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Objectives of This Module 
 
Life cycle costing (LCC) is a well-recognized means of 

guiding design, rehabilitation and on-going management 

decisions involving engineered infrastructure systems. Life 

cycle engineering and costing (LCE&C) is a philosophy and 

methodology of the iterative engineering design process in 

which engineered systems and artifacts are designed for the 

life cycle to meet specified needs and levels of service at a 

minimum life cycle cost. From the standpoint of ISIS 

Canada, LCE&C can be employed to enable and encourage 

the use of fibre reinforced polymers (FRPs) and fibre optic 

sensor (FOS) technologies across a broad range of 

infrastructure applications and circumstances, even where 

the initial costs of these innovations exceed those of 

conventional alternatives.  

The objective of this module is to provide 

undergraduate engineering students with a general 

awareness of the principles of LCC and LCE&C, 

particularly as they apply to the use of fibre reinforced 

polymers (FRPs) and structural health monitoring (SHM) in 

civil engineering applications. This module is one of a series 

of modules on innovative FRP and SHM technologies 

available from ISIS Canada.  Further information on the use 

of FRPs and SHM in a variety of innovative applications can 

be obtained from ISIS Canada at www.isiscanada.com.  

The use of advanced infrastructure technologies, such as 

FRP and SHM, often requires capital expenditures which 

exceed those of the traditional construction materials and 

methodologies. To encourage the use of more sustainable 

building materials, systems, and practices, a holistic 

comparison of the various competing options is essential; 

this comparison can only be performed under the umbrella 

of life cycle costing.  Comparisons made on this basis during 

the design phases of a project will inevitably feed back into 

the design decision making process, thus leading to the 

iterative process of life cycle engineering and costing. 

The primary objectives of this module can be 

summarized as follows: 

1. to define life cycle costing in a historical context; 

2. to establish appropriate principles for deterministic life 

cycle costing which can be used to support life cycle 

engineering and costing; 

3. to provide engineering students with a general 

awareness of appropriate principles for deterministic life 

cycle costing and to illustrate their potential use in civil 

engineering applications through example; 

4. to address some practical issues surrounding life cycle 

engineering and costing; 

5. to facilitate and encourage the use of innovative and 

sustainable building materials and systems in the 

construction industry by assisting engineers in making 

rational decisions based on whole-life costs; and  

6. to provide guidance to students seeking additional 

information on this topic. 

The material presented herein is not currently part of a 

national or international code, but is based mainly on the 

results of ongoing engineering practice and studies 

conducted in Canada and around the world. As such, this 

module should not be used as a design or implementation 

document, and it is intended for educational use only. Future 

engineers who wish to conduct detailed LCC analyses for 

the purposes of life cycle engineering and costing should 

consult more complete documents (refer to Section 8 of this 

module). 

Much of what follows has been adapted from the work 

of Drs. G. Sparks and P. Christensen at the University of 

Saskatchewan, and others, and the ISIS Canada Education 

Committee is indebted to these individuals for their 

assistance and input in preparing this document. References 

to recent published work in this area are presented in 

Section 8. 
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Additional ISIS Educational Modules 
Available from ISIS Canada (www.isiscanada.com) 

 

Module 1 – Mechanics Examples Incorporating FRP 

Materials 
 

Nineteen worked mechanics of materials problems are presented 

which incorporate FRP materials.  These examples could be used in 

lectures to demonstrate various mechanics concepts, or could be 

assigned for assignment or exam problems.  This module seeks to 

expose first and second year undergraduates to FRP materials at the 

introductory level.  Mechanics topics covered at the elementary 

level include: equilibrium, stress, strain and deformation, elasticity, 

plasticity, determinacy, thermal stress and strain, flexure and shear 

in beams, torsion, composite beams, and deflections. 

 

Module 2 – Introduction to FRP Composites for 

Construction 
 

FRP materials are discussed in detail at the introductory level.  This 

module seeks to expose undergraduate students to FRP materials 

such that they have a basic understanding of the components, 

manufacture, properties, mechanics, durability, and application of 

FRP materials in civil infrastructure applications.  A suggested 

laboratory is included which outlines an experimental procedure for 

comparing the stress-strain responses of steel versus FRPs in 

tension, and a sample assignment is provided. 

 

Module 3 – Introduction to FRP-Reinforced Concrete 
 

The use of FRP bars, rods, and tendons as internal tensile 

reinforcement for new concrete structures is presented and 

discussed in detail.  Included are discussions of FRP materials 

relevant to these applications, flexural design guidelines, 

serviceability criteria, deformability, bar spacing, and various 

additional considerations.  A number of case studies are also 

discussed. A series of worked example problems, a suggested 

assignment with solutions, and a suggested laboratory 

incorporating FRP-reinforced concrete beams are all included. 

 

Module 4 – Introduction to FRP-Strengthening of 

Concrete Structures 
 

The use of externally-bonded FRP reinforcement for strengthening 

concrete structures is discussed in detail.  FRP materials relevant to 

these applications are first presented, followed by detailed 

discussions of FRP-strengthening of concrete structures in flexure, 

shear, and axial compression.  A series of worked examples are 

presented, case studies are outlined, and additional, more 

specialized, applications are introduced.  A suggested assignment is 

provided with worked solutions, and a potential laboratory for 

strengthening concrete beams in flexure with externally-bonded 

FRP sheets is outlined.  

 

Module 5 – Introduction to Structural Health 

Monitoring 
 
The overall motivation behind, and the benefits, design, 

application, and use of, structural health monitoring (SHM) 

systems for infrastructure are presented and discussed at the 

introductory level.  The motivation and goals of SHM are first 

presented and discussed, followed by descriptions of the various 

components, categories, and classifications of SHM systems.  

Typical SHM methodologies are outlined, innovative fibre optic 

sensor technology is briefly covered, and types of tests which can 

be carried out using SHM are explained.  Finally, a series of SHM 

case studies is provided to demonstrate four field applications of 

SHM systems in Canada. 

 

Module 6 – Application & Handling of FRP 

Reinforcements for Concrete 
 
Important considerations in the handling and application of FRP 

materials for both reinforcement and strengthening of reinforced 

concrete structures are presented in detail. Introductory information 

on FRP materials, their mechanical properties, and their 

applications in civil engineering applications is provided. Handling 

and application of FRP materials as internal reinforcement for 

concrete structures is treated in detail, including discussions on: 

grades, sizes, and bar identification, handling and storage, 

placement and assembly, quality control (QC) and quality 

assurance (QA), and safety precautions. This is followed by 

information on handling and application of FRP repair materials for 

concrete structures, including: handling and storage, installation, 

QC, QA, safety, and maintenance and repair of FRP systems. 

 

Module 8 – Durability of FRP Composites for 

Construction 
 
Fibre reinforced polymers (FRPs), like all engineering materials, 

are potentially susceptible to a variety of environmental factors that 

may influence their long-term durability. It is thus important, when 

contemplating the use of FRP materials in a specific application, 

that allowance be made for potentially harmful environments and 

conditions. It is shown in this module that modern FRP materials 

are extremely durable and that they have tremendous promise in 

infrastructure applications. The objective of this module is to 

provide engineering students with an overall awareness and 

understanding of the various environmental factors that are 

currently considered significant with respect to the durability of 

fibre reinforced polymer (FRP) materials in civil engineering 

applications. 
 

http://www.isiscanada.com/
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Section 1 

Introduction and Overview 
 

THE INFRASTRUCTURE CRISIS 
 

The population of the developed world depends on a complex 

and extensive system of infrastructure to maintain economic 

prosperity and quality of life. The existing public 

infrastructure of Canada, the United States, Europe, and other 

developed regions has suffered from decades of neglect and 

overuse, leading to the accelerated deterioration of bridges, 

buildings, municipal and transportation systems, and resulting 

in a situation that is approaching a global infrastructure crisis.  

For example, in Canada more than 40% of the bridges 

currently in use were built over 50 years ago, and a 

significant number of these structures need strengthening, 

rehabilitation, or replacement.  Much of our infrastructure is 

unsatisfactory in some respect, and public funds are not 

generally available for the required replacement of existing 

structures or construction of new ones. 

One of the primary factors which has led to the current 

unsatisfactory state of our infrastructure is corrosion of 

reinforcing steel inside concrete (Fig. 1-1), which causes the 

reinforcement to expand, and results in delamination or 

spalling of cover concrete, loss of tensile reinforcement, or in 

some cases failure. Another factor is the unsatisfactory 

inspection and monitoring of existing infrastructure, with 

problems becoming apparent only once structures are in such 

dire need of attention that the cost of repair often approaches 

that of replacement. Other factors include the widespread 

corrosion of steel structures and components, increases in 

loads and/or design requirements over time, or simply overall 

deterioration and aging. 

 

 
 

Fig. 1-1. Severely corroded reinforcing steel in this 
bridge column has resulted in spalling of the 
concrete cover and exposure of the steel 
reinforcement. 

Because infrastructure owners can no longer afford to 

upgrade and replace existing structures using the same 

materials and methodologies as have been used in the past, 

they are looking to newer technologies, such as non-

corrosive fibre reinforced polymer (FRP) reinforcement and 

structural health monitoring (SHM), that will increase the 

service lives of concrete structures and reduce long-term 

maintenance costs.  

FRPs have, in the last ten to fifteen years, emerged as a 

promising alternative material for reinforcement of concrete 

structures. FRP materials are non-corrosive and non-

magnetic, and can thus be used to eliminate the corrosion 

problem invariably encountered with conventional 

reinforcing steel. In addition, FRPs are extremely light, 

highly versatile, and demonstrate very high tensile strength, 

making them ideal materials for reinforcement of concrete.  

SHM technologies refer to a broad suite of systems which 

can be used to monitor the in-service condition (health) of 

various types of structures, such that the sustainability of 

our infrastructure systems can be improved through reduced 

inspection and maintenance costs, optimized resource 

allocation, and increased safety. Detailed information on 

the use of both FRPs and SHM is available from ISIS 

Canada. 

The use of innovative technologies such as FRPs and 

SHM, typically results in increased capital expenditures. 

Unfortunately, these increased initial costs often discourage 

some infrastructure owners (municipalities, departments of 

transportation, and private sector groups) from 

implementing technologies which will save money and 

improve performance over the lifetime of a structure – over 

the structure’s life cycle. For FRPs and SHM to see 

widespread use in civil infrastructure projects, the 

promotion and use of life cycle costing (LCC), and 

engineering procedures that use LCC as an input during the 

design process – procedures in which engineering design is 

iteratively influenced by life cycle costing considerations, 

leading to life cycle engineering and costing – is essential. 

This module has been developed in an effort to introduce 

undergraduate engineering students to the philosophy, 

benefits, procedures, and general application of LCC 

procedures for use in infrastructure applications. It is shown 

that life cycle costing is an important consideration that 

must be used to support the broader concept of life cycle 

engineering and costing, sometimes called engineering for 

the life cycle. More detailed sources of technical 

information on this topic are listed in the Section 8. 
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SCOPE 
 

The broad field of life cycle costing (also sometimes called 

whole-life costing) has emerged since the 1960s to become 

an important consideration in the design and implementation 

of virtually all engineered structures. This is particularly true 

in the case of large engineered assets such as public 

infrastructure, for which public funds are becoming 

increasingly scarce. Life cycle costing is an immensely broad 

topic that can be applied to virtually any structure, product, or 

industry. The current document presents information on LCC 

analysis as it relates specifically to civil infrastructure 

projects, with an emphasis on the use of new materials such 

as FRPs and the potential benefits of SHM. 

 

WHAT IS LIFE CYCLE ENGINEERING & 

COSTING? 
 

Life Cycle Costing 
Life cycle costing refers to a range of techniques used to 

estimate or establish the total cost (typically in terms of 

financial resources, i.e. money) of a structure, artifact, or 

asset, from creation through to eventual disposal. Rather than 

a detailed and specific procedure, LCC is a structured 

approach which attempts to consider all of the costs incurred 

throughout a structure’s life cycle. These costs may include 

design, construction, inspection, maintenance, repair, 

upgrade, operation, user sector, deconstruction, removal, 

disposal, indirect, social, and other costs. The results of an 

LCC analysis can be used by various groups in the decision 

making process to compare, on a common basis, various 

material and design options, acquisitions, and monitoring, 

maintenance and repair strategies. Life cycle costing thus has 

important implications for the use of FRPs and SHM in 

infrastructure applications. 

 

A (Very) Brief History 

During the early 1960s, the United States Department of 

Defense discovered that up to 75% of weapons systems costs 

were due to operational, maintenance, rehabilitation, and 

disposal costs. The realization that only 25% of the weapons 

systems’ cost over their life cycle resulted from their initial 

cost significantly changed procurement policies within both 

US and Canadian armed forces. Bids for contracts were 

subsequently awarded not based on initial cost, but rather on 

minimum LCC to satisfy certain performance objectives or 

customer needs. This change in procurement policies was 

highly significant to suppliers and engineering contractors in 

that it forced them to think about, and eventually to include as 

a key consideration in the engineering design process,  life 

cycle costing considerations. An important and beneficial 

shift in engineering design practices had occurred. Artifacts 

were now being engineered for the life cycle. Similar thought 

processes have followed in other industries in the years since. 

For instance, for years car fleet operators have considered 

life cycle costs when planning and making procurement 

decisions, because they now recognize that operational and 

maintenance costs have a huge impact on their long-term 

profitability. 

The significance of the above events for the civil 

engineering community should be obvious; if infrastructure 

owners embrace LCC as a criterion for decision making, 

then suppliers and civil engineering designers and 

contractors will be forced to design for the full life cycle. 

When LCC becomes an integral part of the iterative 

engineering design process, life cycle engineering and life 

cycle costing merge into a unified process termed life cycle 

engineering and costing (LCE&C). This process clearly and 

quantitatively considers the life cycle performance of a 

structure and all of the associated costs. 

 

Why is LCE&C Important? 
Clearly, life cycle engineering and costing of infrastructure 

projects is extremely important. The visible costs of any 

project typically represent only a small proportion of the 

total cost of ownership. This is shown schematically in 

Figure 1-2, where a simple “iceberg analogy” is used to 

show the dangers of failure to adequately consider LCC in 

the design stages of infrastructure projects.   

 

 
 

Fig. 1-2. The “iceberg analogy” showing total 

costs versus acquisition cost (Blanchard, 1979). 

 

The true cost of ownership of infrastructure is in fact 

incurred throughout its entire life, rather than only at the 
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than the initial costs. This is particularly true in the case of 

large infrastructure projects, when the costs to users and to 

society in terms of delays and inconveniences (indirect costs) 

are factored into an LCC analysis. Figure 1-3 gives an 

example of a spending profile for an engineered infrastructure 

artifact showing how the costs vary with time. In some 

instances the disposal cost will be negative because the item 

may have a resale or salvage value, while for other 

procurements the disposal, termination or replacement cost 

can be significant and must therefore be taken into account 

during the planning stages. 

 

 
Fig. 1-3. Example whole-life cost profile for a typical 
infrastructure project (HM Treasury, 1992). 
 

Acquisition costs are those costs incurred between the 

decision to proceed with the procurement and the entry of the 

structure into operational use. Operational costs are those 

incurred during the operational life of the structure. End of 

life costs are those associated with the disposal, termination, 

or replacement of the structure. 

In the long-run, society bears the costs of short-sighted 

decisions based on initial costs alone. Procuring structures or 

awarding construction bids on the basis of lowest first cost 

invariably creates additional problems (many of which are 

easily foreseen but too often ignored) for future generations. 

The net effect of this approach is to reduce the productivity, 

and therefore the competitiveness and economic well-being, 

of a nation. It is also important to consider that a procurement 

decision typically commits the infrastructure owner to up to 

90% of the whole-life costs for the structure (Fabrycky, 

1987). There is thus very little scope to change the cost of 

ownership after infrastructure has been constructed. In 

addition, the potential savings decrease with time after 

acquisition of an asset, while the cost of making changes 

increases, as illustrated in Figure 1-4. For these reasons, civil 

engineers must think through, quantify, and adequately 

communicate the life cycle implications of their decisions and 

designs.  

 

 

Who does LCC and LCE&C? 
While life cycle engineering and costing was once confined 

to certain specific industries, it now finds widespread use in 

virtually all engineering related industries. A key public 

sector example mentioned previously is the defense 

industry, in which LCE&C is now central to procurement 

and bidding processes. Many federal, provincial, and 

municipal agencies and governments are also now required 

to take a life cycle approach in their decision making 

processes. LCC and LCE&C are used also in the private 

sector. For example, the “design for X” procedures now 

commonly used in the consumer goods industries rely on 

LCE&C to produce efficient, competitive, and successful 

products. A prime example of this is the Japanese 

automobile and electronics industries, which have eclipsed 

their American counterparts in recent decades using quality 

management procedures that clearly reflect a life cycle 

approach. Pre-established maintenance schedules and 

product warranties for consumer products are by no means 

accidental; they reflect a life cycle approach to engineering 

design and subsequent profitability. 

 

 
Fig. 1-4. Schematic showing the relationship 
between potential savings and cost of changes 
with time for a typical infrastructure project. 
 

THE BIGGER PICTURE: ASSET 

MANAGEMENT 
 

Our society has made tremendous investments in civil 

infrastructure. In Canada, our infrastructure is worth at least 

an estimated $1.6 trillion. For this reason, in addition to an 

engineer’s obvious responsibility to protect public health 

and safety, engineers have a responsibility to build, 

develop, and manage infrastructure components and 

networks with an eye to the long-term economic health and 

prosperity of the nation. Engineers and infrastructure 

managers need to know what is happening with their 

infrastructure assets and what needs to happen in the future 

to maintain (or improve) current levels of service; they need 
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to know the cost of designing, acquiring, operating, 

preserving, and replacing these assets at some prescribed 

level of service based on well-defined performance 

objectives.  

Asset management is a business process and decision-

making framework that covers an extended time horizon, 

draws from economics as well as engineering, and considers 

a broad range of assets. The asset management approach 

incorporates the economic assessment of trade-offs among 

alternative investment options and uses this information to 

help make cost-effective investment decisions. Asset 

management has come of age in recent years due to changes 

in the infrastructure environment, changes in public 

expectations, and extraordinary advances in infrastructure 

and computing technology.  

Today's infrastructure environment is characterized by 

high user demand, stretched budgets, declining staff 

resources, and systems that are showing the signs of age. The 

public has made significant investments in the construction, 

maintenance, and operation of the nation's infrastructure 

systems and expects that government agencies will be 

responsible stewards of those investments. These agencies 

now recognize that the public will hold them accountable 

for poor design and management practices. 

The advent of increasingly powerful computer systems 

has made the practice of asset management possible. These 

computer systems put sophisticated analytical tools at the  

fingertips of decision makers, and also allow consideration 

of “what if” analyses that facilitate discussions with other 

stakeholders. Unfortunately, many such tools reflect an 

obsession with data and deterministic control, and reasoned 

decision-making is sometimes ignored in favour of 

computational wizardry. 

LCE&C provides a means of ensuring that long-term 

impacts of current decisions are considered at the design 

stage. LCE&C also helps infrastructure managers to 

quantify the current and future state of infrastructure 

systems and to communicate this information to decision 

makers who may have little or no technical training. If these 

considerations are taken to a system level, LCE&C can 

inform whole life asset management of entire infrastructure 

systems, and can significantly increase their long-term 

sustainability, efficiency, and effectiveness. 

 
 
 
Section 2  

Principles & Concepts 
 

Life cycle engineering and costing, as discussed previously, 

is a hybrid discipline that merges various fields of inquiry to 

support the planning, design, construction, operation, and 

disposal of engineering structures including civil 

infrastructure. A rigorous approach to LCE&C should 

involve engineering design theory and practice, economic 

theory and practice, and decision theory and practice. This is 

shown schematically in Figure 2-1. 

Together, the relevant bodies of thought and practice 

shown in Figure 2-1 suggest credible, practicable, and 

efficient means of reaching “good” design solutions to user 

needs. 

Because most undergraduate engineering students are 

only vaguely familiar with economic theory and decision 

theory, the current discussion avoids much of the detail 

needed to perform high-level LCE&C. Rather, the 

discussions that follow attempt to provide an awareness of 

the process and important considerations involved in LCC for 

innovative infrastructure projects, while keeping in mind the 

overall goal – that LCC be used as an integral part of the 

engineering design decision making process. The discussion 

herein is based largely on the work of Christensen et al. 

(2005), and in some instances on the currently recommended 

procedures of the ASTM Standard Practice for Measuring 

Life Cycle Costs of Buildings and Building Systems 

(ASTM, 2005). 

 

 
 
Fig. 2-1. Fields of inquiry combining to support a 
rational, practical, and defensible method of 
LCE&C (after Christensen et al., 2005). 
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ENGINEERING DESIGN 
 

Engineering design theory and practice, which is now a well-

developed field within the engineering community, suggests a 

practical means of addressing customer needs through the 

development of definitive plans for engineered structures. In 

civil engineering, these designs are for new structures, 

rehabilitation strategies, maintenance and repair policies, 

operations management regimes, logistics and support plans, 

etc. Inputs to the design process include customer, client, 

and user needs, available resources, engineering design 

standards, criteria for success, and the creativity and 

experience of the engineers involved. The output is a 

detailed design representing the “optimal” design solution. 

A typical and common schematic of the engineering 

design process for a larger-scale infrastructure project is 

shown in Figure 2-2.  

 

 
Fig. 2-2. The engineering design process. 
 

In this representation, engineering design is seen to be 

iterative and to involve feedback throughout the process. The 

design process is broken down into three stages: conceptual, 

preliminary, and detailed. Each task during each stage is 

subject to some means of evaluation prior to a point of 

decision: (i) reiterate (i.e., repeat investigations involving the 

task/stage to obtain more information), or (ii) act (i.e., move 

to the next step in the design process). As the design process 

progresses, the decisions reached gradually narrow and refine 

an initial range of conceptual design possibilities to a single 

detailed design. Presuming the features of LCC are included 

(embedded) within the design cycle, as would be the case in 

true LCE&C practice, the design ultimately reached will 

include some degree of detail regarding all phases of the life 

cycle pertinent to the structure in question. In addition, the 

design reached stands a strong chance of meeting user 

needs at minimum life cycle costs. 

Whether designers have explicitly thought about it or 

not, decisions made during the iterative design process have 

important implications for life cycle costs. Clearly, it is thus 

extremely important for civil engineers to consider life 

cycle implications at all stages of the design process. 

 

ECONOMIC THEORY 
 

Economic theory and practice provides a credible and 

rigorous definition of costing over the life cycle of 

infrastructure systems. Economics as a discipline is, in 

many ways, very similar to engineering in that it is 

concerned primarily with optimal reconciliation of scarce 
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resources subject to competing and interrelated needs and 

numerous constraints. For any engineering project, the basic 

economic problem is to maximize the difference between the 

cost of employing various inputs to production and the value 

of the resulting engineered artifact. In the private sector, the 

net difference is usually profit, whereas in the public sector 

this difference is typically the net benefit, which is a measure 

of social profitability. In both cases, the required net 

difference is calculated on the basis of money.  

While the argument for life cycle engineering and 

costing (as discussed previously) can be formulated on a 

rigorous basis using microeconomic theory, this is well 

beyond the scope of the current document. It is sufficient to 

recognize that the engineering design problem, from an 

economics standpoint, is basically to plan (design) a 

combination of available inputs (e.g., concrete, rebar, labour, 

equipment, skills, maintenance and management protocols, 

deconstruction and disposal strategies, etc.) that minimizes 

the total cost of reaching some specified target performance 

level over a representative time period. The logical 

representative time period is the expected service life of the 

engineered structure. From this standpoint, the responsibility 

of the engineer is to think through the relevant aspects of the 

design, construction, use, and disposal of the structure over 

its forecasted service life. 
 

DECISION ANALYSIS 
 

Decision analysis (DA) theory and practice provides sensible 

guidance for the iterative, complex, and uncertain business of 

decision making in engineering design. Decision analysis as a 

discipline arose to address complex problems of decision and 

strategy in the context of uncertainty. Without getting into the 

specific details of the topic, DA suggests a straightforward 

and logical progression of analytical practice to reach good 

decisions in an efficient and timely manner. Readers are 

directed to the work of Clemen (1996) for a more complete 

discussion.  

Pictured in Figure 2-3, the decision analysis cycle shares 

elements of feedback and iteration in decision making 

common to the engineering design process reviewed above. 

The steps in the DA cycle are straightforward and 

instructive, and are thus worthy of a very brief discussion. 

The DA process begins with the definition of decision 

alternatives and relevant criteria. For instance, perhaps an 

engineer is trying to decide between the design alternatives of 

a steel-reinforced concrete bridge deck and an FRP-

reinforced concrete bridge deck, and is choosing to use life 

cycle performance and cost as the criterion for evaluation. 

The “deterministic” phase of the DA begins with a simple 

model of the problem at hand. The model describes a logical 

but often rough analytical process leading from bridge deck 

design alternatives to LCC (this model would be developed 

using procedures in Section 4 of this module). 
 

 
 

Fig. 2-3. The decision analysis cycle. 
 

In engineering design situations, uncertainty naturally 

accompanies the modelling process, and it is likely that 

many of a LCC model’s parameters or variables may vary 

significantly. The deterministic phase of a life cycle 

analysis of costs typically includes a “sensitivity analysis” 

of the LCC model to study the relative effects of the various 

model variables and parameters. This is sometimes called a 

parametric analysis and is conducted by individually 

perturbing specific parameters and observing the effects on 

the model outputs. In civil infrastructure projects, these 

variables could be things like concrete quality or bridge 

deck thickness. Sensitivity analysis allows engineers the 

opportunity to identify model variables that exert a 

disproportionate effect on the model’s results. Clearly, the 

significant variables are those that require the most 

attention, and some variables – those that do not 

significantly influence the model’s output – can effectively 

be ignored.  

The next phase of the DA cycle – the “probabilistic” 

phase – assigns relevant probability distributions to the 

factors that are significantly influenced by uncertainty. 

These probability distributions describe the likelihood that 

each important variable attains a particular value. Once 

described on a probabilistic basis, the model variables (now 

called “random” variables) form the basis of expected value 

estimates and cumulative risk profiles that allow decision 

makers the opportunity to examine each design concept on 

the basis of expected value and related risk.  

INPUT 
Decision alternatives and criteria 

 
 

ITERATIVE DECISION ANALYSIS 

 

OUTPUT 
“Optimal” decision 

Deterministic phase 

Probabilistic phase 

Informational phase 

ACT 

Reassess / 
feedback 
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Having completed the probabilistic phase, the 

“informational” phase of the DA cycle is used to conduct 

value of information calculations to determine the expected 

value of additional DA iterations and the requisite 

information gathering and analysis. In some cases, the cost of 

additional iteration will negate the benefits of additional 

iteration and the decision maker should choose the best 

available option and move on to the next step in the design 

process. In other cases, additional or revised information on 

one or more of the model’s variables may allow a much more 

cost-effective design, and additional iteration would thus be 

justified. Additional information reduces uncertainty, and 

reducing uncertainty may have value – i.e., additional 

information may have value. 

The DA cycle as described above can be embedded into 

the engineering design process to form an engineering 

design-decision process, as shown in Figure 2-4. The design 

process in this case is the same as previously presented, but it 

is now augmented by iterative DA. If LCC is also 

incorporated into this process, then Figure 2-4 shows a 

process for LCE&C that is credible, practical, and efficient in 

decision making. This is the approach suggested by ISIS 

Canada. 

 

 
 
Fig. 2-4. The LCE&C design-decision process. 
 

IMPORTANT CONCEPTS IN LCC 

 

The following sections deal specifically with issues around 

life cycle costing. It is assumed throughout that the LCC 

analysis has been integrated into the design-decision 

making process under the umbrella of LCE&C. While 

suggested procedures for LCC may vary significantly, both 

between and within different areas of engineering practice, 

the following fundamental concepts are common to 

virtually all applications of LCC in all fields (HM Treasury, 

1992). In the discussions that follow, we shall assume a 

simple, deterministic LCC analysis. The reader is referred 

to the list of references for additional information on 

probabilistic LCC and detailed decision analysis. 

 

Cost Breakdown Structure 
The concept of cost breakdown structure (CBS) is central to 

LCC. Estimating the total LCC requires breakdown of the 

asset or artifact into its constituent cost elements over time. 

The CBS will vary depending on the asset in question, but 

the aim is always the same: to identify all relevant cost 

elements throughout the life cycle and to ensure that these 

have well defined boundaries to avoid omission or 

duplication. The level to which the CBS is broken down 

will depend on the purpose and scope of the LCC study, 

and requires identification of: 

• significant cost generating activity components;  

• the time in the life cycle when the cost/work/activity is 

to be performed/incurred; and 

• relevant resource cost categories such as labour, 

materials, fuel/energy, overhead, transportation/travel, 

etc., associated with the above. 

Costs associated with LCC elements may be further 

allocated between recurring and non-recurring costs, and 

LCC elements may also be estimated in terms of fixed and 

variable costs.  

A generic sample CBS for a major infrastructure 

project is shown in Figure 2-5. The following essential 

characteristics are evident: 

1. All cost elements that are relevant to the option under 

consideration are included. 

2. Each cost element is well defined so that everyone 

involved has a clear understanding of what is to be 

included in that cost element. 

3. Each cost element is clearly identifiable with a 

particular activity or component 

4. The CBS is structured in such a way as to allow 

analysis of specific areas or cost categories (i.e., 

construction or operational phases). 

5. The CBS should be designed to allow different levels 

of data within different cost categories (i.e., perhaps we 

want to do a very detailed analysis of construction 

costs but we are not so interested in operational costs). 

Figure 2-5 also includes costs that are much more 

difficult to define in which are not discussed here in 

INPUT 
Needs, knowledge, creativity, criteria, resources, etc… 

 
 

ITERATIVE DECISION-DESIGN PROCESS 

 

OUTPUT 
Detailed design 

Deterministic phase 

Probabilistic phase 

Informational phase 

ACT 

Reassess / 
feedback 

Design stage task 

Evaluation / decision process 

Next stage / task 
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detail. These are the user costs and the externalized costs. 

User costs include things like the costs of downtime 

during potential repair. Externalized costs could include 

environmental and human heath costs – these are 

increasingly important in practice and can represent very 

large costs, but are particularly difficult to quantify with 

any real confidence. 

 

Cost Estimating 
Once a CBS has been outlined, it is necessary to estimate the 

costs of each element and each category. To facilitate control 

and decision-making and to support the LCC process, the cost 

information should be collected and reported in a manner 

consistent with the defined CBS. Costs are typically 

determined using one of the following means: 

1. Known factors or rates: These cost inputs are those 

which are known to be accurate, either from contractual 

arrangements or set prices. For example, the current 

one-time purchase price of an item is typically known 

with certainty. 

2. Cost estimating relationships: These are derived from 

historical or empirical data. For example, if experience 

has shown that a particular asset requires a certain 

amount of maintenance per year, then this information 

could be used to estimate maintenance costs for a 

similar new structure. Cost estimating relationships are 

approximate and must be treated with extreme caution. 

3. Expert judgment: When real data is unavailable and 

cost estimating relationships cannot be derived, the 

next best source of costing information is expert 

judgment. The assumptions and rationale of the expert 

judgment must always be examined and clearly 

documented. 

 

 
Fig. 2-5. Example simplified cost-breakdown structure for a typical infrastructure project. 
 

Discounting 
Discounting (and the discount rate used in the LCC analysis) 

is a critical and sometimes contentious topic which is used to 

account for the changing value of assets over time. The 

discount rate is normally mandated by some specific agency 

in infrastructure projects (e.g., a treasury department sets 

the rate that other government departments must follow). 

As such, a detailed discussion is avoided here. The discount 

rate relates to the value of money over time, and it is an 
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important consideration when future costs are being 

considered in current decisions.  

When two or more potential options are being compared, 

a common base is necessary to ensure fair evaluation. Since 

the present is the most suitable time reference, all future costs 

must be adjusted to their present value. Discounting refers to 

the application of a selected discount rate such that each 

future cost is adjusted to present time – the time when the 

decision must be made. This is achieved through the well-

known process of discounting that reflects the net changes in 

the real value of an asset or asset component. More 

information on discounting is available in most texts on 

Engineering Economics. 

 

Inflation 
It is important not to confuse inflation with discounting. The 

discount rate is not the inflation rate, but the investment 

premium over and above inflation. Provided that inflation for 

all project costs is approximately equal, it is normal practice 

to use real rate of return (which factors in inflation) and 

assume that costs are fixed over time when performing 

LCC analyses. Care must be taken when comparing very 

different commodities (e.g., oil prices versus labour costs) 

where inflation rates can vary substantially. 

 

Timescales  
It is important that the same study period be used for all 

options being compared in an LCC analysis, even if the 

structures being compared have different service lives. The 

study period is the time over which the various alternatives 

are compared. In cases where structure alternatives have 

different service lives, include replacements in short-lived 

projects and consider the salvage value of long lived 

projects to arrive at a common study period. It makes sense 

in many cases, as shown in the example to convert present 

worth cost estimates into equivalent annual worth estimates 

which allow a comparison of alternatives with different 

timescales on a common basis.  

 
Section 3  

Benefits / Objectives 
 

There are a number of major benefits of LCC analysis and of 

taking an LCE&C approach to engineering design. Some of 

these may include the following (HM Treasury, 1992): 

 

Option Evaluation 
LCE&C techniques allow a rational evaluation of competing 

proposals on the basis of whole life costs, and thus support a 

long-term approach to engineering design. This also enables 

evaluation of the impact of alternative courses of action on 

the LCC of an asset (such as design approaches, asset 

acquisition, support policies or alternative technologies). Life 

cycle engineering and costing is relevant to virtually all large-

scale infrastructure projects.  

 

Improved Awareness & Communication 
Application of LCE&C techniques provides designers and 

decision makers with an improved awareness of the factors 

that drive cost and the resources required by a structure. It is 

important that the cost drivers are identified early in a project 

so that most effort is applied to the most cost effective 

aspects of the structure. Life cycle costing can also be used to 

focus design, development, acquisition or asset support 

efforts. Awareness of the cost drivers will highlight areas in 

existing items which would benefit from reevaluation, and 

provides a rational basis for communicating resource 

demands to decision or policy makers. 

 

Improved Forecasting 
Application of LCE&C techniques allows the full cost 

associated with a structure to be estimated more accurately. 

It leads to improved decision making at all levels, for 

example major investment decisions, or the establishment 

of cost effective monitoring, repair, inspection, operational, 

and support policies. LCE&C analysis also allows more 

accurate forecasting of future expenditures to be applied to 

long-term costing assessments.  

 

Improved Design Efficiency 
LCE&C allows costing procedures and long-term costs to 

be included as integral parts of the engineering design 

process and to enable rational and responsible decision 

making. This has the effect of helping to avoid costly 

repetition of design stages by incorporating appropriate 

levels of costing consideration and forethought. 

 

Performance / Cost Trade-offs 
In investment decisions, cost is not the only factor to be 

considered when assessing various competing options. 

There are other factors, such as the overall structure 

performance against the requirement and the levels of 

service to be provided. LCE&C analysis allows for a cost 

trade-off to be made against the varying attributes of the 

competing options.  



ISIS Canada Educational Module No. 7: An Introduction to Life cycle Costing 

  12   

Section 4  

Performing a Life cycle Cost Analysis 
 

OVERVIEW 
 

Not surprisingly, numerous distinct methodologies exist for 

performing LCC analyses. These procedures may differ 

significantly in terms of their precise implementation, their 

level of complexity, and the amount of feedback and iteration 

that they incorporate. However, most LCC analysis methods 

incorporate the key elements or steps listed in Table 4-1 

below. It is important to stress that the steps that follow show 

a deterministic (i.e. no uncertainty), non-iterative approach 

that reflects a traditional separation of engineering design and 

subsequent costing activities. This is a good start, but it fails 

to integrate life cycle costs’ contribution into the engineering 

design process and also fails to provide useful probabilistic 

information to decision-makers. As previously stated the 

preferred approach would see the integration of life cycle 

costing into the iterative engineering design cycle. 

 

Table 4-1. Typical key elements/steps in life cycle 
costing of innovative infrastructure 

STEP Description 

1 Planning the analysis 

2 Developing the model 

3 Using the model 

4 Sensitivity analysis 

5 Interpretation of results 

6 Selection of best design alternative 

7 Monitoring and validation 

 

All stages of the above process may be performed iteratively 

as needed. Assumptions and methodologies used at each 

stage should be clearly documented to avoid confusion during 

iteration and interpretation of results.  

Clearly, life cycle costing is a multidisciplinary activity, 

and thus the LCC analyst(s) should be somewhat familiar 

with the engineered structure under consideration. For 

example, in the case of LCC analysis of a bridge, the 

analyst(s) should have some knowledge – however basic – of 

bridge engineering and design. It is also important that the 

analyst(s) understand the philosophy of the analysis, the cost 

elements used, the sources of cost data, sources of 

uncertainty, and the financial principles involved. It may be 

necessary to involve specialists in various areas that are 

pertinent to the analysis. The steps in Table 4-1 are outlined 

in more detail in the sub-sections below, with much of the 

discussion taken from the New South Wales Treasury 

Guidelines for LCC (NSW Treasury, 2004). 

 

PLANNING THE ANALYSIS 
 

The LCC process begins with development of a plan for the 

analysis that addresses its purpose and scope. It is important 

to recognize that customer/user needs must be well-defined, 

since fuzzy targets are difficult objectives for design. The 

plan should (NSW Treasury, 2004): 

• define the analysis objectives in terms of outputs 

required to assist engineering design and management 

decisions. Typical objectives have been presented 

previously in Section 3; 

• delineate the scope of the analysis in terms of the asset 

or structure under study, the time period to be 

considered, the use environment, and the expected 

operation and maintenance strategies; 

• identify any underlying conditions, assumptions, 

limitations and constraints (such as minimum 

performance, availability requirements or maximum 

cost limitations) that might restrict the range of 

acceptable options to be evaluated;  

• identify alternative courses of action to be evaluated 

and develop conceptual design alternatives that are 

technically feasible and are likely to fall within 

reasonable life cycle costs. The list of proposed 

alternatives may be refined as new options are 

identified or as existing options are found to violate the 

problem constraints; and  

• provide an estimate of the resources required and a 

reporting schedule for the analysis to ensure that the 

LCC results will be available to support the decision-

making processes for which they are required. 

The LCC plan should be documented at the beginning 

of the LCC process to provide a focus for the rest of the 

work, and the intended users of the analysis results should 

review the plan to ensure that their needs have been 

correctly interpreted and clearly addressed. 

 

DEVELOPING THE MODEL 
 

Once the LCC plan has been defined and the user needs are 

well understood, an LCC model must be developed (or in 

some cases selected if a model is readily available) that will 

satisfy its objectives. Without getting into the details of 

model development, such a model should (NSW Treasury, 

2004): 

• create a CBS that identifies all relevant cost categories 

in all appropriate life cycle phases. Cost categories 
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should continue to be broken down until a cost can be 

readily estimated for each individual cost element; 

• identify those cost elements that will not have a 

significant impact on the overall LCC of the asset(s) 

under consideration or those that will not vary between 

alternatives. These elements may be eliminated from 

further consideration in terms of how they alter the 

magnitude of the total costs (they must clearly still be 

included in any total cost estimates);  

• select a method (as described previously) for estimating 

the cost(s) associated with each cost element to be 

included in the model; 

• if cost estimates cannot be made on the basis of existing 

data, determine and obtain the data required to develop 

these estimates as needed;  

• identify all uncertainties that are likely to be associated 

with the estimation of each cost element (very important 

for probabilistic LCC and decision analysis, but less so 

for the basic case of deterministic LCC analysis);  

• integrate the individual cost elements into a unified LCC 

model, which will provide the LCC outputs required to 

meet the analysis objectives (a topic best left to 

specialized LCC practitioners); 

Once the model has been created to the satisfaction of all 

involved parties, review the LCC model to ensure that it is 

adequate to address the objectives of the analysis, and 

document the LCC model including all assumptions to guide 

and support the subsequent phases of the LCC analysis. 

 

USING THE MODEL 
 

Application of most LCC models involves the following key 

steps (NSW Treasury, 2004): 

1. Obtain the necessary data and develop cost estimates 

(and their timing) for all the basic cost elements in the 

LCC model. 

2. Run the LCC model and validate with available 

historical data if possible.  

3. Obtain the LCC model results from each relevant 

combination of design, operating, maintenance, and 

support scenarios defined in the LCC analysis plan. 

4. Identify important cost drivers by examining LCC model 

inputs and outputs to determine the cost elements whose 

uncertainty has the most significant impact on the LCC 

of the asset(s). Even the simplest deterministic LCC 

analyses involve this step, which is termed sensitivity 

analysis. 

5. If necessary, quantify any differences (in performance 

levels, availability, or other relevant constraints) among 

alternatives being studied, unless these differences are 

directly reflected in the LCC model outputs. 

6. If useful, categorize and summarize LCC model outputs 

according to any logical groupings, which may be 

relevant to users of the analysis results. 

The LCC analysis (including all assumptions) should 

be documented to ensure that the results can be verified and 

readily replicated by another analyst if necessary. 

 

SENSITIVITY ANALYSIS 
 

In most cases, some form of sensitivity analysis – however 

rudimentary – is performed in an effort to identify 

parameters whose uncertainty significantly influences the 

life cycle costs and which ones do not. Sensitivity analyses, 

as described previously, examine the impact of variations to 

assumptions and cost element uncertainties on LCC model 

results. Particular attention should be focused on cost 

drivers, assumptions related to structure usage, and 

different potential discount rates (if permitted by the 

agencies involved). 

 

INTERPRETATION & 

DOCUMENTATION OF RESULTS 
 

Interpretation of LCC results depends to some extent on the 

complexity of the analysis performed. Typically, the LCC 

outputs should be reviewed against the objectives defined in 

the LCC analysis plan to ensure that all of the goals have 

been fulfilled and that sufficient information has been 

provided to support the required design or management 

decision. If the objectives are not met, additional 

evaluations, modifications, and iterations of the LCC model 

may be required. 

The results of the LCC analysis should also be well-

documented, to allow users to clearly understand both the 

outcomes and the implications of the analysis along with 

the limitations and uncertainties associated with the results. 

Discussion and interpretation of the results, including 

identification of uncertainties or other issues which will 

guide decision makers and users in understanding and using 

the results, should be considered.   

 

SELECTION OF BEST DESIGN 

ALTERNATIVE 

 

The final step in the LCC analysis proper is to rank 

alternatives based on lowest life cycle cost and choose the 

best design or decision alternative. This is not always a 

simple “lowest price wins” scenario, since costs can be 

categorized on various bases (e.g., fixed or variable costs, 

recurring or nonrecurring costs, acquisition or ownership 

costs, direct or indirect costs), and more than one 

“customer” or “client”, with different LCC cost 

implications, may be involved. A presentation of 

conclusions related to the objectives of the analysis and a 

list of recommendations, along with identification of any 

need for further work, information, or revision of the 

analysis, should be provided. 
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MONITORING & VALIDATION 
 

Ongoing monitoring and validation of LCC analyses is 

extremely important, particularly for large-scale 

infrastructure projects that involve the use of innovative 

materials or systems. In service, whole-life data is currently 

unavailable for many new technologies, and ongoing 

monitoring of predicted and observed life cycle costs is 

essential to provide data that can be used in subsequent LCC 

analyses and engineering design decisions. For example, it 

may be better to replace an expensive building component 

with a more efficient solution prior to the end of its useful life 

than to continue with a poor initial decision. 

A formal review of the analysis process may be required 

to confirm the correctness and integrity of its results, 

conclusions, and recommendations. If such a requirement 

exists, someone other than the original analysts should 

conduct the review to ensure objectivity. The following 

elements should be addressed in any such review (NSW 

Treasury, 2004): 

• The objectives and scope of the analysis to ensure that 

they have been appropriately stated and interpreted. 

• The model (including cost element definitions and 

assumptions) to ensure that it is adequate for the 

purpose of the analysis. 

• The model evaluation to ensure that the inputs have 

been accurately established, the model has been used 

correctly, the results (including those of sensitivity 

analysis) have been adequately evaluated and discussed 

and that the objectives of the analysis have been 

achieved. 

• All assumptions made during the analysis process to 

ensure that they are reasonable and that they have been 

adequately documented. 

 
Section 5  

Constraints 
 

Data and Assumptions 
It is typically reasonably easy to establish the acquisition or 

initial cost of an infrastructure asset. However, it is much 

more difficult to measure or predetermine the operation, 

maintenance, and disposal costs that arise once the asset is in 

service.  

Data can be obtained from a variety of sources. Expert 

engineering judgment from experienced engineers is a key 

source of model input data. Young engineers can thus take 

advantage of the data or insight that is stored in the minds of 

more experienced engineers to derive reasonable initial 

estimates of design parameters and unit costs. Empirical data 

from similar previous projects can also provide a wealth of 

information. For this reason, tracking and documenting the 

life cycle costs and performance of existing projects can be 

highly beneficial to current or future projects. Engineering 

research, science, and design and building codes can also 

provide information on a range of design parameters and 

service life estimates relevant to the derivation of life cycle 

costs. Finally, manufacturers and suppliers can often provide 

information on some key parameters. Clearly, life cycle 

performance or cost data provided by manufacturers or 

specific suppliers must be treated with extreme caution, 

particularly when it is not contractually binding. 

In addition, implicit in all of this is the assumption that 

the infrastructure structure has a formal life cycle that can be 

determined during the LCC process. In some cases this life 

cycle may be very difficult to establish. 

 

Resources 
Undertaking an LCE&C analysis can require considerable 

dedication of human resources and may require specialized 

expertise that is not available within a single organization. 

These requirements can be reduced by the use of 

proprietary LCC software packages, although they are 

generally very expensive and more complex than required 

to perform simple LCC analyses. Simple deterministic LCC 

analyses can usually be performed manually or with the use 

of standard spreadsheet software packages. 

It is important to recognize also that the cost of 

acquiring cost estimates through the implementation of an 

LCC analysis will probably impact the project's overall 

cost. Consideration should therefore be given at the outset 

to the potential costs of the LCC process and the minimum 

expected savings that could result. It may be that LCC is 

not justified for small, conventional projects where the 

potential gains of LCC analysis are known to be small.  

Finally, available budgets may constrain appropriate 

decision making for the long-term. Current financial or 

political pressures may potentially force the implementation 

of a particular infrastructure solution that is known to be 

less cost-effective over its entire life cycle. The engineering 

community has a clear obligation to inform the decision 

making process to ensure that such short-sighted decisions 

are made as rarely as possible. 

 

Uncertainty 
Uncertainty is a key issue in LCC. In simple LCC analyses, 

deterministic (i.e., known with certainty) values are chosen 

for the various input parameters, and statistical variation of 

parameters is omitted. In more sophisticated LCC 

procedures, the actual state of knowledge of those involved 

in the analyses is represented using probabilistic parameter 

descriptions that lead to more advanced stochastic LCC 
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procedures involving sensitivity, risk, and decision analysis. 

Additional discussion in these areas is provided by 

Christensen et al. (2005). 

In addition, life cycle estimates are based on project 

requirements at the time of development or implementation. 

These requirements are usually dynamic, especially in early 

project phases, and may have a substantive impact on 

downstream cost estimates. To be successful, LCC analysis 

relies on known project parameters such as environment, 

regulatory, legal, resourcing, etc., all of which can be 

somewhat fluid in large infrastructure projects over long 

time-scales.  

 
Section 6 

Case Studies:  

Innovative Bridge Deck Solutions 
 
While it is beyond the scope of this introductory document to 

provide complete details of a life cycle costing analysis for a 

real civil engineering structure, it is instructive to provide an 

overview for a typical example involving innovative 

technologies. The following examples have been adapted 

from the work of Kostuk et al. (2006) and Sparks et al. 

(2006). The reader should note that most of the detail of the 

analysis has been removed to allow presentation within this 

module. The calculations involved are complex and are best 

left to experienced professionals in any case. 

ISIS Canada has been researching and demonstrating the 

use of glass fibre reinforced polymer (GFRP) reinforcing bars 

for concrete bridge deck applications for the past decade 

(ISIS, 2001). Figure 6-1 shows GFRP bars being installed in 

a concrete bridge deck.  

 

 
 
Fig. 6-1. GFRP reinforcement installation in a 
concrete bridge deck.  

GFRP reinforcing bars are non-corrosive, and it is thus 

widely believed that they can be used to prolong the useful 

service lives of bridge structures, particularly concrete 

bridge decks. ISIS has demonstrated the technical 

feasibility of numerous applications of GFRPs for 

reinforcement and strengthening of concrete, but in order 

for ISIS technologies to be adopted by owners of 

infrastructure they must not only be demonstrated to be 

technically feasible; they must also be more cost-effective 

than conventional methods. In the following example, the 

goal is to use the previously outlined methods of life cycle 

costing to compare the cost-effectiveness of GFRP for the 

service life of the structures in which it is used, to that of 

conventional design options. The focus of this example is 

on concrete bridge deck slabs on girders, and the cost-

effectiveness of various available reinforcement materials. 

Before we examining the cost-effectiveness of various 

reinforcement materials in bridge decks, it is worth looking 

at the current condition of Canadian bridges. Most of our 

bridges were built between 1950 and 1975; they are thus 30 

to 55 years old. Many of these bridges have received 

minimum maintenance and are due for rehabilitation. 

Canada has about 60,000 bridges having about 30,000 

reinforced concrete decks, almost all of which are 

deteriorating at an accelerating rate. The result is that 14% 

of bridge decks need major rehabilitation or replacement 

immediately, and 46% of bridge decks need rehabilitation 

or replacement within the next 10 years. The costs for these 

upgrades will be in the range of $25-$30 billion (Kostuk et 

al., 2006). However, current infrastructure budget 

constraints result in less ongoing maintenance than needed, 

deferral of sorely needed repairs, deferral of major 

rehabilitation on a timely basis, and do not promote taking 

long term advantage of new technologies.  

Political realities and constraints thus result in the 

spending of limited resources on new infrastructure using 

old design methods, not maintaining and repairing existing 

facilities, and continuing to award contracts on a first cost 

basis only. A situation is being perpetuated that is obviously 

no longer appropriate for Canadian infrastructure, even 

though Canadian taxpayers can no longer afford to replace 
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and expand our civil infrastructure using old methodologies. 

Part of the solution to these difficult problems is to think in 

terms of life cycle costs. A second part is to use more durable 

materials, such as GFRPs, for reinforcement, thus eliminating 

the steel reinforcing bars that are known to cause premature 

deterioration of concrete bridge deck slabs.  
 

The Economics of Using GFRP 

Reinforcement  
The initial capital costs of GFRPs are often more expensive 

than conventional reinforcement in new structures. However, 

engineers should be thinking in terms of minimizing total life 

cycle costs when thinking about such matters. Therefore, it is 

important to go beyond initial capital costs of reinforcement 

and consider the life cycle costs of competing materials. 

GFRPs are competitive with conventional reinforcement 

options for bridge deck slabs because, with non-corrosive 

GFRPs, deck slab deterioration is minimized and major 

rehabilitation can be deferred for many years; maintenance 

along the way is also less. ISIS Canada believes that GFRP is 

the reinforcement material that should be used in concrete 

bridge deck slabs from now on, and that GFRPs will prove to 

be economically beneficial during the service lives of these 

structures. ISIS life cycle analysis demonstrates also that 

GFRPs are economically competitive on an LCC basis. 

It is clear from the preceding sections of this module that 

the decisions of infrastructure agencies should be based on 

total life cycle costs if they are interested in maximizing 

value for money. In order to do credible life cycle costing, 

however, one must be able to predict future performance. 

Future performance includes: the service life, the timing, the 

type, the amount, the cost, and the effectiveness of all future 

maintenance and rehab requirements throughout the life 

cycle. Predicting the future performance is thus very complex 

and involves a great deal of uncertainty –uncertainty that can 

be taken into account using probabilistic methods.  
 

EXAMPLE 1: Two Bridge Deck Options  
 

Sparks et al. (2006) have developed a life cycle engineering 

and costing framework to facilitate “good” design decision-

making in the face of uncertainty and complexity associated 

with infrastructure projects. With advice and input from a 

group of experienced bridge engineers, a simple example has 

been developed using the Sparks et al. (2006) method to 

evaluate two potential bridge deck designs – one a 

conventional steel-reinforced concrete bridge deck, and the 

other an innovative deck based on the use of glass FRP 

reinforcement. The following is a summary of the example. 

The original reference provides additional detail if desired. 

The case study selected involves a deck replacement for a 

specific bridge in Winnipeg, Manitoba. The first design 

alternative was a standard steel-reinforced concrete bridge 

deck.  The second alternative replaced steel in the deck with 

glass FRP bars.  
 

Background 
The parameters selected as important in evaluating the 

alternative deck designs reflect the requirements of any life 

cycle costing analysis, as discussed previously, as well as 

specific characteristics of the case study under 

investigation. As such, the cost categories considered 

include:  

• initial costs; 

• maintenance, repair and rehabilitation (MR&R) costs; 

• operations (user) costs; 

• decommissioning costs (including salvage and 

disposal);  

• social and environmental externality and new 

technology costs. 

Externality costs are assumed to be considered within 

decommissioning estimates used in the analysis, and higher 

initial design costs are used for the FRP-reinforced deck to 

reflect the price of employing relatively new FRP 

technology. 
 

Model illustration 
The life cycle costing model was constructed according to 

the input of the experienced engineers.  
 

Categories Necessary to the Investigation 

The categories used in the analysis are summarized in 

Figure 6-2.  Elements include agency cost components 

(initial costs; maintenance, repair and rehabilitation; 

decommissioning), discount rate, and service life. User 

costs are separated from the example at this point. The 

reason for this is that it was desired to determine if agency 

costs alone would suggest the adoption of the innovative 

bridge deck using FRP (i.e., lasts longer, delays costly 

repairs, etc.). Since – over the service lives of the respective 

deck designs – the FRP deck is expected to reduce bridge 

service interruptions, the life cycle user costs corresponding 

to the FRP design are likely to prove lower than the life 

cycle user costs of the conventional steel design.  Should 

the life cycle agency costs of the FRP design lie below the 

life cycle agency costs of the steel design, therefore, any 

life cycle user cost savings are simply ‘icing on the cake’ 

strengthening the relative advantage of the FRP design. 

The basic elements are expanded in Figure 6-3 to 

include additional elements. For instance, initial costs are 

now modelled as a function of design cost, material cost, 

construction cost, and all costs associated with traffic 

control during deck rehabilitation. MR&R costs are 

modelled as a function of the costs of concrete repair, 

resurfacing, and related traffic control. Decommission cost 

is left as a single estimate occurring at some time in the 

distant future. Material cost is presumed a function of unit 

rebar cost ($/m2) and deck area. Construction cost is also 

presumed dependent on deck area, rebar installation costs 

and unit concrete cost. 
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Figure 6-2.  Basic elements of LCC example 
 

Figure 6-3 also adds one more parameter to the life cycle 

costing model. The node “Deck type” indicates the 

fundamental choice facing the infrastructure owner: 

1. Conventional steel reinforced concrete bridge deck 

2. GFRP reinforced concrete deck 

The arrows joining Deck type to other nodes in the 

model show the influence that each considered deck design 

has on the values associated with those nodes. For example, 

the arrow connecting Deck type and Unit rebar cost ($/m2) 

indicates that the unit cost of steel rebar in the conventional 

deck design is different from the unit cost of GFRP rods in 

the innovative deck. Since each design alternative 

corresponds to a unique set of data, the life cycle costs 

derived differ as well. This permits convenient ranking of 

the alternatives according to LCC criteria. 

 

 

 
 
Figure 6-3. Complete illustration of life cycle costing model 
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Mathematics 

The completed model of Figure 6-3 is reasonably complex, 

even for the relatively simple example being used here, but 

graphically illustrates the mathematics needed to estimate the 

criteria employed to rank the two bridge deck design options 

– the “annual worth of life cycle costs”. The annual worth 

reflects the annual cost of each of the two options and reflects 

the fact that each of the two options will have different 

service lives, repair times, etc. To begin, let: 

 

n  be an index for variables whose values will 

differ for each option; 

i   be the discount rate (which is mandated by the 

transportation authority in this case and is the 

same for both options); 

Ln be the service life corresponding to a life cycle 

evaluation of available deck options (which is 

presumably different for each option); 

Dn be the design costs; 

T   be the traffic costs; 

A  be the deck area (in m2)  

rcn be the unit cost (in $/m2) of rebar (at delivered 

cost including installation); 

icn  be the unit cost (in $/m2) of rebar installation (at 

delivered cost including installation); 

cc  be the unit cost (in $/m2) of concrete (at 

delivered cost including installation); 

MT be the cost of maintenance-related traffic 

control; 

MCn be the cost of concrete repair; 

MR  be the cost of resurfacing; 

SCn  be the maintenance cycle time for concrete 

repair (in years);  

SR  be the maintenance cycle time for resurfacing 

(in years); 

DC  represent the total costs to decommission a deck 

at the end of service life; 

AWLCCn  be the annual worth of life cycle costs for each 

deck option; 

P be any present worth amount that we would like 

to convert into a uniform annual worth for the 

purposes of comparison; 

t be the number of years in the future for which a 

conversion of costs to equivalent annual worth 

is desired; 

AWICn  represent the annual worth equivalent of all 

initial costs for each of the two deck options; 

AWMRCn  represent the annual worth equivalent of all 

maintenance and repair costs for each of the two 

deck options; and 

AWDCn  represent the annual worth equivalent of all 

decommissioning costs for each of the two deck 

options. 

 

Table 6-1 includes all variable denotations for both deck 

design options. Using the notation above, the annual worth of 

life cycle costs for each deck option, AWLCCn, can be 

computed using standard discounting formulae.  To convert 

a present worth amount, P, to a uniform annual worth 

equivalent given a pre-selected discount rate, i, and relevant 

time period, t, we use the following standard equation: 
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Similarly, the following equation performs the same 

conversion for a given amount, F, incurred t years in the 

future: 
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Now, AWICn, AWMRCn and AWDCn represent the 

annual worth equivalent of all initial, maintenance and 

repair, and decommissioning costs, respectively, for each of 

the two deck options. The resulting LCC model can be 

expressed mathematically as a combination of the 

respective annual worth values as follows: 
 

nnnn AWDCAWMRCAWICAWLCC ++=  
 

Based on available data and input from experienced bridge 

engineers, it is possible to develop nominal estimates for 

each of the parameters and to apply these estimates to the 

model to derive comparable annual worth measures for both 

deck design options.   

 

Table 6-1. Nominal Data used in the Analysis 

 Variable Steel GFRP 

Discount rate: i 6.0% 6.0% 

Service life (years): Ln 50 75 

Initial Costs    

- Design ($): Dn 25,000 35,000 

- Traffic control ($): T 150,000 150,000 

- Deck area (m2): A 6,000 6,000 

- Unit rebar cost ($/m2): rcn 25 94 

- Unit concrete cost ($/m2): cc 300 300 

Install rebar cost ($/m2): icn 25 20 

Maintenance & Repair    

- M&R traffic control ($): MT 75,000 75,000 

- Concrete repair ($): MCn 5,000,000 2,500,000 

- Concrete cycle (yrs): SCn 25 50 

- Resurface ($): MR 150,000 150,000 

- Resurface cycle (yrs): SR 25 25 

Decommissioning Costs    

- Decommissioning ($): DC 3,000,000 3,000,000 
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Nominal Data Estimates 

The nominal data assumed for the two deck designs are given 

in Table 6-1.  A common discount rate of 6.0 percent, 

compounded annually, has been chosen for analysis (as 

would typically be mandated by the applicable transportation 

authority). The service life of a steel reinforced deck is 

assumed as 50 years based on input from experienced 

engineers. A value of 75 years was assumed for the GFRP-

reinforced deck design based on lab and preliminary field 

results of existing GFRP reinforced concrete decks under 

similar conditions. Nominal initial cost estimates (design, 

unit rebar, etc.) reflect the experience of engineers working in 

this field, as do the values chosen for maintenance and repair 

as well as decommissioning. The concrete repair cost 

estimate for the steel reinforced deck twice exceeds that of 

the GFRP design. This results from the (reasonable) 

assumption that the top steel in the steel-reinforced deck will 

need to be replaced after about 25 years, whereas the GFRP-

reinforced deck will not require repair for at least 75 years.  

Results 

The nominal data of Table 6-1 were used in the spreadsheet 

package Microsoft Excel to determine the preliminary 

deterministic life cycle costs of each of the two options. 

More sophisticated analysis was also performed using DPL, 

a decision analysis software tool. The decision analysis 

results are not discussed in detail here. All life cycle costing 

results are quoted in annual worth terms to appropriately 

account for the influence of differing service lives between 

the two deck designs.  Essentially, all costs occurring 

during the life of the structure are conceptually moved to 

time zero by calculating their present worth. These costs are 

subsequently distributed over the life of the structure by 

converting their present worth into annual worth, and then 

summing up the various contributions to get a total annual 

worth of life cycle costs. For the purposes of illustration, 

details of the LCC calculations for both bridge deck options 

are given in Table 6-2, and are described below. 

 
 

Table 6-2. Details of the Analysis 

STEEL REINFORCED DECK GFRP REINFORCED DECK 
       

Discount rate: 6.0% Discount rate: 6.0% 
Service life (years): 50 Service life (years): 75 
        

       

Initial Cost   Initial Cost   

Design ($): 25,000 Design ($): 35,000 
Traffic control ($): 150,000 Traffic control ($): 150,000 
Deck area (m2): 6,000 Deck area (m2): 6,000 
Unit rebar cost ($/m2): 25 Unit rebar cost ($/m2): 94 
Unit concrete cost ($/m2): 300 Unit concrete cost ($/m2): 300 
Install rebar cost ($/m2): 25 Install rebar cost ($/m2): 20 
      

TOTAL PWIC: $ 2,275,000 TOTAL PWIC: $ 2,669,000 
AWIC: $ 144,336 AWIC: $ 162,192 
        

      

M&R Costs   M&R Costs   
M&R traffic control ($): 75,000 M&R traffic control ($): 75,000 
Concrete repair ($): 5,000,000 Concrete repair ($): 2,500,000 
Concrete cycle (yrs): 25 Concrete cycle (yrs): 50 
Resurface ($): 150,000 Resurface ($): 150,000 
Resurface cycle (yrs): 25 Resurface cycle (yrs): 25 
      

PW concrete repair: $ 1,182,468 PW concrete repair: $ 139,793 
AW concrete repair: $ 92,501 AW concrete repair: $ 8,869 
      

PW resurface: $ 52,425 PW resurface: $ 52,425 
AW resurface: $ 4,101 AW resurface: $ 4,101 
      

AWMRC: $ 96,602 AWMRC: $ 12,970 
        

      

Decommission Costs ($): 3,000,000 Decommission Costs ($): 3,000,000 
AWDC: $ 10,333 AWDC: $ 2,306 
    

      

TOTAL AWLCC: $ 251,270 TOTAL AWLCC: $ 177,468 
        

 

The present worth of the initial costs (PWIC) is 

determined for each deck by summing up the various initial 

cost components, giving  present worths of $2,275,000 and 

$2,269,000 for the steel and GRPF reinforced options 

respectively. These costs are subsequently converted into 

annual worths, using Equation 6-1, of $144,336 and $162,192 

respectively. For example, the annual worth of initial costs 

for the steel reinforced option is calculated from its present 

worth of initial costs (PWIC) of $2,275,000, with a discount 

rate, i, of 6.0% and a service life, t, of 50 years, giving:   
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Next, the maintenance and repair costs are calculated as 

the sum of the concrete repair and resurfacing costs. The 

present worth of concrete repair costs, with a discount rate of 

6.0% and a cycle of 25 years, is: 
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and the subsequent annual worth of concrete repair costs, 

again with a cycle of 25 years, is: 
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The present worth of resurfacing costs, again with a 

discount rate of 6.0% and a cycle of 25 years, is: 
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and the subsequent annual worth of resurfacing costs is: 
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The maintenance and repair costs are calculated similarly 

for the GFRP reinforced option using the nominal estimates 

given in Table 6-1. Therefore, the annual worth of 

maintenance and repair costs (AWMRC) for the steel and 

GFRP reinforced deck options are $96,602 and $12,970 

respectively.  

Finally, the present and annual worth of 

decommissioning costs must be determined for each of the 

options. For the steel reinforced design with a service life 

(i.e. a cycle) of 50 years, we have: 
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and the GFRP reinforced design is treated similarly.   

Finally, the total annual worth of life cycle costs for 

each of the options is determined as the summation of the 

individual annual worth components as follows: 
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Thus, based on the nominal data assumed in Table 6-1, 

the GFRP deck option proves to be the better option. The 

annual worth of life cycle costs of the steel and GFRP-

reinforced deck options are about $251,000 and $177,000, 

respectively. Thus, the GFRP-reinforced deck option 

would, on the basis of this simple analysis, give life cycle 

cost savings in the neighbourhood of 35% over the steel-

reinforced option.  

It is important to recognize that these results ignore the 

inevitable uncertainties surrounding life cycle performance 

resulting from variation in the assumed nominal values for 

each of the model parameters. In more complex analyses, as 

discussed previously, sensitivity analysis can provide 

additional insight into the relative influences of uncertainty 

in various parameters on model results. 

In the current example, sensitivity analysis could be 

used to study the effect of the assumed service life of the 

GFRP deck option. For instance, if all other factors are kept 

constant, the lower the CFRP-reinforced deck’s assumed 

service life, the higher the life cycle cost, as expected. Since 

GFRP-reinforced decks are a relatively new technology, a 

lifespan of over 50 years, while likely on the basis of both 

lab and field testing to date, cannot be guaranteed. Using a 

break-even analysis it was determined that the service life 

of the GFRP-reinforced deck would have to fall to 

approximately 28 years to be equivalent on a life cycle cost 
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basis to the steel-reinforced deck option. The probability of 

life span for GFRP-reinforced bridge decks exceeding is 

judged very high on the basis of available data. 

Using a deterministic analysis such as this, it is possible 

to develop a simple excel spreadsheet which can be used to 

investigate the influence of various model parameters.  For 

example, the influence of the chosen discount rate can be 

investigated by inputting different values and observing the 

changes in the life cycle costs of the respective options. And 

example of this for the current case is given in Figure 6-4 

below. This figure shows that as the discount rate decreases, 

future costs become more significant and the GFRP 

reinforced option becomes even more attractive.  
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Figure 6-4. Influence of Discount Rate on AWLCC of 
both options 

 

Sensitivity analysis could also be used to study the 

effect of cycle times of concrete repair for the two deck 

options. In this case, it turns out that concrete repair cycle 

required for the GFRP-reinforced deck option, to give the 

same life cycle cost as the steel-reinforced option, is about 

19 years. Again, the likelihood of a repair cycle time 

exceeding this length is considered extremely high.  

Break-even analysis as illustrated above requires that 

one parameter be varied while the others are held constant. 

This means that the combined effect of, for instance, 

assumed service life and repair cycle time are uncertain for 

both options, and the combined effect of these uncertainties 

is not accounted for. For this reason, it is often advisable to 

also perform a probabilistic analysis on the life cycle 

model. A simple probabilistic analysis is illustrated below, 

omitting most of the mathematical details which are well 

beyond the scope of the current document. 

Three parameters that are considered relevant to both 

deck options, from an LCC standpoint, were modelled as 

simple random variables for the purpose of illustrative 

probabilistic analysis. These are:  

• concrete repair cost;  

• concrete repair cycle; and 

• service life. 

The ranges and probabilities assumed again reflect the 

opinions of experienced engineers and are summarized in 

Table 6-3. The proportional variability in GFRP-related 

parameters meets or exceeds the proportional variability 

presumed for steel-related parameters – a fact that reflects 

the higher degree of uncertainty surrounding the long term 

life cycle performance of GFRP-reinforced concrete bridge 

decks. 

 

Table 6-3. Probabilistic Data for Limited Range of Parameters used in LCC Analysis 

Parameter Notation 
Steel GFRP 

Low Nominal High Low Nominal High 

Service life (years) Ln 40 50 60 50 75 100 

Concrete repair ($) MCn 4,000,000 5,000,000 6,000,000 2,000,000 2,500,000 3,000,000 

Concrete cycle (yrs) SCn 20 25 30 40 50 60 

Probability  0.30 0.40 0.30 0.30 0.40 0.30 

 

On the basis of the assumed probability distributions given in 

Table 6-3, the expected value of annual worth life cycle costs 

for the GFRP and steel-reinforced deck options equal 

$182,000 and $258,000, respectively. Thus, the GFRP option 

is still roughly 35% “better” than the steel-reinforced deck. 

The probabilistic analysis also generates risk profiles for 

each of the two options on the basis of the assumed 

probability distributions. Figure 6-5 shows that the GFRP-

reinforced deck exhibits what is termed “stochastic 

dominance” over the steel reinforced option. This means that, 

at any cumulative probability, the annual worth of life cycle 

costs of the GFRP-reinforced option is below that of the 

steel-reinforced option. 

It is important to recognize that, although the results of 

this example support the GFRP-reinforced deck design, this 

is clearly not a definitive conclusion. The judgement of 

experience engineers regarding GFRP performance in 

concrete is based on limited field observations combined 

with results of laboratory testing, and should be considered 

in light of this fact. Clearly, the life cycle cost analysis 

discussed above rests entirely on the assumptions made at 

the outset 

Summary 

This example has illustrated a simple life cycle cost 

analysis for two competing bridge deck design options. The 

process followed is straight-forward: 
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1. Gather information from people with experience and 

relevant knowledge. 

2. Code the information in a systematic way – addressing 

both complexity and uncertainty. 

3. Logically explore the implications of the information 

from a defensible standpoint (in this case, life cycle 

costs) 

4. Review the implications (i.e., modelling results) with the 

group and determine next steps. 
 

 
 

Figure 6-5.  Risk profiles for considered bridge deck 
design options 

The reader will likely note that real-world civil 

engineering challenges are typically considerably more 

complex than the example used above. Entire structures 

rather than components may be involved; and the number of 

possible alternatives under consideration may be great 

indeed.  It is precisely for this reason that a systematic and 

efficient process of design decision-making and LCC must be 

employed. A more complex example involving 4 competing 

options is illustrated below. 

 

EXAMPLE 2: Four Competing Bridge 

Deck Options  
 

The following example is based on a paper by Kostuk et al. 

(2006), and involves an illustrative life cycle analysis to 

compare four competing bridge deck options. For the 

purposes of the current example, the focus is concrete bridge 

deck slab designs for given bridge specifications. Although 

many possible deck slab designs exist, this example compares 

four different potential designs to illustrate both the LCC 

method and the potential benefits of GFRP reinforcing bars 

in bridge deck applications. The bridge specifications are as 

follows: 

• Setting = Urban area 

• Traffic = 20,000 vehicles/day 

• Bridge: 

o 2 lanes 

o 7 spans @ 43.5 m each 

o 6 piers – made continuous over piers 

o Length = 304.5 m 

o Deck width = 11.64 m 

o Roadway width = 10.4 m 

It is also necessary to make some basic costing 

assumptions, as follows: 

• Planning horizon = 100 years 

• Discount rate = 5.0% 

• Costing categories: 

o Agency costs (Initial, maintenance, 

decommissioning) 

o User costs (a major issue that is unfortunately 

beyond the scope of the current discussion and is 

not included) 

 

Design Alternatives 
Table 6-4 summarizes the four design alternatives. The 

common design consideration is the use of high 

performance concrete for casting the slab. The first design 

alternative includes epoxy coated steel reinforcement for 

the top and bottom reinforcement (Figure 6-5). The slab is 

225mm thick, is coated with a waterproofing membrane to 

reduce chloride penetration, and has a 80mm asphalt 

wearing surface. The second design is similar to the first 

but the epoxy coated steel is replaced with MMFX-2 steel; 

a corrosion resistant steel bar. The third design utilizes the 

steel free deck concept (Mufti & Newhook, 1999). In this 

design, the bottom steel is placed outside the deck concrete. 

GFRP reinforcement is used for crack control in the bottom 

reinforcement layer and, over the piers, epoxy coated steel 

is used for negative moment resistance. The fourth design is 

also a steel free deck, but replaces the asphalt wearing 

surface with high density concrete. This concrete surface is 

expected to reduce chloride penetration and thus a 

waterproofing membrane is no longer needed. The 

elimination of all steel from the bridge deck in combination 

with the increased chloride resistance from the high density 

concrete allows a reduction in deck thickness and therefore 

concrete in the deck. 
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Figure 6-5. Details of the four bridge deck design alternatives considered in the present example 
 

 

 

Table 6-6. Alternative deck slabs for comparison 

Alternative 
Reinforcement Concrete 

Over Piers Top Bottom External Type Slab Thickness (mm) Surface Thickness (mm) Membrane 

1 Epoxy Epoxy Epoxy None HPC 225 Asphalt, 80 Yes 

2 MMFX-2 MMFX-2 MMFX-2 None HPC 225 Asphalt, 80 Yes 

3 Epoxy -- GFRP Strap HPC 225 Asphalt, 80 Yes 

4* GFRP -- GFRP Strap HPC 200 HDC, 50 No 

* A thinner deck with no membrane requirement since corrosion is not an issue with this configuration. 

80 mm 
asphalt 

225 mm 
concrete 

Epoxy-coated steel 
bars top and bottom 

10mm protection 
board + membrane 

80 mm 
asphalt 

225 mm 
concrete 

MMFX-2 steel bars 
top and bottom 

80 mm 
asphalt 

225 mm 
concrete 

Epoxy-coated steel 
bars over piers 

10mm protection 
board + membrane 

GFRP bars Steel strap 

200 mm 
concrete 

GFRP bars over piers 

GFRP bars Steel strap 

HPC overlay 

Design Alternative #1: 
Epoxy coated steel top & 
bottom 

Design Alternative #2: 
MMFX-2 steel top & bottom 

Design Alternative #3: 
Epoxy coated steel over 
piers / GFRP bottom 

Design Alternative #4: 
Steel-free GFRP bottom & 
GFRP over piers 
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Costs 
The discussion that follows presents details of assumed 

modelling information for the first alternative only. The other 

alternatives were costed in a similar fashion. Table 6-5 shows 

the initial construction costs for Alternative #1, including 

three columns of data: low, nominal, and high. Initial costs 

include: the overlay (asphalt or HDC), membrane (if 

required), concrete (HPC), reinforcing bar (bottom, top (if 

required), negative moment reinforcement over piers), and 

straps (if required). The nominal value is the most likely 

value and is typically the only value included in a traditional 

deterministic LCC analysis. The low and high values are 95% 

confidence bounds on each parameter based on the 

engineering judgment of a skilled and highly experienced 

bridge engineer. Based on the nominal values, the present 

worth of the initial construction, using calculations that are 

well beyond the scope of the current document and are thus 

omitted, is $1,145,407 and the equivalent annual worth is 

$57,709 per year. 

 
Table 6-5. Unit costs for initial construction of 
Design Alternative #1 

 Low Nominal High 

Overlay ($/m2) 15 20 25 

Membrane ($/m2) 35 45 55 

Concrete for deck ($/m3) 700 800 900 

Bottom mat ($/m2) 24.92 27 29.08 

Top mat ($/m2) 24.92 27 29.08 

Mat over piers ($/m2) 48 52 56 

Straps ($/m2) n/a n/a n/a 

 

Table 6-6 summarizes the rehabilitation, maintenance and 

disposal costs, again for Design Alternative #1 only. These 

costs include: deck surveys prior to overlays (if required), 

overlay removal and replacement, traffic control, concrete 

removal and replacement (if required), rebar removal and 

replacement (if required), and deck removal and disposal at 

end of planning period. Note that there are two types of 

maintenance costs being considered; the more frequent repair 

is overlay (and where applicable the membrane) removal and 

replacement; the less frequent repair is the milling and 

replacement of a portion of the concrete deck to remove 

chlorides. The complete deck is not uniformly affected, and 

this behaviour is modelled by applying factors for the 

percentage affected. The present worth calculation for the 

nominal maintenance and repairs, again using complex 

calculations that are beyond the scope of this introductory 

document, is $297,630 and the equivalent annual worth is 

$14,996 per year. 

Decommissioning costs were based on unit costs of 

$200/m2, $350/m2, and $500/m2 (low, nominal, and high). 

The present worth is $9401/m2 and the equivalent annual 

worth of $474/m2. Summing the construction, repair and 

maintenance, and the decommissioning costs on an 

equivalent annual basis gives a total equivalent annual worth 

of $57,709 + $14,996 + $474 = $73,179 per year. 

 
Table 6-6.  Repair and maintenance costs for 
Design Alternative #1 

Cost component Low Nominal High 

Deck survey ($/m2) 5 7 10 

 - number deck surveys prior to overlay  2  

Traffic control delays ($/day) 1000 2000 3000 

- Overlay (days) 15 21 28 

- Concrete repair (days) 15 21 28 

Concrete removal at 50mm depth    

- % of road affected 10 30 100 

- Removal cost ($/m2) 100 150 200 

Concrete removal at 125mm depth    

- % of road affected 10 20 30 

- Removal cost ($/m2) 200 270 350 

- Overlay cycle (years) 15 20 25 

- Concrete repair cycle (years) 30 40 50 

 

Comparing Costs 
Defining initial, maintenance and decommissioning cost 

categories for each design option allows us to compare 

costs in two ways: 

1. Cash flow diagrams for visual representation of costs 

over time. 

2. Present and annual worth equivalence measures to 

examine the implications of cash flows for relative life 

cycle costs corresponding to each option. 

Again, ignoring many of the details of the analysis, 

Figure 6-6 shows a comparison of cash flows for the four 

options considered in this example over a period of 100 

years. Reduced cash flows for the GFRP decking options 

reflect the presumed reduced maintenance resulting from 

the non-corrosive nature of this type of reinforcement.  
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Figure 6-7. Comparison of cash flows for the four 
options considered in this example over a period 
of 100 years. 
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Figure 6-7 shows a comparison of the present worth of initial 

costs for the four design alternatives, where the full GFRP 

design results in a 5% increase in initial cost relative to the 

epoxy-coated alternative. This is due to the slightly higher 

cost of GFRP as compared with conventional reinforcing 

materials. This figure also shows the reduced maintenance 

and disposal (M&D) costs associated with the use of GFRP 

reinforcement, with the full GFRP option having 70-80% 

lower M&D costs. Finally, Figure 6-7 shows that the total 

predicted life cycle cost is minimized using the full GFRP 

design alternative. It is important to recognize also that the 

current example makes no attempt to consider user costs, 

which would further support the use of the full GFRP option. 

 

Dealing with Uncertainty 
The next step in the analysis (if desired) is to think about the 

uncertainty associated with the model. As described 

previously, we can handle uncertainty in a systematic way 

using the following methods: 

1. Sensitivity analysis 

• Identify parameters whose uncertainty significantly 

influences the life cycle costs and which do not. 

2. Risk analysis 

• Assign probability distributions to influential 

parameters and examine probabilistic results. 

3. Value of information analysis 

• Do we need more detailed input information or 

models to reach a “good” decision? 

Deterministic sensitivity can be calculated manually, 

although the process is time-consuming and tedious. In the 

current example, 18 variables have been considered. The life 

cycle costs discussed previously were determined based on 

the nominal costs only. To conduct deterministic sensitivity 

analysis, each variable is adjusted from the nominal case to 

the low and then high condition while holding all other 

variables fixed. The net result is that the life cycle cost 

calculations must be iterated (2 x number of variables + 1) = 

2 x 18 + 1 = 37 times for each alternative.  With four design 

alternatives, this means 148 separate iterations of the 

analysis. 
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Figure 6-8. Comparison of the present worth of 
initial costs for the four design alternatives. 
 

Figure 6-9 shows a schematic representation of this LCC 

problem as represented by an influence diagram. Each node 

in the diagram represents either an input (arrows pointing 

away from nodes) or a calculated output (arrows point into 

nodes). The inputs are the costs in Tables 6-5 and 6-6. 

Figure 6-10 is a “tornado” diagram resulting from the 

deterministic sensitivity analysis. This figure illustrates the 

change in life cycle costs as each parameter is adjusted up 

and down. The changes associated with each parameter are 

clearly not equal. To generate this tornado diagram, 

proprietary decision analysis software ranks the parameters 

in order of the magnitude of their impact on life cycle costs 

(top to bottom), resulting in a schematic that resembles a 

tornado. The vertical line represents the equivalent annual 

worth of the total costs as calculated using nominal values. 

At each end of the horizontal bar are two values. The 

number on the left is the parameter input and the number on 

the right is the new equivalent annual worth. For the 

overlay cycle (the first parameter in Figure 6-10) we 

observe that if the cycle is 25 years the equivalent annual 

worth is $69,876 per year. If the cycle is 15 years, the 

equivalent annual worth is $78,902 (a difference of $9026). 

In other words, as the time between overlays increases, the 

equivalent annual worth decreases. This result is 

reasonable, since an increase in the cycle time is equivalent 

to completing fewer overlay replacements. 
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Figure 6-9. Influence diagram identifying variables included in deterministic sensitivity analysis. 
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Figure 6-10. The 11 LCC variables with the greatest impact on total cost. 

 

Note that Figure 6-10 only includes the top 11 parameters.  

The other six (Removal Cost 125mm, Overlay Delay, Top 

Mat, Bottom Mat, Decommission, Concrete Repair Delay) 

had differences between each extreme of $787 per year or 

less. Note also that the top seven parameters can be placed in 

three cohorts: repair cycle (overlay and deck), material 

costs (deck concrete, membrane,  and overlay), and, 

percentage of area affected (50mm depth and 125mm 

depth). 
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In more sophisticated analyses, the most important variability 

in variables could be singled out for probabilistic sensitivity 

analysis. This is beyond the scope of the current discussion 

and is thus not included. Kostuk et al. (2006) have presented 

the results of such a probabilistic analysis for the current 

example, and were able to generate a probability distribution 

of the equivalent annual worth of total costs. Figure 6-11 

compares the cumulative probability distributions of the 

equivalent annual worth of costs of all four design 

alternatives. Alternative 4, GFRP over the piers, 

stochastically dominates the other 3 alternatives.  In other 

words, for any probability level, Alternative 4 has the 

lowest equivalent annual worth. Although there is no 

guarantee under all circumstances Alternative 4 would have 

the lowest equivalent annual worth, on a probabilistic basis, 

Alternative 4 is the best alternative. 

 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 6-11. Cumulative probabilistic distribution of equivalent annual worth of total costs for all four 
design alternatives 
 

Summary 

The basic concepts and methods introduced in this module 

have been illustrated by comparing four preliminary design 

alternatives for an urban reinforced concrete bridge deck. The 

four designs were relatively similar, the key differences being 

the reinforcing materials. The analysis found that a GFRP 

reinforced deck slab with an external steel strap was the 

design with the lowest life cycle cost. In turn, this indicates 

it would provide the best long term value. 

 
 
Section 7  

Summary and Conclusion 
 

The initial construction or acquisition cost of an engineered 

structure or project can often represent only a small 

proportion of the total cost of ownership or operation. In the 

case of large-scale infrastructure projects common to civil 

engineering, operating, maintaining, inspecting, and repairing 

the structure can sometimes comprise a significant proportion 

of the cost over its lifetime. However, design and 

construction decisions are typically made on the basis of the 

cost of “acquisition” – the longer term costs often being 

ignored. In addition, new construction materials and 

monitoring systems are emerging that are technically equal 

or superior to conventional systems. Economic means are 

required to determine whether these new materials and 

systems are cost-effective in the long-term, as compared 

Equivalent Annual Worth of Total Costs ($x1000) 

Cumulative  
probability 

1 – Epoxy 
  
2 – MMFX-2 
 
3 – Epoxy / GFRP 
 
4 – GFRP  
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against their conventional counterparts. True value for 

money, particularly in the public sector, can only be achieved 

when the total cost of ownership over the entire life cycle is 

known, including agency costs, user costs, and externalities; 

this cost can be determined using LCC analysis as an 

integrated part of the LCE&C process. In order for this to 

occur, however, practicing engineers will be required to 

attain at least some knowledge in pertinent areas of 

economic theory, LCC, and decision analysis. This module 

represents a first step in this direction, with the ultimate 

goal being the promotion of innovative technologies in 

infrastructure applications. 
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