost analysis for barriers.
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CHAPTER 6
LIFE -CYCLE COST ANALYSES FOR ROAD BARRIERS

Beside the criteria mentioned $ection 4.1, tle initial cost for road barriers is a crucial factor
affecting the selection of barrier type. When choosing between two barrier types, both
fuffilling the same performance requirements, designers usually select the one with a lower
initial cost. Lifecycle costs for barriers are seldom considered when selecting barrier types.
This fact could be due to limited informati@egardingmaintenance costs which obstruct an
adequate consideration of maintenance aspects during the road planning and design process, as
mentioned in Chapter 2. Another problem regarding calculatingcyifde costs when
selecting road barriers, is the limitedformation available regarding costs for injuries
associated with barrier collisions.

This chapter presents a study aimed at implementing and evaluating an approach for
analysing lifecycle costs for road barriers based on results presented in Chaptel$ 4

6.1 Method

The presented approach for analysis ofdifele costs for road barriers is based on a method
c a | ILilegycldicosing: using activitybased costing and Monte Carlo methods to manage
future costs and risks(Emblemsvag 2003)For the present study, the method was modified
for application within the roathfrastructure sector through minor changes in some steps and
exclusion of others. T®study focused on Swedish conditions. To evaluate the presented
approach for lifecycle costanalysis, a 100 km long road section wéth AADT of 15000
vehicles was che&n along Road 45 in western Sweden. The road was in the planning and
design process and designed as a-kaoe road with a 1.5 meter wide, unpaved road median
with a road barrier. The analyses were focused on road median barriers inclub@smwv
barriers cable barriers, and concrete barriers. dpproactconsisted of the following steps:

Step 1: Defining the scope of the approach, cost objects and cost
components
In this step the scope of the approach was identified. This began by identifying the
corresponding cost objects and cost components. The cost objects were specific barrier types.
For each cost object, the cost components were investment, maintenansegies@donomic
costs.

The length of the lifecycle and the discount rate were also decidetthis step. Th life-
cycle for road equipment i ncluding road barriers, is 30
(Vagverket 2008b)A discount rate of 4%, which icommended for all calculations in SRA,
was used to discount all costs during the-¢fele to the first year of the barrier service life,
which was 2009. The project descriptions for the chosen road segment were used to identify
the traffic volume, thenumber of lanes, the length and placement of barrier and other
circumstances.

Step 2: Identifying the activities
Each cost component was broken down into costs for the activities which geiterate
Investment costs were broken down into cost for desigguisition and installation activities
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for barriers, barrier reflectors and earth supports/barrier ends. Maintenance costs were broken
down into costs for maintenance activities, such as barrier repair, tension adjustment of cable
barriers, reflector cledng, scavenging earth supports and sweeping away settled sand and
wastes along the paved road median. Fin#lg socioeconomiccosts were broken down into

costs for fatalities and injuries due to barrier collisions and traffic delay costs due to barrie
collisions and maintenance activities.

Step 3: Identifying and quantifying the activity cost drivers

The cost drivers, such as machinery, man power, material, length of road, traffic volume,
activity duration, rate of activity recurrence, etc., werenified and quantified in order to
trace how cost drivers affect activity costs, cost components and cost objects. (Paper V,
Appendix 1).

Step 4: Identifying the relation between cost drivers and activity

costs

The relationships between activity costs amust drivers were identified. The relationships
were presented as mathematical functions in order to describe the influence of the cost drivers
on activity costs, cost components and cost objects (Paper V, Appendix 2).

Step 5: Estimating the cost componen ts for cost objects

The cost for each activity for each year of
equationsnentionedn Step 4. These annual costs were discounted to the present viilee of

first year of the service life, namejear 200®, and summarized to obtain the total cost for the
activity during the service life. The costs for these activities were summarized to obtain the
total cost for each cost component identified in Step 1. Furthermore, the cost components were
summarized to ehate the lifecycle cost for each cost object (i.e., barrier type).

Step 6: Modelling the uncertainties and running the Monte Carlo

simulation

In this step uncertainties in the cost driver values were considered in the approach in order to
reduce the future risks, as risks and uncertainties are closely lifftablemsvég 2003;
Markeset and Kumar 2001For the presented lifeycle analyses approach, a Monte Carlo
simulation was used to model uncertainties in order to reduce risks. This method is defined as
the use of random sampling to treat problems, wdretti a deterministic or probabilistic sort
(Rubinstein 2008)

Modelling uncertainties started by selecting an uncertainty distribution for each cost driver
(Paper V, Appendix 1). A normal or lognormal distribution was selected &rdrivers with
rather certain mean values or when data was available to derive an adequate distribution. A
triangular distribution was chosen for cost drivers, which were suspected of having a normal
distribution but still had a rather large amount of entainty. A uniform distribution was
chosen for cost drivers which were highly uncertain and had virtually no expected values. The
uncertainty distributions were saved in a MS E%sqdreadsheet.

After modelling the uncertainty, the Monte Carlo simulatimas run with 100 000
iterations to get a satisfactory level of confidence for the statistical analyses. A software
programme called@RISK 5.5.?, created in MS Exc@l was used for the Monte Carlo
simulations. The results were presented in a frequencyt, chlaowing the uncertainty
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distribution of the lifecycle coss$, and sensitivity charts for further analyses. The sensitivity
charts were generated measuring the statistical response of thgcléecost, given the
uncertainty in the cost drivers. Thesppnse was measured using the rank correlation method
(Kendall 1962)

Step 7: Performing relevant analyses
In this step, an uncertainty analysis was conducted to ensure that, after all uncertain elements
being included in Step 6, the barrier type which generated the lowesydile cost was still
the best alternative. For this analysis, the frequency chart was used

The sensitivity charts created in Step 6 were studied to identify cost drivers with a marked
influence on lifecycle costs. These cost drivers were further analys&tep 8.

Step 8: Managing life -cycle cost

The aim of this step was to examine the possibility of further optimising the alternative with
the lowest lifecycle cost. For example, through possible design changes or using a more
efficient method to performactivities the cost drivers could béfected in such a way that the
life-cycle costswill be reducedIn this step, focus was on those cost drivers which, according
to the sensitivity charts, have a considerable effect on theyld& cost. For the stlied road,

this step is further described in section 6.2.3.

6.2 Result s

6.2.1 Life -cycle cost
The calculation results show that concrete barriers generate the lowesyclée cost
compared to cable and-beam barriersTable 6.1). This result is mainly due to the fact that
concrete barriers generate the lowest maintenanceaamimeconomiccosts among the barrier
types studied. The underlying factor foristhis that concrete barriers require limited
maintenance, which in turn results in limited traffic disturbances and, consequently, lower
socioeconomic costs. However, concrete barriers generate the highest investment cost
compared to other barrier types.

It is also worth noting thatable barriergenerate the highest lifgycle costdespite the
low investment cost. This high lifeycle cost isdue to higher maintenance asdcio
economiccosts.

6.2.2 Uncertainty and sensitivity analyses

Considering theuncertainties, the frequency chart shows thatclfele costs for concrete
barriers are still lower than for the other barrier types studigglife 6.1). Concrete barriers,
with a lower mean value for lifeycle cost and a distribution closer to the mean value, are
therefore more advantageous thabv@am and cable barriers.
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Table6.1 Life-cyclecoss for the studied barriers during 30 years

Barrier types

Cost componentsActivities Concrete W-beam Cable
Investment costs Design 5 5 5
(1000 SEK) Barrier acquisition and installation 98 013 45192 19 231
Reflector acquisition and installation 251 290 290
Acquisition and installation for earth supports/end 2615 140 1800
terminals
Sum 100885 45628 21326
Maintenance cosi Barrier repair 11 082 27 534
(1000 SEK) Reflector cleaning 4492 4492 4492
Tension adjustment 1778
Sweeping 1480
Earth support flushing 1728
Sum 5972 15575 35532
Socio-economic Traffic delay cost: barrier repair 1216 2734
costs (1000 SEK) Traffic delay cost: reflector cleaning 2848 2848 2848
Traffic delay cost: tension adjustment 1086
Traffic delay cost: sweeping 470
Traffic delay cost: earth support flushing 1661
Traffic delay cost: fatal collisions 377 738 691
Traffic delay cost: severe collisions 754 675 1021
Traffic delay cost: collisions involving mild injuries 702 604 952
Traffic delay cost: collisions involving property dama 89 122 303
Cost for fatal injuries 64749 126800 118706
Cost for severe injuries 2 406 2155 3258
Cost for mild injuries 36 440 31365 49 404
Cost for property damage 325 447 1105
Sum 109159 166 971 183769
Life-cycle costs during 30 years (1000 SEK) 216 016 228173 240 627

Not e: 1 SEK a 0.1 EUR
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Figure 6.1 Frequency chart describing the distribution of {ifgcle costs for studied barriger
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The sensitivity chartshow several cost drivers, which considerably affect thecifde
costs (Figures 6:B.4). The larger the rank correlation coefficient, the greater the influence on
life-cycle costs. A positive correlation coefficient in this case indicates that thdra@sthas
an increasing effect on the lifgycle costs (i.e., any increase in the value of the cost driver
results in increased lifeycle costs). Cost drivers with a rank correlation coefficient higher
than 0.05 or lower thas0.05, were chosen for fumer studies, as only those cost drivers have
substantial influence on Ifeycle costs. Since sensitivity charts are generated using statistical
information, random errors occur. These errors are negligible for cost drivers with a rank
correlation coeffia@nt higher than 0.05 or lower thah05.

Barrier acquisition and installation costs 0.60]

[
AADT [ 0.53]
Speed past barrier collision sites: mild injuries -0.22
Collision rate: fatal injuries
Cost for one fatal injury
Time required for cleaning one reflector
Road segment length with reduced speed: barrier collision
Cost for one mild injury
Collision rate: mild injuries b
Posted speed limit [o.os
Cost for one TMA-truck: reflector cleaning [[o.o
Reduced speed: reflector cleaning -0.03|:|
Speed past barrier collision sites: property damages -0.03|:|
Time required for sweeping of one km road |:|0.03
Cost for one service vehicle: reflector cleaning |:|0.02
Proportion of private cars |:|0.02
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Figure 6.2 Sensitivity chart for cost drivers affecting liégcle costs for concrete barriers

Correlation coefficients measured by rank correlation

Figure 6.3 Sensitivity chart for cost drivers affecting fidgcle costs for vbeam barriers

59































































