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Abstract. Today barrier types are frequently selected for their price with
little regard for the total costs the structure will incur over its lifetime. One
of'the basic tools designed to manage road infrastructure is the life cycle cost
method (LCC, Life cycle cost). It sums up the costs to plan, design, build,
operate (use and maintain) and decommission a road structure. Having
developed dynamically at the turn of the century the method is now widely
applied in a number of industries including traffic engineering. Today,
depending on data availability and calculation complexity, two groups of life
cycle assessments are distinguished: analytical and parametric.
Unfortunately, each comes with some limitations and the search for a new
universal life cycle cost calculation method continues. The authors propose
their own general concept of a method for estimating the life cycle costs of
road safety barriers. The article presents a multi-stage process to build the
method which is based on international experience and real test site data.

1 Introduction

Construction works including safety barriers, must be designed and built in such a way that
they will stay durable and useable during their entire life cycle [1]. In practice decisions to
buy a specific type of safety barrier are based on construction costs. When barriers are
designed and selected, the costs to be borne by users and road infrastructure managers for
maintenance and operation over extended periods (30 - 50 years) are often overlooked. Safety
barrier crashes are frequent with more than 2% of collisions in Poland involving vehicles
hitting a barrier as study results show. Based on this it is estimated that the costs to replace
damaged parts of barriers during their working life (maintenance, repairs, replacement,
modernisation, maintaining proper safety standards) exceed the construction costs
significantly [2]. As a result, methods and solutions are investigated to improve cost
effectiveness and reduce the costs of maintenance and use of existing roads and road safety
devices. One tool that can help to manage and plan infrastructure optimally is the life cycle
cost method, the LCC. Already a widely applied method in road infrastructure management,
in the future it can prove to be the basic tool for investment decisions. As a consequence,
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road authorities are encouraged to use the LCC analysis, e.g. when conducting public tenders
because the life cycle cost of a structure is a recommended parameter for selecting road
design alternatives and evaluating bids [3].

The research project LifeRoSE includes the task “Studying the effects of durability and
functionality on safety and life cycle costs of road safety devices”. Part of the task is to
develop a method for assessing the life cycle costs of safety barriers and other road safety
devices.

2 Development of methods for assessing life cycle costs

The life cycle cost assessment was first conducted in the United States in the late 1960s for
military purposes. In 1983 US Navy published a handbook [4] on how the life cycle cost
analysis method should be used in managing Navy resources. With the handbook giving it a
good start, the LCC developed dynamically in other industries, primarily in aviation, power
sector, chemical industry and rail [5]. With time the method proved useful for assessing the
costs of road infrastructure life cycle for a variety of structures, durability and service life
[2,6,7].

The theoretical basis for integrated product life cycle management is comprised of
selected theories, concepts and methods, and in particular: system theory and engineering
[8], [9] concept of sustainable development [10], concept of life cycle thinking [11], risk
management methods [12,13], value-based management [14], reliability and functionality
management [15].

Life cycle thinking (LCT) includes two groups of actions: life cycle management (LCM)
and life cycle assessment comprising partial assessments:

- environmental life cycle assessment (E-LCA),

- social life cycle assessment (S-LCA),

- life cycle cost assessment (LCCA).

Different types of assets are assessed with different life cycle cost assessment methods,
LCC. The life cycle costs of an asset are the estimated costs borne throughout an asset’s life
cycle from planning and design, through construction or purchase, operation over the years
until decommissioning. The LCC life cycle cost assessment method is a general method
which helps to: specify and compare the particular elements of asset costs and compare
construction alternatives and product alternatives, etc. LCC life cycle cost assessment
methods can be divided into two groups: analytical and parametric (practical) methods [2].

Analytical methods are used to assess the outcomes of decisions from the scientific
perspective. This approach includes a set of analytical tools to help with decision-making.
They are: check lists, computer simulations, set of mathematical models (e.g. accident
models, delay models).

Developed by governments and company boards parametric methods include simplified
qualitative procedures for assessing costs and are frequently presented as guidelines. These
methods work well in strategic analyses where a high accuracy of cost estimation is not
required. Both approaches come with certain limitations. They may be the following:

- on the one hand, if not all of the components of a road asset’s life cycle costs are included,
it is likely that the cheapest option will be selected and as such generate high operating
and maintenance costs,

- on the other hand, if conducted poorly, LCC analysis may suggest that a more expensive
option should be selected putting the investor’s budget at risk; this is because contractors
rise to the occasion and try to sell the most expensive solution on the promise of a long
life cycle which cannot be verified because the method is not robust enough [16].

As a result, new scientific methods are investigated with the aim of producing practical
solutions [17].
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In highway engineering LCC is a basic element of a set of methods for road infrastructure
management, i.e. Road Asset Management [18], [19]. The method is also applied to bridges
(whose life cycle is up to 100 years) [6]. It is used for selecting road surfaces (a life cycle of
30 years) [7]. In recent years, LCC has been used in other fields of highway engineering, e.g.
to help select types of safety barriers. Life cycle cost analysis has been used to assess safety
barrier life cycle in the United Kingdom, Sweden and the US [2], [20], [21].

In the United Kingdom, commissioned by the Highway Agency, the TRL developed a
method for analysing the life cycle costs of safety barriers to help with barrier selection [20].
The Whole Life Cost (WLC) method was used under the following assumptions:

- the service life of concrete barriers was calculated at 50 years and 25 for metal barriers
assuming that they will be replaced after that period; the service life of safety barriers is
influenced by the following factors: type of safety barrier, quality of materials,
manufacture and installation of barriers, in-use conditions (traffic volume and
composition, vehicle speeds), the external environment and maintenance conditions.

- four stages are distinguished in barrier service life: initial installation (construction),
maintenance, repairs (after a vehicle has crashed into a barrier), removal (barrier end of
life); because each stage is vital and may substantially influence the costs, the analysis
should report them to be able to watch the particular barrier service life phases and
respond as appropriate.

— seven types of costs were analysed related to: safety, barrier installation, general
maintenance, repairs, removal, traffic management and traffic delays; many of the cost
components were excluded from whole life costing because they are either too site-
specific or too complicated (e.g. costs of damage to objects which the barriers protected,
costs of complete road closure to remove a vehicle).

In Sweden the Swedish Road Agency (SRA) developed a detailed method for assessing
the life cycle costs of road structures with a special focus on safety barriers. The methods
used included the analytical approach with multi-stage models for identifying and estimating
components of fixed and variable costs, the Monte Carlo method for analysing uncertainty
and risk analysis and assessment for cost management. For practical purposes (mainly for
strategic analyses) a parametric simplified method was developed. The method for cost
assessment and analysis consisted of several steps: defining the objective of analysis, the
approach and cost components; identifying components of safety barrier life cycle,
identifying cost components (including investment costs, maintenance costs and user social
costs), developing models for assessing the individual cost components and validating the
method. The method was used to analyse life cycle costs and compare different types of
safety barriers [2].

Elements of LCC were also used to assess cable median barriers and three most popular
types of concrete median barriers in Texas. Cost data were collected and compared as regards
the installation, repairs and maintenance (recurring costs) of barriers. When assessing
recurring costs, the frequency of crashes and road surface condition in different regions were
considered. Eventually, an LCC comparative analysis was made for a 5 mile section (app. 8
km) under the following assumptions:

- barrier service life is 15 years,

discount rate at 5%,
recurring costs of cable barriers: $/4250mile/year,

- recurring costs of concrete barriers: $/250/mile/year.

With this number of simplifications and two categories of costs, the US method is
relatively simple to use [21].
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3 Developing a method for life cycle cost assessment

A multi-stage process was adopted for developing an LCC life cycle cost assessment method
for safety barriers:
Identify the need for the method
Assumptions
Develop a general concept of a cost assessment method
Build a database with costs of barrier damage
Develop a set of models for assessing parameters and independent variables
Develop a calculation procedure
Verify the method
Develop principles of how the method should be used
Identify the need for the method. Safety barriers are a special engineering device whose
elements (sections) may become damaged more than once during their working life. The
scope of the damage depends on a number of factors which include: road class, type of
barrier, its location, type and volume of traffic, vehicle speed, etc. The number of hazardous
incidents (a vehicle hitting a median barrier) was studied on six selected test sections. It was
found that within a year some 0.8 — 2.8% of barrier length may become damaged depending
on road class and traffic volume (Table 1). Following from that it was estimated that within
30 years of a road’s service life 25 — 85% of median barrier length may become damaged
and may need replacing.

Based on the initial study (Table 1) it was estimated that annually on a 10 km stretch of a
rural double carriageway a safety barrier may be hit 5 — 20 times.

RN R DD =

Tab. 1 Selected road sections from a test site and the average number and length of recorded damage

in 2017.
Length Traffic Share of Speed Damage | Length of | Share of
of volume HGVs limit quantity damage damaged
Road . .
tion section barriers
se¢ Ls AADT PHV vd Nd Ld Pd
[km] |[[tho. veh/day] [%] [km/h] [pcs./year] | [km/year] [%]
Al 92.6 20.7 25.0 140 102 2.576 2.78
Al 48.7 18.9 224 140 24 0.368 0.76
S6 36.5 61.7 17.3 120 74 0.760 2.08
S8 84.0 28.9 38.9 120 72 1.456 1.73
DKO1 18.9 434 233 100 28 0.520 2.74
DKO1 28.5 37.9 33.0 100 42 0.376 1.32

The consequences for road users are serious with financial losses and social consequences
of accidents, delays caused by road blockage or as a result of lower speeds and reduced
capacity when accident scenes are cleared and devices are repaired if damaged in a hazardous
incident. With new road maintenance standards in place, there is a need to use analytical tools
to help with making reasonable barrier choices and estimating the maintenance costs of
existing barriers. Support is needed for road authorities, road designers and contractors by
offering them a method for analysing the life cycle costs of safety barriers.

Assumptions. The following assumptions have been made for the LCC method:

1. The method is for safety barriers which are divided based on: where they are located on
aroad cross-section into: median and roadside barriers; the material used: steel, wire rope
or concrete; designation: road or bridge.

2. Two approaches were used in developing the method: analytical and parametric. The
analytical approach includes the authors’ multi-stage mathematical models for identifying
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and assessing components of fixed and variable costs, the Monte Carlo method for

uncertainty analysis and risk assessment for cost management. As regards the practical

objectives (mainly initial and strategic analyses) a simplified parametric method was
proposed for safety barrier life cycle cost assessment.

3. With some modification the method can be used for assessing the life cycle costs of other
road safety devices (terminals, barrier cushions, vertical and horizontal marking).

Key to this is that the method should not generate more work or higher costs compared
to the benefits of using it.

General concept of a life cycle cost assessment method. Once a cost assessment method
is accepted at the planning and design stage, this will have a bearing on how the cost analysis
(LCCA) will be conducted at the successive life cycle stages. It is important for a cost
assessment method to define and adopt the goal and scope of analysis, time horizon, set of
cost components, data collection, cost component estimation, set of basic economic
efficiency measures and reporting.

The objective of the proposed cost assessment method is to estimate the costs of safety
barrier construction and operation in the life cycle of a road structure. Considering Poland’s
average working life of a road, for calculation purposes the proposed time horizon is T = 30
years, i.e. the safety barrier’s life cycle.

The process of cost component identification helped to distinguish several approaches to
how the cost components of safety barrier life cycle can be classified. They fall into different
groups depending on the cost owner, life cycle stages and type of costs:

a. costs borne by cost owners are divided into road authority and road user costs following
this relation (1):

LCCb = Cra + Cru (1)

b. analysis of safety barrier life cycle stages has identified: investment costs, barrier
maintenance costs, user costs when driving and barrier utilisation costs according to this
relation (2):

LCCy = Cipy + Cppg + Gy + Cyt 2

c. during analysis of types of costs in the entire safety barrier life cycle, two groups have
been identified: fixed and variable costs which are calculated using this relation (3):

CVp:
LCCy = CFy +Zl1 3)

where:

LCC, — safety barrier life cycle costs, C,, — road authority costs, C,,, —road users costs, Cj,
—investment costs, C,,, — barrier maintenance costs, C,; — utilization costs, CF;, — fixed costs,
CV, — variable costs, a — discount rate, i — analysis year, T — analysis period (years of barrier
life cycle).

Further in the work the cost classification follows cost types which are: fixed costs and
variable costs. As a result, the cost structure now includes the costs identified in the other
classifications.

Fixed costs CF, only occur once; the proposed method considers three components of
fixed costs described with this relation (4):

CFb = de + CCO + Cmo (4)

where:
Cpq — preparatory work costs (study costs, planning and design costs),
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C., — construction costs (costs to buy and build barriers on a road section),
Cmo — modernisation costs, if any (costs to renew or replace barriers) during road structure
service life.

Variable costs CV}, recur throughout each year. The proposed method looks at four cost
components described with this relation (5 ):

CVy = Cg + Gy + Gy + Cyt 5)

where:

Cpmq — barrier maintenance costs (costs of day-to-day maintenance and costs to repair
damaged barriers),

C,,, — road user costs (road accident costs, user delay costs),

Cy,: — removal and utilization costs,

C,: — other costs.

Surveys, field studies, numerical analyses, computer simulations and expert opinions are
now being conducted to identify the particular cost components.

Build a database with costs of barrier damage and repairs. Using data from road
authorities responsible for the agreed test site (app. 3000 km of national roads), a database
was built with costs of safety barrier damage and repairs.

The database is a source of information about the components of both fixed and variable
costs. Fig. 1 shows examples of histograms and distribution patterns of total repair costs of
steel barriers. The results show a significant spread of the repair costs ranging from PLN 280
to PLN 50500 with an average of PLN 4200. The analyses suggest that the distribution of
barrier repair cost frequency is best described with Log-normal distribution. Similar
distributions were calculated for the other types of safety barriers.

Further work. The data are used to carry out the next stages of the work which is to
develop change models that are required to assess the costs of parameters depending on the
significant set of independent variables. Models will be built such as mathematical models
of barrier damage and deterioration, models of road accident and crash numbers and
consequences involving safety barriers and delays on the part of road users as a result of
barrier accidents and repairs. The models will provide a fairly accurate assessment of road
user costs. The final stage will be designed to verify the method and develop instructions of
use.

Repair costs distribution of road steel barriers Repair cost distribution, Log-normal distribution
N=617, Mean=4013 Test chi-square = 8,87961, df = 12, p = 0,71318

IS
&
3

— log-normal distribution
--- exponential distribution
—— gamma distribution

Frequency (%]

@
3

Number of observations
o
8
8

=]
IS]

o
3

0 0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000
Repair costs [PLN] Repair costs [PLN]

Fig. 1. Histogram and distribution of steel barrier repair costs (EURO 1 = PLN 4.27) . Source: authors’
work.
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4 Summary

The proposed method for safety barrier life cycle cost assessment will provide a tool for
sustainable road infrastructure management. It will help to identify the cost components at
each stage of barrier life cycle making it easier to identify those activities which may reduce
the total costs of road infrastructure and maximise the socio-economic benefits. If used in
practice, this universal method will help to reduce the scope and frequency of maintenance
and repair work while ensuring that the safety standards of barriers are met, barriers are in
use longer and road authorities” and maintenance services’ outlays on road infrastructure can
be reduced. The method is well suited not only for structure management, but also for better
design decisions. The proposed method offers a novel approach to comprehensive assessment
of safety barrier life cycle costs because it views life cycle costs from the investor’s and road
user’s perspective.

The concept of a safety barrier life cycle cost assessment method was developed in a research project
commissioned by the NCBiR (National Centre for Research and Development) and GDDKIiA (General
Directorate for National Roads and Motorways): Project RID 3B “The effects of time and in-use
conditions on the durability and functionality of road safety devices”.
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