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EXECUTIVE SUMMARY

This Interim Technical Bulletin provides technical guidance and recommendations on good
practice in conducting Life-Cycle Cost Analysis (LCCA) in pavement design. It also introduces
Risk Analysis, a probabilistic approach to describe and account for the uncertainty inherent in
the process. It deals specifically with the technical aspects of the long-term economic efficiency
implications of alternative pavement designs. The Bulletin is directed at State highway agency
(SHA) personnel with responsibility for conducting and/or reviewing pavement design LCCAs.

Purpose of LCCA

LCCA is an analysis technique that builds on the well-founded principles of economic analysis
to evaluate the over-all-long-term economic efficiency between competing alternative investment
options. It does not address equity issues. It incorporates initial and discounted future agency,
user, and other relevant costs over the life of alternative investments.  It attempts to identify the
best value (the lowest long-term cost that satisfies the performance objective being sought) for
investment expenditures.

LCCA Requirements

The National Highway System (NHS) Designation Act of 1995 specifically required States to
conduct life-cycle cost analysis on NHS projects costing $25 million or more.  Implementing
guidance was provided in Federal Highway Administration (FHWA) Executive Director
Anthony Kane’s April 19, 1996, Memorandum to FHWA Regional administrators.
The implementing guidance did not recommend specific LCCA procedures, but rather it
specified the use of good practice.

The FHWA position on LCCA is further defined in its Final Policy Statement on LCCA
published in the September 18, 1996, Federal Register. FHWA Policy on LCCA is that it is a
decision support tool, and the results of LCCA are not decisions in and of themselves. The
logical analytical evaluation framework that life-cycle cost analyses fosters is as important as the
LCCA results themselves. As a result, although LCCA was only officially mandated in a very
limited number of situations, FHWA has always encouraged the use of LCCA in analyzing all
major investment decisions where such analyses are likely to increase the efficiency and
effectiveness of investment decisions whether or not they meet specific LCCA-mandated
requirements.

The 1998 Transportation Equity Act for the 21st Century (TEA-21) has sinced removed the
requirement for SHA’s to conduct LCCA on high-cost NHS useable project segments.
However, the congressional interest in LCCA is continued in the new requirement that the
Secretary of Transportation develop recommended LCCA procedures for NHS projects.

Bulletin Format

The Interim Technical Bulletin discusses the broad fundamental principles involved in LCCA
and  it presents widely accepted procedures used in setting up and conducting LCC analysis.
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It also discusses input parameters, the variability and inherent uncertainty associated with them,
and provides recommendations on acceptable ranges for a variety of parameters. It presents
examples of traditional LCCA in a pavement design setting. It then provides a detailed, rational
highway capacity-based approach for determining work zone user delay, vehicle operating, and
crash costs associated with alternative pavement design strategies. It explores the use of
sensitivity analysis in traditional LCCA approaches and introduces a probabilistic-based risk
analysis approach to account for the variability of inputs. Several microcomputer software
programs are available for conducting deterministic LCCA on routine pavement rehabilitation
projects. There are also powerful microcomputer-based risk analysis software programs
currently on the market that work well in conjunction with standard computer spreadsheet
applications. The appendix to this Interim Bulletin includes a discussion of supporting
computer software and additional LCCA resource documents.

LCCA Procedures

Life Cycle Cost (LCC) analysis should be conducted as early in the project development cycle
as possible. For pavement design, the appropriate time for conducting the LCCA is during the
project design stage.  The LCCA level of detail should be consistent with the level of
investment. Typical LCCA models based on primary pavement management strategies can be
used to reduce unnecessarily repetitive analyses.

LCCA need only consider differential cost among alternatives. Costs common to all alternatives
cancel out, are generally so noted in the text, and are not included in LCCA calculations.
Inclusion of all potential LCCA factors in every analysis is counterproductive; however, all
LCCA factors and assumptions should be addressed, even if only limited to an explanation of
the rationale for not including eliminated factors in detail. Sunk costs, which are irrelevant to the
decision at hand, should not be included.

LCCA Principles of Good Practice

The LCCA analysis period, or the time horizon over which alternatives are evaluated, should be
sufficient to reflect long-term cost differences associated with reasonable design strategies.
While FHWA’s LCCA Policy Statement recommends an analysis period of at least 35 years
for all pavement projects, including new or total reconstruction projects as well as rehabilitation,
restoration, and resurfacing projects, an analysis period range of 30 to 40 years is not
unreasonable.

Net Present Value (NPV) is the economic efficiency indicator of choice. The Uniform
Equivalent Annual Cost (UEAC) indicator is also acceptable, but should be derived from NPV.
Computation of Benefit/Cost (B/C) ratios are generally not recommended because of the
difficulty in sorting out cost and benefits for use in the B/C ratios.

Future cost and benefit streams should be estimated in constant dollars and discounted to the
present using a real discount rate. Although nominal dollars can be used with nominal discount
rates, use of real/constant dollars and real discount rates eliminates the need to estimate and
include an inflation premium.  In any given LCCA, real/constant or nominal dollars must not be
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mixed (i.e., all costs must be in real dollars or all costs must be in nominal dollars). Further, the
discount rate selected must be consistent with the dollar type used (i.e., use real cost and real
discount rates or nominal cost and nominal discount rates).

The discount rates employed in LCCA should reflect historical trends over long periods of time.
Although long-term trends for real discount rates hover around 4 percent, 3 to 5 percent is an
acceptable range and is consistent with values historically reported in Appendix A of OMB
Circular A-94.

Performance periods for individual pavement designs and rehabilitation strategies have a
significant impact on analysis results. Longer performance periods for individual pavement
designs require fewer rehabilitation projects and associated agency and work zones user costs.

While most analyses include traditional agency costs, some do not fully account for the SHA
engineering and construction management overhead, especially on future rehabilitations. This can
be a serious oversight on short-lived rehabilitations as SHAs design processes lengthen in an era
of downsizing.

Routine, reactive type annual maintenance costs have only a marginal effect on NPV. They are
hard to obtain, generally very small in comparison to initial construction and rehabilitation costs,
and differentials between competing pavement strategies are usually very small, particularly
when discounted over 30- to 40-year analysis periods.

Salvage value should be based on the remaining life of an alternative at the end of the analysis
period as a prorated share of the last rehabilitation cost.

User Costs

User costs are the delay, vehicle operating, and crash costs incurred by the users of a facility
and should be included in the LCCA. Vehicle delay and crash costs are unlikely to vary among
alternative pavement designs between periods of construction, maintenance, and rehabilitation
operations. Although vehicle operating costs are likely to vary during periods of normal
operations for different pavement design strategies, there is little research on quantifying such
Vehicle Operating Cost (VOC) differentials under the pavement condition levels prevailing in the
U.S.A. The Technical Bulletin therefore focuses strictly on work zone user cost differences
between alternatives.

User costs are heavily influenced by current and future roadway operating characteristics. They
are directly related to the current and future traffic demand, facility capacity, and the timing,
duration, and frequency of work zone-induced capacity restrictions, as well as any circuitous
mileage caused by detours. Directional hourly traffic demand forecasts for the analysis year in
question are essential for determining work zone user costs.

As long as work zone capacity exceeds vehicle demand on the facility, user costs are normally
manageable and represent more of an inconvenience than a serious cost to the traveling public.
When vehicle demand on the facility exceeds work zone capacity, the facility operates under
forced-flow conditions and user costs can be immense. Queuing costs can account for more
than 95 percent of work zone user costs with the lion’s share of the cost being the delay time of
crawling through long, slow-moving queues.
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Recommended values of time.

$ Value Per Vehicle Hour
Vehicle Class

Value Range
Passenger Vehicles $11.58 $10 to 13
Single-Unit Trucks 18.54 17 to 20
Combination Trucks 22.31 21 to 24

Different vehicle classes have different operating characteristics and associated operating costs,
and as a result, user costs should be analyzed for at least three broad vehicle classes: Passenger
Vehicles, Single-Unit Trucks, and Combination Trucks.

User delay cost rates are probably the most contentious of all user cost inputs. While there are
several different sources for the dollar value of time delay, the recommended mean values and
ranges for the value of time (Aug 96 $) shown in the table below appear reasonable. It is
important to note that commercial vehicles support higher values of travel time delay rates and
that passenger vehicles, particularly pickup trucks, represent both commercial and
noncommercial use.

Work zone crash cost differentials between alternatives are very difficult to determine because of the
lack of hard statistically significant data on work zone crash rates and the difficulty in determining vehicle
work zone exposure. However, default dollar value ranges associated with fatal and nonfatal injury
highway crashes are included.

Risk Analysis

LCCA, as a minimum, should include a sensitivity analysis to address the variability within major
analyses input assumptions and estimates. Traditionally, sensitivity analysis has evaluated different
discount rates or assigned value of time, normally evaluating a best and worst case scenario. The
ultimate extension of sensitivity analysis is a probabilistic approach, which allows all significant inputs to
vary simultaneously.

The Interim Technical Bulletin advocates the use of a probabilistic approach to LCCA that
incorporates analysis of the variation within the input assumptions, projections, and estimates. The
prevailing term used in private industry for a probabilistic approach is Risk Analysis. Risk analysis is a
technique that exposes areas of uncertainty, typically hidden in the traditional deterministic approach to
LCCA, and it allows the decision maker to weigh the probability of the outcome actually occurring. The
risk analysis approach combines probability descriptions of uncertain variables and a computer
simulation technique, generally know as Monte Carlo Simulation, to characterize uncertainty. Monte
Carlo simulations randomly draw samples from the individual inputs consistent with their defined
distributions to calculate thousands, even tens of thousands, of  what if outcomes. With enough
samples, the program can define an overall composite NPV probability distribution for each alternative
— one that shows the entire range of possible outcomes and the likelihood that any particular outcome
will actually occur. Given the power and sophistication of today’s computers and software, the FHWA
strongly endorses the use of techniques, such as Monte Carlo simulation, for incorporating variability
associated with LCCA inputs into final results.
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The purpose of this Interim Technical Bulletin is to provide technical guidance and
recommend good practice in conducting Life-Cycle Cost Analysis (LCCA) in pavement
design and to introduce Risk Analysis, a probabilistic approach, which describes the
uncertainty inherent in the process. The primary audience for this Bulletin is State highway
agency (SHA) personnel responsible for conducting and/or reviewing LCCA of highway
pavements. This includes State pavement design engineers and pavement management
engineers, as well as district or area supervisors responsible for selecting pavement type and
rehabilitation strategies.

SCOPE

The Interim Technical Bulletin recommends specific procedures for conducting LCCA in
pavement design and discusses the relative importance of LCCA factors on analysis results. In
the interest of technical purity, the discussion includes all relative LCCA factors, even though
not all elements influence the final LCCA results to the same degree. The Bulletin first
addresses the broad fundamental principles involved in LCCA; this is followed by presentation
of the widely accepted procedures used to set up and conduct LCC analysis. It discusses input
parameters and presents examples of traditional LCCA in a pavement design setting. It
discusses the variability and inherent uncertainty associated with input parameters and
recommends acceptable ranges for a variety of parameters. It explores the use of sensitivity
and introduces a risk analysis approach to account for the variability of inputs. Finally, there is a
discussion of supporting computer software. The appendix lists additional LCCA resource
documents specific to pavement design.

While the issue of equity is a highly significant consideration in any public investment decision, it
is not part of the economic efficiency issue. This Interim Technical Bulletin deals specifically
with the technical aspects of the long-term economic efficiency implications of alternative
pavement designs.

LCCA results are a useful decision support tool, but they are not decisions in and of
themselves. Frequently, the analytical evaluation that such analysis fosters is as important as the
LCCA results. As a result, SHAs are encouraged to conduct LCCA in support of all major
investment decisions.

APPLICATION

Fundamental principles of economic analysis have broad application. In general, this Interim
Technical Bulletin presents generic concepts that may be applied to areas other than
pavements. For example, LCCA may be applied to establish funding levels, allocate resources
among program areas, and prioritize project selection.

CHAPTER 1. INTRODUCTION
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LEVEL OF DETAIL

The relative influence of individual Life-Cycle Cost (LCC) factors on analysis results may vary
from major to minor to insignificant. The analyst should ensure that the level of detail
incorporated in an LCCA is consistent with the level of investment decision under consideration.
There comes a point of diminishing returns as more and more cost factors are incorporated in an
LCCA. For example, slight differences in future costs have a marginal effect on discounted
present value. Including such factors as this unnecessarily complicates the analysis without
providing tangible improvement in analysis results. Including all factors in every analysis is
frequently not productive. The difficulty in capturing some costs makes omitting them the more
prudent choice — particularly when the effect on the LCCA results is marginal at best.

In conducting an LCCA, analysts should evaluate all factors for inclusion and explain the
rationale for eliminating factors. Such explanations make analysis results more supportable when
they are scrutinized by critics who are not pleased with the analysis outcome. This Interim
Technical Bulletin does not provide guidance on determining the appropriate extent of LCCA
on specific projects.

LCCA DRIVING FORCES

The current FHWA position on pavement-related LCCA has its roots in the Intermodal Surface
Transportation Efficiency Act (ISTEA) of 1991, which specifically required consideration of
“the use of life-cycle costs in the design and engineering of bridges, tunnels, or pavement” in
both Metropolitan and Statewide Transportation Planning. Additional direction came in January
1994 with Executive Order No.12893, “Principles for Federal Infrastructure Investments,”
which requires systematic analysis of benefits and costs when making infrastructure investment
decisions. It also requires that the costs be measured and discounted over the full life cycle of
each project. Further, an Office of Inspector General/Government Accounting Office (OIG/
GAO) 1994 Highway Infrastructure report on cost comparison of asphalt versus concrete
pavements reviewed in the Federal Highway Administration (FHWA) Region 4 States made
specific recommendations on the FHWA’s need to provide additional technical guidance
on LCCA.(1)

In addition, the National Highway System (NHS) Designation Act of 1995 specifically requires
that the Secretary of  Transportation establish a program requiring States to conduct life-cycle
costs analysis on NHS projects where the cost of a usable project segment equals or exceeds
$25 million. The FHWA’s  Executive Director, Anthony Kane, distributed implementing
guidance on NHS LCCA requirements to FHWA field offices in an April 19, 1996,
memorandum. The implementing guidance focused on the use of good practice rather than
prescribe specific LCCA procedures.

The NHS Designation Act of 1995 also required the SHAs to perform Value Engineering
Analysis on the same high-cost NHS projects. The Value Engineering provisions were
implemented in 23 Code of Federal Regulations (CFR) Part 627 published in the Federal
Register in February 1997, and requirements took effect March 17, 1997.(2)
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Finally, the 1998 Transportation Equity Act for the 21st Century (TEA-21) removed the LCCA
requirements established in the NHS Act and directed the Secretary of Transportation to
develop recommended procedures for conducting LCCA on NHS projects. Such
recommended procedures are to be developed in consultation with AASHTO and in concert
with the principles defined in Executive Order 12893.

GENERAL DEFINITIONS

Some of the more general definitions used in this Technical Bulletin are listed below. Other
definitions are provided in the sections where they are addressed.

Life-Cycle Cost Analysis (LCCA), was legislatively defined in Section 303, Quality
Improvement, of the National Highway System NHS Designation Act of 1995. The definition as
modified by TEA-21, is “. . . a process for evaluating the total economic worth of a usable
project segment by analyzing initial costs and discounted future cost, such as maintenance, user,
reconstruction, rehabilitation, restoring, and resurfacing costs, over the life of the project
segment.” A usable project segment is defined as a portion of a highway that, when completed,
could be opened to traffic independent of some larger overall project.

In simpler terms, LCCA is an analysis technique that supports more informed and, it is hoped,
better investment decisions. It builds on some well-founded principles of economic analysis that
have been used to evaluate highway and other public works investments for years, but LCCA
has a slightly stronger focus on the longer term. It incorporates discounted long-term agency,
user, and other relevant costs over the life of a highway or bridge to identify the best value for
investment expenditures (i.e., the lowest long-term cost that satisfies the performance objective
sought). LCCA can be applied to a wide variety of investment-related decision levels to evaluate
the economic worth of various designs, projects, alternatives, or system investment strategies to
get the best return on the dollar.

Pavement Design is defined under 23 CFR Section 500.203 as “. . . a project-level activity
where detailed engineering and economic considerations are given to alternate combinations of
subbase, base, and surface material which will provide adequate load carrying capacity. Factors
that are considered include: materials, traffic, climate, maintenance, drainage and life cycle costs.”

User Costs are costs incurred by highway users traveling on the facility and the excess costs
incurred by those who cannot use the facility because of either agency or self-imposed detour
requirements. User costs typically are an aggregation of three separate components: Vehicle
Operating Costs (VOC), Crash Costs, and User Delay Costs. Chapter 3 discusses each of
these cost components in detail.

Deterministic Approach to LCCA applies procedures and techniques without regard for the
variability of the inputs. The primary disadvantage of this traditional approach is that it does not
account for the variability associated with the LCCA input parameters.

Risk Analysis Approach characterizes uncertainty. This Interim Technical Bulletin advocates
this approach because it combines probability descriptions of analysis inputs with computer
simulations to generate the entire range of outcomes as well as the likelihood of occurrence.
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Economic Indicators

Several economic indicators are available to the analyst. The most common include Benefit/
Cost (B/C) Ratios, Internal Rate of Return (IRR), Net Present Value (NPV), and Equivalent
Uniform Annual Costs (EUAC). Many of these indicators are thoroughly discussed in the 1992
Office of Management and Budget Circular A-94.(3)

Benefit/Cost Analysis or Ratio represents the net discounted benefits of an alternative
divided by net discounted costs. B/C ratios greater than 1.0 indicate that benefits exceed cost.
The B/C ratio approach is generally not recommended for pavement analysis because of the
difficulty in sorting out benefits and costs for use in developing B/C ratios.

Internal Rate of Return, primarily used in private industry,  represents the discount rate
necessary to make discounted cost and benefits equal. While the IRR does not generally
provide an acceptable decision criterion, it does provide useful information, particularly when
budgets are constrained or there is uncertainty about the appropriate discount rate.

Net Present Value, sometimes called Net Present Worth (NPW), is the discounted monetary
value of expected net benefits (i.e., benefits minus costs). NPV is computed by assigning
monetary values to benefits and costs, discounting future benefits (PVbenefits) and costs (PVcosts)
using an appropriate discount rate, and subtracting the sum total of discounted costs from the
sum total of discounted benefits.

Discounting benefits and costs transforms gains and losses occurring in different time periods to
a common unit of measurement. Programs with positive NPV value increase social resources
and are generally preferred. Programs with negative NPV should generally be avoided. There is
fairly strong agreement in the literature that NPV is the economic efficiency indicator of choice.

The basic formula for computing NPV is:

NPV = PVbenefits - PVcosts

Because the benefits of  keeping the roadway above some preestablished terminal service ability
level are the same for all design alternatives, the benefits component drops out and the formula
reduces to:

where:  i = discount rate

            n = year of expenditure

The section on Compute Net Present Value (page 25) discusses NPV computations in more detail.

Equivalent Uniform Annual Costs represents the NPV of all discounted cost and benefits
of an alternative as if they were to occur uniformly throughout the analysis period. EUAC is a
particularly useful indicator when budgets are established on an annual basis. The preferred
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method of determining EUAC is first to determine the NPV, and then use the following formula
to convert it to EUAC:

where:  i = discount rate
            n = number of years into future

Additional terms are defined as necessary as they occur in the body of the text.

COST ESTIMATES

Estimates of future costs and benefits can be made using constant or nominal dollars.
Constant dollars, often called real dollars, reflect dollars with the same or constant purchasing
power over time. In such cases, the cost of performing an activity would not change as a
function of the future year in which it would be accomplished. For example, if hot-mix asphalt
concrete (HMAC) costs $20/ton today, then $20/ton should be used for future year HMAC
cost estimates. Nominal dollars, on the other hand, reflect dollars that fluctuate in purchasing
power as a function of time. They are normally used to fold in future general price rises resulting
from anticipated inflation. When using nominal dollars, the estimated cost of an activity would
change as a function of the future year in which it is accomplished. In this case, if HMAC costs
$20/ton today, and inflation were estimated at 5 percent, HMAC cost estimates for 1 year from
today would be $21/ton.

While LCCA can be conducted using either constant or nominal dollars, there are two
cautions. First, in any given LCCA, constant and nominal dollars cannot be mixed in the same
analysis (i.e., all costs must be in either constant dollars or all costs must be in nominal
dollars). Second, the discount rate (discussed below) selected must be consistent with the dollar
type used (i.e., use constant dollars and discount rates or nominal dollars and discount rates).
Good practice suggests conducting LCCA using constant dollars and real discount rates. This
combination eliminates the need to estimate and include an inflation premium for both cost and
discount rates.

DISCOUNT RATES

Nominal Versus Real

Similar to costs, LCCA can use either real or nominal discount rates. Real discount rates reflect
the true time value of money with no inflation premium and should be used in conjunction with
noninflated dollar cost estimates of future investments. Nominal discount rates include an
inflation component and should only be used in conjunction with inflated future dollar cost
estimates of future investments. The same caveats, as noted above, apply to mixing real dollar
cost and nominal discount rates and vice versa. The OMB Circular A-94, and the annual
updates of appendix A to the Circular, further discuss the real versus nominal dollar and
discount rates issue.
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Values to Use

Discount rates can significantly influence the analysis result. LCCA should use a reasonable
discount rate that reflects historical trends over long periods of time. Data on the historical
trends over very long periods indicate that the real time value of money is approximately
4 percent.

In the public sector, because investment resources come from Jane and John Q. Public in the
form of taxes or user fees, the discount rate used needs to be consistent with the opportunity
cost of the public at large. The supersafe U.S. Government Treasury Bill is one conservative
indicator of the opportunity cost of money for the public at large. Figure 1.1 reflects the
historical trend of yields on 10-year Treasury notes.  The upper curve reflects the nominal rate
of return while the lower curve represents the inflation adjusted real rate of return.  For the
period March 1991 through August 1996, the real rate of return ranges somewhere between 3-
to 5-percent and the average close to 4 percent.

The Department of the Treasury made its first offering of Inflation Protected Securities to the
general public in spring 1997. These securities offer a real rate of return and a provision that
adjusts the principal to protect against inflation. The offering was very well received by the
public (there was more demand for the securities than the Treasury Department wanted to sell)
at a yield of just over 3.5 percent.

In 1995 and 1996, the FHWA Office of Engineering, Pavement Division, conducted a national
pavement design review and found that the discount rates currently employed by SHAs to
conduct LCCA in pavement design showed a distribution of values clustering in the 3- to 5-
percent range.

Figure 1.1. Historical trends on 10-year Treasury notes.
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Finally, table 1.1 shows recent trends in real discount rates for various analysis periods
published over the last several years in annual updates to OMB Circular A-94. Considering the
above, good practice suggests using a real discount rate, one that does not reflect an inflation
premium, of 3 to 5 percent in conjunction with real/constant dollar cost estimates.

Table 1.1. Recent trends in OMB real discount rates.

Analysis Period
Year

3 5 7 10 30
92 2.7 3.1 3.3 3.6 3.8
93 3.1 3.6 4.0 4.3 4.5
94 2.1 2.3 2.5 2.7 2.8
95 4.2 4.5 4.6 4.8 4.9
96 2.7 2.7 2.8 2.8 3.0
97
98

3.2
3.4

3.3
3.5

3.4
3.5

3.5
3.6

3.6
3.8

Average 3.1 3.3 3.4 3.6 3.8
Standard Deviation 0.7 0.7 0.7 0.8 0.7

STRUCTURED APPROACH

Analysts should work from formalized, objective LCCA procedures incorporated within the
overall pavement design process. Such procedures should be comprehensive enough to capture
and evaluate the differences between competing pavement design alternatives and subsequent
rehabilitation strategies. The design process should clearly identify when and at what level to
perform the LCCA, as well as the scope and level of detail of such analysis. LCCA procedures
should clearly identify the components and factors that are included in addition to supporting
rationale for selected input values. LCCA input assumptions should be reasonable and conform
to accepted practice and convention. LCCA should recognize the uncertainty associated with
LCCA inputs and the implication of the uncertainty on LCCA results. As a minimum, LCCA
should include a sensitivity analysis of LCCA results to variation in major LCCA inputs. SHAs
are encouraged to incorporate a quantitative risk analysis approach to treat input uncertainty
(see chapter 4).
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This chapter identifies the procedural steps involved in conducting a life-cycle cost analysis
(LCCA).  They include:

1. Establish alternative pavement design strategies for the analysis period.
2. Determine performance periods and activity timing.
3. Estimate agency costs.
4. Estimate user costs.
5. Develop expenditure stream diagrams.
6. Compute net present value.
7. Analyze results.
8. Reevaluate design strategies.

While the steps are generally sequential, the sequence can be altered to meet specific LCCA
needs. The following sections discuss each step.

ESTABLISH ALTERNATIVE PAVEMENT DESIGN STRATEGIES FOR THE
ANALYSIS PERIOD

The primary purpose of an LCCA is to quantify the long-term implication of initial pavement
design decisions on the future cost of maintenance and rehabilitation activities necessary to
maintain some preestablished minimum acceptable level of service for some specified time.

A Pavement Design Strategy is the combination of initial pavement design and necessary
supporting maintenance and rehabilitation activities. Analysis Period is the time horizon over
which future cost are evaluated. The first step in conducting an LCCA of alternative pavement
designs is to identify the alternative pavement design strategies for the analysis period under
consideration.

Analysis Period

LCCA analysis period should be sufficiently long to reflect long-term cost differences associated
with reasonable design strategies. The analysis period should generally always be longer than the
pavement design period, except in the case of extremely long-lived pavements. As a rule of
thumb, the analysis period should be long enough to incorporate at least one rehabilitation
activity. The FHWA’s September 1996 Final LCCA Policy statement recommends an analysis
period of at least 35 years for all pavement projects, including new or total reconstruction
projects as well as rehabilitation, restoration, and resurfacing projects.(4)

At times, a shorter analysis periods may be appropriate, particularly when pavement design
alternatives are developed to buy time (say 10 years) until total reconstruction. It may be
appropriate to deviate from the recommended minimum 35-year analysis period when slightly
shorter periods could simplify salvage value computations. For example, if all alternative
strategies would reach terminal serviceability at year 32, then a 32-year analysis would be quite
appropriate.

CHAPTER 2. LCCA PROCEDURES
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Regardless of the analysis period selected, the analysis period used should be the same for all
alternatives. Figure 2.1 shows a typical analysis period for a pavement design alternative.

Figure 2.1. Analysis period for a pavement design alternative.

Pavement Design Strategies

Typically, each design alternative will have an expected initial design life, periodic maintenance
treatments, and possibly a series of rehabilitation activities. It is important to identify the scope,
timing, and cost of these activities. Depending on the initial pavement design, SHAs employ a
variety of rehabilitation strategies to keep the highway facilities in functional condition.(5,6) For
example, table 2.1 shows the Pennsylvania Department of Transportation’s (PennDOT’s)
typical supporting maintenance and rehabilitation strategy for new, reconstructed, and unbonded
portland cement concrete pavements included in its LCCA procedures. PennDOT’s LCCA
procedures also contain typical supporting strategies for new and reconstructed asphalt
concrete pavements. Note that user cost requirements are also identified.

DETERMINE PERFORMANCE PERIODS AND ACTIVITY TIMING

Performance life for the initial pavement design and subsequent rehabilitation activities has a
major impact on LCCA results. It directly affects the frequency of agency intervention on the
highway facility, which in turn affects agency cost as well as user costs during periods of
construction and maintenance activities. SHAs can determine specific performance information
for various pavement strategies through analysis of pavement management data and historical
experience. Operational pavement management systems can provide the data and analysis
techniques to evaluate pavement condition and performance and traffic volumes to identify cost-
effective strategies for short- and long-term capital projects and maintenance programs. Some
SHAs develop performance lives based on the collective experience of their senior engineers.

Terminal Serviceability

Analysis Period

P
a

ve
m

e
n

t

C
o

n
d

iti
o

n

Rehabilitation

Pavement
Life



11

Current FHWA efforts to analyze pavement performance data collected as part of the Strategic
Highway Research Program (SHRP) Long-Term Pavement Performance Program (LTPP)
should provide an additional valuable resource to SHAs. To support that effort, the FHWA is
also coordinating the development and wide distribution of the DataPave software program to
make LTPP performance data directly available to the SHAs. Specific pavement performance
information is also available in various pavement performance reports developed by SHAs such
as Minnesota and Illinois, just to mention a few.

Work zone requirements for initial construction, maintenance, and rehabilitation directly affect
highway user costs and should be estimated along with pavement strategy development. The

Table 2.1. PennDOT’s design strategy for new, reconstructed, and unbonded overlay.

Year Treatment
5 Clean and seal 25% of longitudinal joints.

Clean and seal 5% of transverse joints.  0% for neoprene seals.
Seal coat shoulders if Type 1 paved shoulders.

10 Same as year 5.
15 Clean and seal 25% of longitudinal joints.

Clean and seal 10% of transverse joints, 5% for neoprene seals.
Seal coat shoulders, if Type 1 paved shoulders.

20 Concrete patch 5% of pavement area
Spall repair 1% of transverse joints (5 sf/joint).
Slab stabilization: minimum 25% of transverse joint.
Diamond grind 100% of pavement area.
Clean and seal all longitudinal joints, including shoulders.
Clean and seal all transverse joints, 7% for neoprene seals.
Seal coat shoulders, if Type I paved shoulders.
Maintenance and protection of traffic.
User delay.

25 Clean and seal 25% of longitudinal joints.
Clean and seal 10% of transverse joints, 10% for neoprene seals
Seal coat shoulders, if Type I paved shoulders.

30 Concrete patch 2% of pavement area.
Clean and seal all joints with fiber asphalt membrane.
60-#/sy leveling course.
3.5-in ID-2 or 4-in ID-3/ID-2 overlay.
Saw and seal joints.
Type 7 paved shoulders.
Adjust all guide rail and drainage structures.
Maintenance and protection of traffic.
User delay.

35 Seal coat shoulders.
Note:  The CPR strategy slated for year 20 can be moved to year 15 at the District’s discretion.  However,
when doing this, the overlay at year 30 must be moved to year 25, and another overlay added at year 33.
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frequency, duration, severity, and year of work zone requirement are critical factors in
developing user costs for the alternatives being considered.

ESTIMATE AGENCY COSTS

Construction quantities and costs are directly related to the initial design and subsequent
rehabilitation strategy. The first step in estimating agency costs is to determine construction
quantities/unit prices. Unit prices can be determined from SHA historical data on previously bid
jobs of comparable scale. Other data sources include the Bid Analysis Management System
(BAMS), if used by the SHA.

LCCA comparisons are always made between mutually exclusive competing alternatives.
LCCA need only consider differential costs between alternatives. Costs common to all
alternatives cancel out, these cost factors are generally noted and excluded from LCCA
calculations.

Agency costs include all costs incurred directly by the agency over the life of the project. They
typically include initial preliminary engineering, contract administration, construction supervision
and construction costs, as well as future routine and preventive maintenance, resurfacing and
rehabilitation cost, and the associated administrative cost. Routine reactive-type maintenance
cost data are normally not available except on a very general, areawide cost per lane mile.
Fortunately, routine reactive-type maintenance costs generally are not very high, primarily
because of the relatively high performance levels maintained on major highway facilities. Further,
SHAs that do report routine reactive-type maintenance costs note little difference between most
alternative pavement strategies. When discounted to the present, small reactive maintenance
cost differences have negligible effect on NPV and can generally be ignored.

Agency costs also include maintenance of traffic cost and can include operating cost such as
pump station energy costs, tunnel lighting, and ventilation. At times, the salvage value, the
remaining value of the investment at the end of the analysis period, is included as a negative cost.

Salvage Value represents value of an investment alternative at the end of the analysis period.
The two fundamental components associated with salvage value are residual value and
serviceable life.

Residual Value refers to the net value from recycling the pavement. The differential residual
value between pavement design strategies is generally not very large, and, when discounted over
35 years, tends to have little effect on LCCA results.

Serviceable Life represents the more significant salvage value component and is the remaining
life in a pavement alternative at the end of the analysis period.  It is primarily used to account for
differences in remaining pavement life between alternative pavement design strategies at the end
of the analysis period. For example, over a 35-year analysis, Alternative A reaches terminal
serviceability at year 35, while Alternative B requires a 10-year design rehabilitation at year 30.
In this case, the serviceable life of Alternative A at year 35 would be 0, as it has reached its
terminal serviceability. Conversely, Alternative B receives a 10-year design rehabilitation at year
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30 and will have 5 years of serviceable life at year 35, the year the analysis terminates. The
value of the serviceable life of Alternative B at year 35 could be calculated as a percent of
design life remaining at the end of the analysis period (5 of 10 years or 50 percent) multiplied by
the cost of Alternative B’s rehabilitation at year 30.

Sunk Costs represent a special category of costs that are irrelevant to the decision at hand.
Analysts should be careful not to include them in LCCA. An example may serve best in
understanding the concept.

An individual places a $10 nonrefundable deposit on a $100 camera at Store A.
Before picking up the camera, the individual finds an identical camera on sale at
Store B for $80. From an economic efficiency perspective, from which store should
the individual purchase the camera? What bearing does the $10 deposit have on
the decision?

The $10 deposit is a sunk cost and is irrelevant to the decision. The decision comes down to
paying Store A the $90 balance for the camera, or paying Store B $80 for an identical camera.

Not all cases of sunk cost are this clear and, again, analysts need to take care to guard against
including them in LCCA. An example more specific to pavement design might involve the
reluctance of a designer to select an alternative with a much lower life-cycle cost because it
would mean wasting the money previously spent on developing final plans for a clearly inferior
alternative.

ESTIMATE USER COSTS

In the simplest sense, user costs are costs incurred by the highway user over the life of the
project. In LCCA, highway user costs of concern are the differential costs incurred by the
motoring public between competing alternative highway improvements and associated
maintenance and rehabilitation strategies over the analysis period. In the pavement design arena,
the user costs of interest are further limited to the differences in user costs resulting from
differences in long-term pavement design decisions and the supporting maintenance and
rehabilitation implications. User costs are an aggregation of three separate cost components:
vehicle operating costs (VOC), user delay costs, and crash costs.

Normal Operations Versus Work Zones

In the LCCA of pavement design alternatives, there are user costs associated with both normal
operations and work zone operations. The normal operations category reflects highway user
costs associated with using a facility during periods free of construction, maintenance, and/or
rehabilitation (i.e., work zone) activities that restrict the capacity of the facility. User costs in this
category are a function of the differential pavement performance (roughness) of the alternatives.
The work zone operations category, however, reflects highway user costs associated with
using a facility during periods of construction, maintenance, and/or rehabilitation activities that
generally restrict the capacity of the facility and disrupt normal traffic flow.
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During normal operating conditions, as a general rule, there should be little difference between
crash costs and delay costs resulting from pavement design decisions. Further, as long as the
pavement performance levels remain relatively high, and performance curves of the alternative
designs are similar, there should be little if any difference between vehicle operating costs.

If, however, pavement performance curves and levels differ substantially, significant vehicle
operating cost differentials can develop. Figure 2.2 depicts an exaggerated example of
alternative pavement design strategies.

In figure 2.2, Alternative A represents a traditional longer term strategy with rehabilitation
implemented on a 15-year cycle. Alternative B consists of a minimal treatment on a 5-year
cycle. This figure graphically depicts differences in performance levels for different rehabilitation
strategies. Intuitively, differences in pavement performance can produce differences in vehicle
operating costs. Slight differences in VOC rates caused by differences in pavement performance
characteristics (primarily roughness), when multiplied by several years Vehicle Mile(s) Traveled
(VMT), could result in huge VOC differentials over the life of the design strategy. This is
particularly true for pavement preservation strategies that exhibit poor performance over most
of the analysis period as shown by Alternative B in figure 2.2.

To calculate these differences, however,  the analysis must be able to:

(1)  Accurately estimate the pavement performance differences over time (at least yearly).
(2)  Quantify the difference in VOC rates for slight differences in pavement performance at

 relatively high performance levels.

Most research on VOC rates, as a function of pavement performance, has been conducted
by the World Bank. Figure 2.3 shows the effect of road roughness, as measured by the
international roughness index (IRI), on road user costs in New Zealand.(7)   The figure also
shows that additional operating costs (as compared to a smooth road baseline) begin to accrue

Figure 2.2. Performance curve versus rehabilitation strategy.
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around an IRI equal to 170 in/mi. According to Darter’s and Al-Omai’s work, an IRI level of
170 is approximately equal to a PRS rating of 2.5. On higher order systems in the United
States, such as the NHS, SHAs typically consider pavements with a PSR of 2.5 to have
reached their terminal serviceability index and schedule some form of rehabilitation.

(8)

The effect of pavement condition on user operating cost at low roughness levels, if any, is not
well documented. There is, however, current research, NCHRP 1-33, Methodology to
Improve Pavement Investment Decision, under way in this area. NCHRP 1-33 has been

initiated to obtain objective information relating costs associating with truck operating expenses
(health claims, cargo damage, vehicle depreciation, maintenance and repair) with road
roughness. This study is scheduled to be complete by 1999.

Additionally, the Cornell University School of Civil Engineering is performing preliminary work
on establishing differential vehicle operating costs associated with pavement condition (i.e., IRI)
for the New York State Department of Transportation.(9)

Even if user operating cost differentials are established between smooth and very smooth roads,
the analyst must still overcome the difficulty in estimating projected year-by-year performance
differences between alternative pavement design strategies.

Considering the prevailing pavement performance ranges encountered in the United States on
higher type facilities, and the lack of precision in projecting year-by-year pavement performance
differentials, this Interim Technical Bulletin does not address computing user vehicle operating
cost differentials during normal operating conditions at this time.
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On the other hand, during periods of initial construction and future maintenance and
rehabilitation activities (i.e., work zone operation), vehicle operating cost, user delay, and crash
costs can be significantly different between alternative pavement design strategies. As a result,
this Technical Bulletin focuses primarily on work zone user costs.

User Cost Rates

User cost rates, as used here, refer to the dollar values assigned to each user cost component.
User costs are calculated by multiplying the quantity of the various additional user cost
components (VOC, delay, and crash) incurred by the unit cost for those cost components.

Additional VOCs are determined by multiplying the quantity of additional VOC components
(i.e., additional speed changes, stops, miles, hours of idling) incurred by the dollar value
assigned to each VOC component. By the same token, user delay costs are determined by
multiplying the additional hours of travel time resulting from WZ-caused traffic delay (or
additional miles of travel caused by detours) by the dollar value of an hour of delay for each
vehicle classification. Finally, the additional crash costs are determined by multiplying the number
of additional crashes (by type) by the appropriate dollar value assigned to each crash type.

Chapter 3 presents detailed procedures to calculate work zone user cost quantities of alternate
pavement design strategies, while the unit costs associated with each cost component are
discussed below.

VOC Rates

Table 5 of NCHRP Report 133, Procedures for Estimating Highway User Costs, Air
Pollution, and Noise Effects, can be used to determine VOC rates for stopping/speed
changes and idling, as well as associated delay times for stopping/speed changes. This work is
based on the earlier work by Winfrey, Economic Analysis for Highways.(10,11) A compressed
version of NCHRP 133 table 5 is reproduced as table 2.2.

Table 2.2 shows additional hours of delay and additional VOC associated with stopping 1,000
vehicles from a particular speed and returning them to that speed. Different factors are provided
for passenger cars and single-unit and combination trucks. In addition, the table includes a
vehicle operating cost associated with idling while stopped. The cost factors reflect 1970 prices
based on a  $3 per hour value of time for passenger vehicles and $5 per hour for all trucks.

To make these factors applicable to current analysis, the values shown have been escalated to
reflect more current year dollars. The escalation factor for VOC is determined by using the
transportation component of the Consumer Price Index (CPI) for the base year (1970) and the
more current year (August 1996). The transportation component of the CPI was 37.5 in 1970,
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and 142.8 in August 1996. The VOC escalation factor used to escalate 1970 prices to August
1996 prices is:

Escalation Factor   =    142.8 (Aug 1996)    = 3.808
                    (VOC)                       37.5  (1970)

The Added Cost per 1,000 Stops columns in table 2.3, as well as the Idling Cost, reflect the
adjusted values using the above 3.808 index to establish new August 1996 base year prices.

This table is designed to determine stopping cost, but it can also be used to determine the speed
change cost, which is additional cost (VOC and delay) of slowing from one speed to another
and returning to the original speed. Speed change costs are calculated by subtracting the cost
and time factors of stopping at one speed from the cost and time factors of stopping at another
speed. For example, table 2.4 shows the speed change costs of going from 55 mi/h to 40 mi/h
and back to 55 mi/h.

Mileage Rates

In addition to these incremental VOCs associated with changes from normal operating
condition, there is also a fundamental overall baseline VOC mileage rate associated with normal

Table 2.2. Added time and vehicle running cost/1,000 stops and idling costs (1970 $).

Source: R. Winfrey, Economic Analysis for Highways, and table 5, NCHRP Report 133.
Added Cost ($/1,000 Stops) includes fuel, tires, engine oil, maintenance, and depreciation Idling Cost ($/Veh-Hr) includes
fuel, engine oil, maintenance, and depreciation.

Added Time (Hr/1,000 Stops)
(Excludes Idling Time)

Added Cost ($/1,000 Stops)
(Excludes Idling Time)Initial

Speed
(mi/h)

Pass
Cars

Single-Unit
Truck

Combination
Truck

Pass
Cars

Single-Unit
Truck

Combination
Truck

5 1.02 0.73 1.10 0.71 2.43 8.83
10 1.51 1.47 2.27 2.32 5.44 20.35
15 2.00 2.20 3.48 3.98 8.90 34.13
20 2.49 2.93 4.76 5.71 12.71 49.91
25 2.98 3.67 6.10 7.53 16.80 67.37
30 3.46 4.40 7.56 9.48 21.07 86.19
35 3.94 5.13 9.19 11.57 25.44 106.05
40 4.42 5.87 11.09 13.84 29.93 126.63
45 4.90 6.60 13.39 16.30 34.16 147.62
50 5.37 7.33 16.37 18.99 38.33 168.70
55 5.84 8.07 20.72 21.92 42.25 189.54
60 6.31 8.80 27.94 25.13 47.00 209.82
65 6.78 9.53 NA 28.63 51.43 NA
70 7.25 NA NA 32.46 NA NA
75 7.71 NA NA 36.64 NA NA
80 8.17 NA NA 41.19 NA NA

Idling Cost ($/Veh-Hr) 0.1819 0.2017 0.2166
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*Original data did not provide values for trucks at higher speed.  Analysts will need to extrapolate these values when
truck calculations are needed at these higher speeds.

Table 2.3. Added time and vehicle running cost/1,000 stops and idling costs (Aug 96 $).

operating conditions. Typically this is expressed as an overall cents-per-mile rate. These rates
would typically apply to any additional miles that must be driven because of detours.

Some readily apparent values are the marginal cost rates used by the Federal Government.
Federal travel regulations authorize the payment of $0.31 per mile for using privately owned
passenger vehicles for official government travel. The flat mileage rate allowed by the IRS for
business use of a privately owned passenger vehicle is also $0.31 per mile (tax year 1996).

Table 2.4. Speed change computations.

Added Time (Hr/1,000 Stops)
(Excludes Idling Time)

Added Cost ($/1,000 Stops)
(Excludes Idling Time)Initial

Speed
(mi/h) Pass

Cars
Single-Unit

Truck
Combination

Truck
Pass
Cars

Single-Unit
Truck

Combination
Truck

5 1.02 0.73 1.10 2.70 9.25 33.62
10 1.51 1.47 2.27 8.83 20.72 77.49
15 2.00 2.20 3.48 15.16 33.89 129.97
20 2.49 2.93 4.76 21.74 48.40 190.06
25 2.98 3.67 6.10 28.67 63.97 256.54
30 3.46 4.40 7.56 36.10 80.23 328.21
35 3.94 5.13 9.19 44.06 96.88 403.84
40 4.42 5.87 11.09 52.70 113.97 482.21
45 4.90 6.60 13.39 62.07 130.08 562.14
50 5.37 7.33 16.37 72.31 145.96 642.41
55 5.84 8.07 20.72 83.47 160.89 721.77
60 6.31 8.80 27.94 95.70 178.98 798.99
65 6.78 9.53 NA* 109.02 195.84 NA*
70 7.25 NA* NA* 123.61 NA* NA*
75 7.71 NA* NA* 139.53 NA* NA*
80 8.17 NA* NA* 156.85 NA* NA*

Idling Cost ($/Veh-Hr) 0.6927 0.7681 0.8248

Added Time (Hr/1,000 Stops)
(Excludes Idling Time)

Added Cost ($/1,000 Stops)
(Excludes Idling Time)Initial

Speed
(mi/h) Pass

Cars
Single-Unit

Truck
Combination

Truck
Pass
Cars

Single-Unit
Truck

Combination
Truck

55 5.84 8.07 20.72 83.47 160.89 721.77
40 4.42 5.87 11.09 52.70 113.97 482.21

55-40-55 1.42 2.20 9.63 30.77 46.92 239.56
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Delay Cost Rates (Value of Time)

Of all of the user costs rates, the cost rate assigned to user delay (i.e., the value of time) is by
far the most controversial. As a result, the cost rates for user delay are discussed from several
perspectives. The sources used in this Interim Technical Bulletin include updated values from
earlier NCHRP research, recent guidance provided by the Office of the Secretary of
Transportation (OST), and recently updated values used by the FHWA in its Highway
Economic Requirements System (HERS) Model.

Earlier Research Studies

A base case value can be generated from the earlier NCHRP 133 report, which used 1970
dollar values of  $3 per hour passenger vehicles and $5 per hour for all trucks. Once again,
these values must be escalated to reflect more current/base year values.

In this case, the escalation factor for the dollar value of time is determined by using changes to
the  All Items Component of the CPI for the base year (1970) and the more current year
(August 1996). The All Items Component of the CPI was 38.8 in 1970 and 152.4 in August
1996. The value of time escalation factor to escalate 1970 prices to August 1996 prices is:

Escalation Factor   =   152.4  (Aug 1996)  =  3.928
   (Value of Time)            38.8  (1970)

Table 2.5 shows the updated value of time.

TrucksValue
 of Time

Pass
Cars Single-Unit Combination

Value 1970
Factor 8/96

 $3.00
   3.928

$5.00
3.928

$5.00
3.928

Value  8/96   11.78 19.64 19.64

Table 2.5. Updated NCHRP 133  values of time ($/Veh-Hr) (Aug 96 $).
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Table 2.6 shows more recent work (1993) from the computerized MicroBENCOST program
developed under NCHRP Research Project 7-12, Microcomputer Evaluation of Highway
User Benefits, which uses 1990 base year default values. The table includes another escalation
factor to bring these 1990 base year costs to a new August 1996 base year. Once again, the
escalation factor for the value of time is calculated by dividing the August 1996 overall CPI
(152.4) by the overall CPI for 1990 (130.7).

Escalation Factor    =   152.4   (Aug 1996)  =  1.166
                                 (Aug 1996)             130.7     (1990)

OST Approach

Recent guidance provided by the U.S. DOT OST to the various DOT modal administrations
is another source that can be used to determine the value of time. OST recommends using a
percentage of the national wage rate for the value of time. OST-recommended procedures
apply different percentages of the national wage rate as a function of vehicle classification and

Table 2.7. Composite earlier research value of time ($/Veh-Hr) (Aug 96 $).

Trucks
Updated Source Pass

Cars Single-Unit Combination
NCHRP 133

MicroBENCOST
$11.78
  11.37

$19.64
 17.44

$19.64
 24.98

Average Value $11.58 $18.54 $22.31

Table 2.6. Updated MicroBENCOST default values of time ($/Veh-Hr) (Aug 96 $).

Single-Unit Trucks Combination TrucksValue of
Time

Pass
Cars 2 AX  12 Kips 3 AX  35 Kips 2S2  40 Kips 3S2  63 Kips

$13.64 $16.28 $20.30 $22.53
Value 1990 $9.75

$14.96 $21.42
Factor 8/96 1.166   1.166   1.166
Value  8/96 $11.37 $17.44 $24.98

Table 2.7 brings together the updated values from both the earlier NCHRP 133 and MicroBENCOST
reports and shows the average values per vehicle hour for the three vehicle classifications in August
1996 dollars. Prior to using these values the analysts should escalate their values to reflect current costs
using a similar approach.
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Table 2.9 provides information on national hourly wage rates used by OST in 1995 dollars.

Based on the information on appropriate percentages provided in table 2.8 and the
recommended national hourly wage rate provided in table 2.9, the OST developed the
recommended ranges for the value of travel time shown in table 2.10. The values associated
with Mixed are the ranges to be used when the distribution between auto business and personal
trips is not known. Hourly values shown for trucks are $16.50 for both local and intercity trip
types.

Table 2.10 lists the ranges of values in dollars per person hour. As most user delay analyses
compute vehicle hours of delay, these values must be adjusted for vehicle occupancy rates.

Trip TypeTravel
Category Local Intercity

Personal $17.00 $17.00
Business 18.80 18.80
Truck Drivers 16.50 16.50

Table 2.9. OST-recommended hourly wage rates (1995 $/Person-Hr).

U.S. DOT, The Value of Travel Time: Departmental Guidance for
Conducting Economic Evaluations.

Local IntercityTravel
Category Low High Low High

Personal $6.00 $10.20 $10.20 $15.30
Business 15.00  22.60  15.00  22.60
Mixed   6.40  10.70  10.40  15.70
Truck Drivers 16.50  16.50  16.50  16.50

Table 2.10. Ranges for hourly values of travel time  (1995 $/Person-Hr)

U.S. DOT, The Value of Travel Time: Departmental Guidance for Conducting
Economic Evaluations.

Table 2.8. Travel time ranges as a percent of national wage rate (1995 $/Person-Hr).

U.S. DOT, The Value of Travel Time: Departmental Guidance for
Conducting Economic Evaluations.

Trip TypeTravel
Category Local Intercity
Personal 35 to 60% 60 to 90%
Business  80 to 120% 80 to 120%

Truck Drivers 100% 100%

trip type and purpose. Table 2.8 provides U.S. DOT ranges of the percentage of the national
wage rate that should be applied to various combinations of trip type and purpose.  The rates
shown are per person hour. As can be seen in table 2.8, business and truck travel are valued
more highly than personal travel, and intercity personal travel is valued more highly than local
personal travel.
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According to the 1990 Personal Transportation Survey, typical auto vehicle occupancy rates
for personal travel are 1.7 in urban areas and 2.0 in rural areas.(12) The typical vehicle
occupancy rates for trucks and auto business use is much closer to 1.0.

The values of travel time shown on lines 1 and 2 of table 2.11 are per vehicle hour based on
typical vehicle occupancy rates. The values associated with % AADT Personal Use on line 3
represent the percent of travel that is personal. The Weighted Average values shown on line 4
are for mixed flow of business and personal travel and are used when traffic flow distribution by
travel category is not known. The values shown for trucks are significantly higher than either
early research study or the OST guidance. Part of the higher cost (approximately 30 percent) is
attributable to value associated with the vehicle cargo and the vehicle itself.

Toll Roads

Finally, another source that can be used to estimate the dollar values of time includes tolls on toll
roads in relation to time saved. One of the more interesting revelations of users’ willingness to
pay comes from the treatment of some High Occupancy Vehicle (HOV) facilities in California
and Texas. Both States are experimenting with High Occupancy Toll (HOT) facilities, which
allow Single Occupancy Vehicles (SOV) to use an HOV facility for a fee. These studies deal
primarily with local auto trips and to some extent may reflect market prices. While the values
inferred from such studies tend to indicate lower values of time (approximately $6 per person
hour), they may in reality reflect inefficient pricing policy rather than lower values.

Table 2.11. Value of one vehicle hour of travel time (1995 $).

Autos Trucks

Single-Unit Combinations
Travel

Category Small Medium
4 Tire 6 Tire 3-4 Axle 4 Axle 5 Axle

Business $27.99 $28.29 $20.20 $24.96 $27.02 $31.02 $31.58

Personal  12.78 $12.78 $12.78 NA NA NA NA
% AADT
Personal Use

90% 90% 69% 0% 0% 0% 0%

Weighted
Average

$14.30 $14.33 $15.08 $24.96 $27.02 $31.02 $31.58

FHWA Highway Economic Requirements System Technical Report v3-1 9/97 (Exhibit 8-7).

FHWA Highway Economic Requirements System (HERS) Model

The FHWA uses the HERS Model in conducting national-level analysis of highway
performance, needs, and economic evaluation of proposed highway improvements. Part of the
economic analysis includes determining the value of travel time delay. Table 2.11 shows the
default dollar values of travel time used in the HERS model.
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Recommended Values of Travel Time (Dollars per Vehicle Hour)

Table 2.12 below is a composite table that brings together the several sources of the value
of time previously discussed.

Trucks
Passenger Cars

Single-Unit Combinations
$10 to 13 $17 to 20 $21 to 24

Table 2.13. Recommended values of time ($/Veh-Hr)(Aug 96 $).

Table 2.12. Composite listing of travel time values.

Source Units Autos Trucks Combination

U.S. DOT – OST * $/Person-Hr $10.80 $16.50 $16.50
MicroBENCOST $/Veh-Hr 11.37 17.44 24.98
NCHRP $/Veh-Hr 11.78 19.64 19.64
HERS $/Veh-Hr 14.30 25.99 31.30

         * Values for U.S. DOT — OST reflect dollars per person hour

Based on consideration of these potential sources, table 2.13 reflects the ranges of the value
of travel time per vehicle recommended for use in typical analyses where distribution data
on trip purpose and type are not known.

Crash Cost Rates

The MicroBENCOST software package, developed for the NCHRP Research Project 7-
12, includes default crash cost rates. Table 2.14 shows the default crash cost rates by crash
type for both rural and urban settings in 1990 dollars.

Fatality Nonfatal
Injury

Property Damage
Only (PDO)Intersection or

Facility Type
Rural Urban Rural   Urban Rural Urban

RR Grade Crossing
Intersection/Interchange
Bridge
Highway Segment

  $1,008
    1,059
    1,111
    1,111

  $994
  $932
  $978
  $978

  $25.2
    21.9
    24.9
    24.9

   $13.3
     14.3
     14.3
     14.3

   $1.59
     1.98
     2.14
     2.14

   $3.09
     1.35
     1.27
     1.27

Table 2.14. MicroBENCOST default crash cost rates ($1,000, 1990 $).
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The MicroBENCOST 1990 dollar default values shown in table 2.14 are escalated to August
1996 dollars in table 2.15 using the 1.116 escalation factor developed earlier.

The MicroBENCOST default cost values for a fatality range from $1,091,000 to $1,182,000,
which is quite a bit lower than the $2,700,000 cost per fatality averted, which was
recommended by the U.S. DOT in its March, 14, 1995 memorandum from the Assistant
Secretary for Transportation Policy to DOT Modal Administrators. This $2,700,000 value is an
update of the value originally recommended in basic guidance distributed on January 8, 1993.

In addition to the traditional direct work zone user costs, there are indirect user costs such as
the impact of user delay on delivery fleet size, the costs associated with a rolling inventory, and
other, indirect effects of delay to manufacturing plants that now dependent on just-in-time
delivery. While such factors will become more important over time, they are beyond the scope
of these guidelines. It is interesting to note that cost related to delivery fleet size and the costs
associated with a rolling inventory are included in the dollar value of delay time rates used in the
FHWA HERS Model.

DEVELOP EXPENDITURE STREAM DIAGRAMS

Expenditure stream diagrams are graphical representations of expenditures over time. They are
generally developed for each pavement design strategy to help visualize the extent and timing of
expenditures. Figure 2.4. shows a typical expenditure stream diagram.

Fatality Nonfatal Injury PDOIntersection or
Facility Type Rural Urban Rural Urban Rural Urban

RR Grade Crossing
Intersection/Interchange
Bridge
Highway Segment

   $1,125
     1,182
     1,240
     1,240

 $1,109
   1,040
   1,091
   1,091

  $28.1
    24.4
    27.8
    27.8

   $14.8
     16.0
     16.0
     16.0

   $1.77
     2.21
     2.39
     2.39

   $3.45
     1.51
     1.42
     1.42

* Values for U.S. DOT-OST reflect dollars per person hour

Table 2.15. MicroBENCOST default crash cost rates ($1,000, Aug 96 $).

Figure 2.4. Typical expenditure stream diagram for a pavement design alternative.
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Normally, costs are depicted as upward arrows at the appropriate time they occur during the
analysis period, and benefits are represented as negative cost or downward arrows.

In LCC analysis of pavement design alternatives, the basic benefits of providing and maintaining
some preestablished pavement condition level on any given roadway are outside the scope of
the analysis. The benefits of providing the specified level of pavement condition are considered
to be the same for all pavement design strategies. As a result, the only concerns are the
differential costs among alternatives. The only negative cost (i.e., the only downward arrow)
would be the cost associated with any salvage value.

Under these conditions, the LCCA objective becomes finding the alternative pavement design
strategy that meets the performance requirements at the lowest life-cycle cost.

COMPUTE NET PRESENT VALUE (NPV)

In its broadest sense, LCCA is a form of economic analysis used to evaluate the long-term
economic efficiency between alternative investment options. Economic analysis focuses on the
relationship between costs, timings of costs, and discount rates employed. Once all costs and
their timing have been developed, future costs must be discounted to the base year and added
to the initial cost to determine the NPV for the LCCA alternative. As noted earlier, NPV is the
economic indicator of choice, and the basic NPV formula for discounting discrete future
amounts at various points in time back to some base year is:

where: i  =  discount rate and
n =  year of expenditure

The                        component of the above formula is referred to as the Present Value (PV)

factor for a single future amount. PV factors for various combinations of discount rates and
future years are available in Discount factor tables (more commonly referred to as interest rate
tables). PV for a particular future amount is determined by multiplying the future amount by the
appropriate PV factor. Table 2.16 shows discount factors for a single future payment at 3, 4,
and 5 percent discount rates for up to 40 years in the future.
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Discount Factor Discount Factor
Year 3% 4% 5% Year 3% 4% 5%

1 0.9709 0.9615 0.9524 21 0.5375 0.4388 0.3589
2 0.9426 0.9246 0.9070 22 0.5219 0.4220 0.3418
3 0.9151 0.8890 0.8638 23 0.5067 0.4057 0.3256
4 0.8885 0.8548 0.8227 24 0.4919 0.3901 0.3101
5 0.8626 0.8219 0.7835 25 0.4776 0.3751 0.2953
6 0.8375 0.7903 0.7462 26 0.4637 0.3607 0.2812
7 0.8131 0.7599 0.7107 27 0.4502 0.3468 0.2678
8 0.7894 0.7307 0.6768 28 0.4371 0.3335 0.2551
9 0.7664 0.7026 0.6446 29 0.4243 0.3207 0.2429
10 0.7441 0.6756 0.6139 30 0.4120 0.3083 0.2314
11 0.7224 0.6496 0.5847 31 0.4000 0.2965 0.2204
12 0.7014 0.6246 0.5568 32 0.3883 0.2851 0.2099
13 0.6810 0.6006 0.5303 33 0.3770 0.2741 0.1999
14 0.6611 0.5775 0.5051 34 0.3660 0.2636 0.1904
15 0.6419 0.5553 0.4810 35 0.3554 0.2534 0.1813
16 0.6232 0.5339 0.4581 36 0.3450 0.2437 0.1727
17 0.6050 0.5134 0.4363 37 0.3350 0.2343 0.1644
18 0.5874 0.4936 0.4155 38 0.3252 0.2253 0.1566
19 0.5703 0.4746 0.3957 39 0.3158 0.2166 0.1491
20 0.5537 0.4564 0.3769 40 0.3066 0.2083 0.1420

Table 2.16.  Present value discount factors: single future payment.
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Figure 2.5.  Expenditure stream diagram for agency and user costs.

NPV Computations

Example NPV computations are provided for the following hypothetical problem. The example
is based on a 35-year analysis period.

The initial pavement design will cost $1.1 million and have an associated work zone user cost of
$300,000 at year 0. Additional rehabilitation cost of  $325,000 will be incurred in years 15 and
30. Associated work zone user costs in years 15 and 30 will be $269,000 and $361,000,
respectively. The salvage value at year 35, based on a prorated cost of the year-30
rehabilitation design and remaining life, will be $216,000 (10/15 of $325,000). Figure 2.5
shows the expenditure stream diagram for the example problem.
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ANALYZE RESULTS

Once completed, all LCCA should, at a minimum, be subjected to a sensitivity analysis.
Sensitivity analysis is a technique used to determine the influence of major LCAA input
assumptions, projections, and estimates on LCCA results. In a sensitivity analysis, major input
values are varied (either within some percentage of the initial value or over a range of values)
while all other input values remain constant and the amount of change in results is noted. The
input variables may then be ranked according to their effect on results. Sensitivity analysis
allows the analyst to subjectively get a feel for the impact of the variability of individual inputs
on overall LCCA results.

Many times a sensitivity analysis will focus on best case/worst case scenarios in an attempt to
bracket outcomes. Most LCC sensitivity analysis, as a minimum, evaluate the influence of the
discount rate used on LCCA results.

Note that estimated user costs drop in year 15 and go back up in year 30. This is consistent
with a longer duration initial work zone followed by short duration rehabilitation work zones
impacted by continually increasing traffic volumes over time. Table 2.17 shows the results of
PV computations using 4 percent PV factors for single future amounts for the example
expenditure stream diagram. The bottom line of table 2.17 shows the NPV of the aggregated
individual PVs.

Table 2.17.  NPV calculation using 4 percent discount rate factors.

Cost Component Activity Years Costs
($1,000)

Discount
Factor

Discounted
Cost ($1,000)

Initial Construction 0 1,000.0 1.0000 1,000
Initial Work Zone User Cost 0    300.0 1.0000 300
Rehab #1 15    325.0 0.5553 180
Rehab #1 Work Zone User Cost 15    269.0 0.5553 149
Rehab #2 30    325.0 0.3083 100
Rehab #2 Work Zone User Cost 30    361.0 0.3083 111
Salvage Value 35  -216.6 0.2534 -55
Total NPV 1,785
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Sensitivity analyses may be carried out using common spreadsheet-based applications such as
Microsoft Excel, Lotus, or Quattro Pro. Tables 2.18 and 2.19 present the results of a spreadsheet
analysis of the sensitivity of NPV of two example pavement design strategies to discount rate
ranges from 2 to 6 percent for a 35-year analysis period. Total NPV at discount rates ranging
from 2 to 6 percent are shown at the bottom of columns (e) through (i).

Table 2.18. Sensitivity analysis – Alternative #1.

Table 2.19. Sensitivity analysis – Alternative #2.

NPV
Activity

(a)
Year
(b)

Cost
(c)

2.0%
(e)

3.0%
(f)

4.0%
(g)

5.0%
(h)

6.0%
(i)

Construction 0 1,100 1,100 1,100 1,100 1,100 1,100
User Cost 0 300 300 300 300 300 300
Rehab #1 15 325 241 209 180 156 136
User Cost # 1 15 269 200 173 149 129 112
Rehab # 2 30 325 179 134 100 75 57
User Cost # 2 30 361 199 149 111 84 63
Salvage 35 -217 -108 -77 -55 -39 -28

Total NPV 2,112 1,987 1,886 1,805 1,739

NPV
Activity

(a)
Year
(b)

Cost
(c)

2.0%
(e)

3.0%
(f)

4.0%
(g)

5.0%
(h)

6.0%
(i)

Construction 0 975 975 975 975 975 975
User Cost 0 200 200 200 200 200 200
Rehab #1 10 200 164 149 135 123 112
User Cost # 1 10 269 220 200 182 165 150
Rehab # 2 20 200 135 111 91 75 62
User Cost # 2 20 361 243 200 165 136 113
Rehab # 3 30 200 110 82 62 46 35
User Cost # 3 30 485 268 200 150 1,122 85
Salvage 35 -100 -50 -36 -25 -18 -13

Total NPV 2,266 2,081 1,934 1,815 1,718

Alternative #1 has a lower initial agency cost, and, because of a shorter construction period, a
lower user cost than Alternative #2. However, Alternative #1 requires three identical 10-year
design rehabilitations compared to two identical 15-year design rehabilitations for Alternative #2.

Out-year user costs for Alternative #1 increase as a result of increased traffic levels over time;
out-year user costs for Alternative #2 first decrease due to a shorter work zone period and then
increase as a result of increased traffic levels over time.
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Both alternatives have a remaining service life at year 35; Alternative #1 has 5 years and
Alternative #2 has 10 years. The salvage value, as a prorated share of the last rehabilitation, is
50 percent (5 years remaining on a 10-year design) of its last rehabilitation cost for Alternative
#1. For Alternative #1, this translates into 50 percent of the $200,000 year-30 rehabilitation
cost.  The salvage value of Alternative #2, on the other hand, is 66.6 percent (10 years
remaining on a 15-year design) of its last rehabilitation cost. This translates into 66.6 percent of
the $325,000 year-30 rehabilitation cost.

Table 2.20 shows a direct comparison of the NPV of both alternatives at several discount rates.
Inspection of table 2.20 reveals that the NPV of both alternatives decreases as the discount
rate increases. This results from the reduced present value of future costs at higher discount
rates. Because the amount and timing of future costs differ between alternatives, the effect of
discount rate on NPV is different for each alternative. In this example, Alternative #1 is more

Figure 2.6.  Sensitivity of NPV to discount rate.

Table 2.20.  Comparison of alternative NPVs ($1,000) to discount rate.

Discount Rate  (%)
Activity

2.0 3.0 4.0 5.0 6.0

Total NPV Alternative #1 2,266 2,081 1,934 1,815 1,718

Total NPV Alternative #2 2,112 1,987 1,886 1,805 1,739

Cost Advantage Alt #2 vs #1    154      94      48    10    -21

Sensitivity to Discount Rate
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expensive than Alternative #2 at discount rates of 5 percent and lower, while Alternative #2 is
more expensive than Alternative #1 at discount rates of 6 percent or more. Figure 2.6 shows
these results graphically.
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Table 2.21. Sensitivity to user cost and discount rate.

Table 2.21 separates agency and user cost differences for the same range of discount rates.
Inspection of the table 2.21 reveals that Alternative #2 has a higher agency cost than Alternative
#1 at all discount rates considered. Further, Alternative #2 has lower user cost than Alternative
#1 at all discount rates considered.

Discount Rate, %
Cost Component

2.0 3.0 4.0 5.0 6.0
Alternative #1 Agency Cost
Alternative #2 Agency Cost

1,334
1,413

1,281
1,366

1,238
1,326

1,201
1,292

1,171
1,264

Agency Cost Advantage Alt #2 vs #1  -79  -85  -88   -91  -93

Alternative #1 User Cost
Alternative #2 User Cost

932
699

800
621

696
561

613
513

547
475

User Cost Advantage Alt #2 vs #1 233 179 135 100 72
Incremental Benefit/Cost (#2 vs #1) 2.95 2.11 1.53 1.10 0.77

The decision to include or exclude user costs can significantly affect the LCCA results. In an
effort to put the agency and user costs in perspective, the bottom row of table 2.21 includes an
incremental B/C comparison of the reduction in user costs as a function of  increased agency
costs. The incremental B/C data in table 2.21 is computed by dividing the reduction in user
costs (i.e., benefits) associated with selecting Alternative #2 in lieu of Alternative #1 by the
added agency cost(s) associated with selection of Alternative #2.

Similar sensitivity analyses could be conducted using other input variables such as agency cost,
user costs, pavement performance lives, and hourly dollar value of user delay.

In addition to conducting a sensitivity analysis, the analyst should examine the implications of
contractor work hours on queuing costs as well as the anticipated maximum queue lengths and
delay times. Chapter 3 details queue lengths and discusses associated user costs.

A primary drawback of the sensitivity analysis is that the analysis gives equal weight to any input
value assumptions, regardless of the likelihood of occurring. In other words, the extreme values
(best case and worst case) are given the same likelihood of occurrence as the expected value—
which is not realistic. Chapter 4 presents a powerful analytical technique to overcome this
limitation.
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REEVALUATE DESIGN STRATEGY

Once the net present values have been computed for each alternative and limited sensitivity
analysis performed, the analyst needs to step back and reevaluate the competing design
strategies. As noted in chapter 1, the overall benefit of conducting a life-cycle cost analysis is
not necessarily the LCCA results themselves, but rather how the designer can use the
information resulting from the analysis to modify the proposed alternatives and develop more
cost-effective strategies.

For example, if user costs dwarf agency costs for all the alternatives, the analysis may indicate
that none of the alternatives analyzed are viable. It could indicate that the designer needs to
evaluate the current design strategies’ impacts on future maintenance of traffic . . . that the
design strategies should reflect the need for additional capacity in the out-years to mitigate the
impact on highway users. The solution to out-year capacity problems could include enhanced
structural design of the shoulders in early-year pavement designs to allow for the use of the
shoulder in subsequent rehabilitation traffic control plans. It also could include enhanced
structural design of the mainline pavement to minimize the frequency of subsequent rehabilitation
efforts and designing in features that will make future rehabilitation proceed more smoothly.
Other options available include revising the maintenance of traffic plans, reducing the
construction period, restricting the contractor’s work hours or imposing lane rental fees,
planning for additional lanes/routes, and even examining programs to temporarily shift traffic to
alternative modes of travel. It is important to note that restricting the contractor’s hours of
operation or the number  of work days allowed will more than likely increase agency cost.

LCCA results are just one of many factors that influence the ultimate selection of a pavement
design strategy. The final decision may include a number of additional factors outside the LCCA
process, such as local politics, availability of funding, industry capability to perform the required
construction, and agency experience with a particular pavement type, as well as the accuracy of
the pavement design and rehabilitation models. Chapter 3 of the 1993 AASHTO Pavement
Design Guide further discusses such other factors.(13) When such other factors weigh heavily
in the final pavement design selection, it is imperative to document their influence on the final
decision.

Many assumptions, estimates, and projections feed the LCCA process. The variability
associated with these inputs can have a major influence on the confidence the analyst can place
in LCCA results. It all depends on the accuracy of the inputs used. The accuracy of LCCA
results depends directly on the analyst’s ability to accurately forecast such variables as future
costs, pavement performance, and traffic for more than 30 years into the future. To effectively
deal with the uncertainty associated with such forecasts, a probabilistic risk analysis approach
(as presented in chapter 4) is increasingly essential to quantitatively capture the uncertainty
associated with input parameters in LCCA results.
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This chapter presents a rational, step-by-step procedure to allow the analyst, based on capacity
flow analysis, to determine user costs associated with establishing a work zone. Chapter 2
discussed user cost rates. This chapter focuses on calculating the quantity associated with each
of the individual user cost components (VOC, user delay, and crashes) and computing overall
user costs in a spreadsheet environment. The chapter ends with  a discussion of automated
computer programs.

While there are microcomputer-based user cost analysis software programs currently available,
it is important that the analyst thoroughly understand the principles involved before attempting to
apply them. By understanding the major factors influencing work zone user costs, the analyst
can take steps to minimize the effect of planned future rehabilitation activities on highway users.

WORK ZONE USER COSTS

Work zone user costs are the increased VOC, delay, and crash costs to highway users resulting
from construction, maintenance, or rehabilitation work zones. They are a function of the timing,
duration, frequency, scope, and characteristics of the work zone; the volume and operating
characteristics of the traffic affected; and the dollar cost rates assigned to vehicle operating,
delay, and crashes. The following sections address each of these issues.

In the end, user costs are computed by multiplying the quantity of additional VOC, delay, and
number of crashes by the unit cost rates assigned to these components.

WORK ZONE DEFINED

Work Zone is defined in the Highway Capacity Manual (HCM) as an area of a highway
where maintenance and construction operations impinge on the number of lanes available to
traffic or affect the operational characteristics of traffic flowing through the area.(14)

Each work zone established over the analysis period affects traffic flow and associated user
costs differently and must be evaluated as a separate event. A separate work zone must be
defined and analyzed whenever characteristics of the work zone or the characteristics of the
affected traffic change.

Pavement design performance differences directly affect the frequency and timing of
maintenance and rehabilitation activities. Pavement rehabilitation and maintenance activities
generally occur at different points in the analysis period with different traffic, and they generally
vary in scope and duration. The time that they occur also affects the influence of the discount
factor used in developing NPV.

CHAPTER 3. WORK ZONE USER COSTS
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WORK ZONE CHARACTERISTICS

In order to analyze work zone user costs, work zone characteristics associated with alternative
designs and supporting maintenance and rehabilitation strategies must be defined as part of the
development of alternative pavement design strategies. Alternative pavement preservation
strategies must include how often (the number of times) the facility will be under construction,
maintenance or rehabilitation activities, and the year at which work zones are anticipated.
Strategies should also include estimates of the number of days the work zone will last, the hours
of the day the work zone will be in place, and the anticipated maintenance of traffic strategy.

Work zone characteristics of concern include such factors as work zone length, number and
capacity of lanes open, duration of lane closures, timing (hours of the day, days of the week,
season of the year, etc.) of lane closures, posted speed, and the availability and physical and
traffic characteristics of alternative routes. The strategy for maintaining traffic should include any
anticipated restrictions on contractor’s or maintenance force’s hours of operations or ability to
establish lane closures. Specific details in an LCCA should include:

l Projected year work zones occur (years 5, 8, 12, etc,).

l Number of days the work zone will be in place (construction period).

l Specific hours of each day, as well as the days of the week the work zone will be in
place.

l Work zone length and posted speed.

The duration of a work zone (the overall length of time a facility or portion of a facility is out of
service or traffic is restricted) can range from sporadic daily lane closures for maintenance to
several months for bridge deck replacements.

As noted earlier, the differential routine maintenance cost between alternative pavement design
strategies tends to be insignificant when compared to initial construction and rehabilitation costs.
To a great extent, the same is true of user costs resulting from routine reactive-type maintenance
activities. Routine maintenance work zones tend to be relatively infrequent, of short duration,
and outside of peak traffic flow periods. As such, analysts should focus attention on user costs
associated with major work zones.

TRAFFIC CHARACTERISTICS

User costs are directly dependent on the volume and operating characteristics of the traffic on
the facility. Each construction, maintenance, and rehabilitation activity generally involves some
temporary effect on traffic using the facility. The effect can vary from insignificant for minor work
zone restrictions on low-volume facilities to highly significant for major lane closures on high-
volume facilities.
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The major traffic characteristics of interest for each year a work zone will be established include:
(1) the overall projected Average Annual Daily Traffic (AADT) volumes on both the facility and
possibly alternate routes,  (2) the associated 24-hour directional hourly demand distributions,
and (3) the vehicle classification distribution of the projected traffic streams. On high-volume
routes, distinctions between weekday and weekend traffic demand and hourly distributions
become important. Further, seasonal AADT traffic distribution also becomes important when
work zones are proposed on recreational routes during seasonal peak periods.

AADT

Current AADT volumes are normally readily available for the base year and projected
compound traffic growth rates can be obtained from the SHA traffic monitoring section. From
these two pieces of information, calculating future year work zone AADT is relatively simple.

While the calculations for future year AADT are rather straightforward, there are two major
issues associated with the reasonableness of such projections on high-volume urban facilities.
The first is whether the roadway in question can handle large projected volume increases; the
second is whether traffic using a facility will continue to use it when work zones are established
and traffic flow is restricted.

In the first issue, design capacity and ultimate capacity are quite different. Design capacity is
generally set to handle the design year 30 highest hour volume at level of service D or E.
However, table 2.1 of the HCM shows measured maximum 24-hour traffic volumes for some of
the more heavily traveled interstate urban freeways that far exceed the traffic volumes normally
associated with level of service D or E. Reasonableness dictates that AADT projections should
not exceed the maximum observed 24-hour traffic volumes contained in table 2.1 of the HCM.

 The next section discusses the second issue, which relates to whether traffic using a facility will
continue to use it when work zones are established and traffic flow is restricted.

Traffic Diversion

Traffic demand is generally determined based on facility operating characteristics during periods
of normal operations. Traffic demand during work zone operations may or may not be the same.
Some portion of the traffic normally wanting to use the facility may divert to other routes when
work zones are established.

Vehicles use a given facility because it offers what the vehicle operators perceive as the least
expensive combination of vehicle operating and time delay costs, consistent with safety
requirements. When faced with restricted flow, or even the anticipation of restricted flow,
vehicle operators who normally use a facility will exercise one of several options, which are
somewhat whimsically categorized below.

Hang Toughers will continue to use the facility as they always have. They are primarily users
with little or no option. They (1) must make the trip; (2) must make it at a specific time; and (3)
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either don’t know or don’t have alternative routes or modes from which to choose. These users
pay the full price of the work zone and have little effect on other facilities in the corridor. In rural
areas the predominate choice of through traffic will be to tough it out, as these users generally
must make the trip and do not have much information on alternative routes unless formal detours
are established.

Time Shifters have the ability and choose to travel on the facility at a different time — generally
a time well outside of the restricted flow period. These users lessen their impact by sharing the
impact with other vehicles by invading their time slot. These users also have little effect on other
highway facilities in the corridor, but they do affect hourly traffic distribution.

Detourees either seek out and use alternate routes or are forced to negotiate detours
established by the highway agency. These operators also lessen their impact by sharing the
impact with other vehicles by invading their routes. They tend to trade off anticipated time
delay for additional travel distances and associated vehicle operating costs. In urban areas this
could include users who switch modes. Detourees can have significant impact on overall user
costs of alternative routes, especially those operating at or near capacity. The sections on
Circuitry (page 69) and Crash Costs (page 70) address the additional user costs associated
with the additional mileage traveled by detoured and diverted traffic.

Trip Swappers have the luxury of totally abandoning the trip or seeking other destinations when
the cost, in terms of time and money, becomes too great. Historically, this group consists
primarily of shopping and social/recreational trip makers. While their behavior may diminish the
user cost impact of the work zone, they adversely affect businesses along the route in question.
More recent trends in people working out of the home and telecommuting may significantly
affect work trips in the future.

Handling Diversion

In simple cases, where either work zone disruption is tolerable or alternative routes are limited,
estimated AADT during the year of the work zone can be anticipated to continue on the facility
and the work zone analysis can be limited to the existing facility.

In more complex situations where existing traffic would face intolerable work zone disruptions, it
is entirely possible that total travel demand and hourly distribution on the facility may change
when the work zone is established. When demand changes, the scope of work zone user cost
analysis may have to expand beyond the existing facility and include user cost changes on major
alternative routes. When preliminary analysis of travel demand shows that work zone user
delays are unreasonably high, the analyst should seek special help from the traffic engineering
section to generate revised traffic demand forecasts during work zone operations.

An alternative approach is to assume that those extraordinary user costs are truly there, and
time and route shifters are merely diminishing their effect by sharing the costs with users of other
routes and time slots. In short, the misery’s still there — it’s just being shared differently.
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Vehicle Classification

Highway user costs are a composite of the costs of all affected highway users. Highway users
are not a homogeneous group. They include commercial and noncommercial vehicles ranging
from passenger vehicles through the heaviest trucks. These different vehicle types have different
operating characteristics and associated operating costs. Further, the value of user delay differs
between vehicle classes. As a result, user costs need to be analyzed for each major vehicle class
present in the traffic stream.

There are many truck-vehicle classifications representing various size and weight configurations.
Appendix A of the FHWA Traffic Monitoring Guide, includes 13 different vehicle
classifications.

(15)
 User cost analysis based on 13 vehicle classes is much too detailed for the

level of sophistication in the analysis procedures presented.

A more reasonable approach is to use three broad vehicle classes:

1. Passenger cars and other 2-axle, 4-tired passenger vehicles (classification types 1-3)

2. Single-unit trucks, 2-axle, 4-tired or more commercial trucks (classification types 4-7)

3. Combination-unit trucks (classification types 8-13)

On high traffic volume facilities, user delay costs are likely to represent a very significant
component of overall user costs in a pavement design LCCA, particularly when vehicle demand
exceeds capacity. As passenger vehicles represent the bulk of vehicles in the traffic stream,
analysts may find it beneficial to subdivide passenger vehicles into commercial and
noncommercial categories. Further, although vehicle occupancy rates have consistently fallen
over time, they cannot generally be ignored.

Directional Hourly Traffic Distribution

The estimated hourly traffic distribution during work zone operations is essential to compare the
unrestricted demand on the facility with the facility’s ability to carry that traffic through the work
zone. Hourly distribution specific to a particular facility can be developed from agency traffic
data or general distribution data developed for various functional class- and area-type
combinations. On high-volume or tourist destination routes, the difference between weekday
and weekend traffic volumes and hourly distributions needs to be considered.

Table 3.1 represents default directional hourly distributions for Urban and Rural roadways
included in MicroBENCOST. The table also includes hourly directional distribution factors
associated with inbound and outbound directions. The hourly demand is computed by
multiplying the AADT by the hourly percent and directional factors for the direction in question.

Hourly Demand = AADT x Hourly Distribution Factor x Hourly Directional Factor
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For example, the inbound directional hourly demand volume between 8 and 9 a.m. on an urban
roadway with a 40,000 AADT would be:

40,000 AADT x 6.3% x 59% = 1,487 vehicles/hour

Although MicroBENCOST provides for the use of different directional hourly distribution
values for Interstate, Principal Arterial, Minor Arterial, and Major Collector, the default

Table 3. 1.  Default hourly distributions from MicroBENCOST (all functional classes).

Rural Urban

Direction % Direction %
Hour

(24-Hr
Clock)

%
ADT In Out

%
ADT In Out

0 – 1 1.8 48 52 1.2 47 53

1 – 2 1.5 48 52 0.8 43 57

2 – 3 1.3 45 55 0.7 46 54

3 – 4 1.3 53 47 0.5 48 52

4 – 5 1.5 53 47 0.7 57 43

5 – 6 1.8 53 47 1.7 58 42

6 – 7 2.5 57 43 5.1 63 37

7 – 8 3.5 56 44 7.8 60 40

8 – 9 4.2 56 44 6.3 59 41

9 – 10 5.0 54 46 5.2 55 45

10 – 11 5.4 51 49 4.7 46 54

11 – 12 5.6 51 49 5.3 49 51

12 – 13 5.7 50 50 5.6 50 50

13 – 14 6.4 52 48 5.7 50 50

14 – 15 6.8 51 49 5.9 49 51

15 – 16 7.3 53 47 6.5 46 54

16 – 17 9.3 49 51 7.9 45 55

17 – 18 7.0 43 57 8.5 40 60

18 – 19 5.5 47 53 5.9 46 54

19 – 20 4.7 47 53 3.9 48 52

20 – 21 3.8 46 54 3.3 47 53

21 – 22 3.2 48 52 2.8 47 53

22 – 23 2.6 48 52 2.3 48 52

23 – 24 2.3 47 53 1.7 45 55
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values listed are the same for all functional classes. Pennsylvania, on the other hand, provides
different hourly distributions for various functional class roadways, but it does not provide a
directional split factor. Table 3.2 contains statewide hourly distribution factors used by
PennDOT in developing user delay cost.

CONCEPTUAL ANALYSIS

Before addressing user cost calculation procedures, it is helpful to conduct a conceptual analysis
of a work zone operation. There are seven possible work zone user cost components that can
occur; three are associated with a Base Case situation where traffic operates under Free-Flow
conditions, and four are associated with a Queue situation where traffic operates under Forced-
Flow conditions. The next section conceptually discusses potential user costs involved under
Free-Flow and Forced-Flow (Level of Service F) conditions.

Free Flow

Work zones restrict traffic flow either by reducing capacity or, as a minimum, by posting lower
speed limits. Figure 3.1 shows free-flow conditions at a work zone. All traffic that flows through

Table 3.2.  PennDOT AADT distribution (hourly percentages).

Hour
 (24 Hr

 Clock) Urban Rural Urban Rural Urban Rural
12 – 1 1.3 1.7 0.9 0.9 0.8 0.7
1 – 2 0.9 1.4 0.5 0.5 0.4 0.4
2 – 3 0.8 1.3 0.4 0.5 0.3 0.3
3 – 4 0.8 1.3 0.4 0.5 0.3 0.4
4 – 5 1.1 1.4 0.6 0.9 0.4 0.8
5 – 6 2.1 2.1 1.8 2.3 1.3 2.2
6 – 7 4.7 3.7 4.4 4.9 4.0 4.5
7 – 8 6.4 4.9 6.2 6.2 6.4 5.5
8 – 9 5.6 4.9 5.7 5.5 5.7 5.3
9 – 10 5.1 5.2 5.1 5.3 4.8 5.4

10 – 11 5.2 5.5 5.2 5.4 4.9 5.8
11 – 12 5.4 5.8 5.6 5.6 5.5 6.0
12 – 13 5.5 5.7 6.0 5.7 6.0 6.2
13 – 14 5.5 5.9 5.9 5.9 5.7 6.4
14 – 15 6.1 6.3 6.4 6.6 6.3 7.2
15 – 16 7.3 6.9 7.4 7.7 7.6 8.1
16 – 17 7.8 7.2 7.8 8.0 8.3 8.0
17 – 18 7.2 6.6 7.5 7.4 8.0 7.1
18 – 19 5.4 5.3 5.9 5.5 6.2 5.4
19 – 20 4.3 4.4 4.8 4.3 5.1 4.4
20 – 21 3.7 3.8 4.0 3.6 4.3 3.6
21 – 22 3.2 3.4 3.3 3.0 3.4 2.9
22 – 23 2.6 2.9 2.4 2.3 2.4 2.1
23 – 24 2.0 2.4 1.7 1.5 1.6 1.4

Traffic Pattern Group
Interstate Principal Arterial Minor Arterial
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the work zone must, at a minimum, slow while traveling through it and then accelerate back to
normal operating speed. This is commonly referred to as a speed change and it results in three
work zone-related User Cost components: speed change delay, speed change VOC, and
reduced speed delay. Figure 3.1 presents the cost components associated with free flow.

Speed Change Delay is the additional time necessary to decelerate from the upstream
approach speed to the work zone speed and then to accelerate back to the initial approach
speed after traversing the work zone.

Speed Change VOC is the additional vehicle operating cost associated with decelerating from
the upstream approach speed to the work zone speed and then accelerating back to the
approach speed after leaving the work zone.

Reduced Speed Delay is the additional time necessary to traverse the work zone at the lower
posted speed; it depends on the upstream and work zone speed differential and length of the
work zone.

If traffic demand remains below work zone capacity, added work zone user costs are limited to
the above three components and the analysis is relatively simple. In most cases, delay times
remain relatively low and represent more of a minor irritation and inconvenience than a serious
problem.

Construction ZoneConstruction ZoneConstruction Zone
Shoulder

Free Flow

Speed Change VOC
Speed Change Delay

Reduced Speed Delay

Traverse Work

Figure 3.1. Free-flow cost components.
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Once a queue develops, all approaching vehicles must not only slow down before proceeding
through the work zone itself, but they also must stop at the upstream end of the queue and
creep through the length of the physical queue under forced-flow conditions. As long as
demand exceeds capacity, the length of the queue grows, exacerbating the problem. When
demand eventually falls below capacity, or when capacity is increased above demand by
removing the work zone restriction, vehicles then leave the queue faster than they arrive and the
length of the queue shrinks and eventually dissipates. When capacity is reduced on high-traffic
facilities, it is common for queues to develop in the morning peak traffic period, dissipate, and
then redevelop in the afternoon peak traffic period. In exceptionally congested areas, queues
may form early in the morning and continue throughout the day and into the evening hours.

Queuing situations impose four work zone-related user costs that only apply to vehicles that
encounter a physical queue.

Stopping Delay is the additional time necessary to come to a complete stop from the upstream
approach speed (instead of just slowing to the work zone speed) and the additional time to
accelerate back to the approach speed after traversing the work zone.

Stopping VOC is the additional vehicle operating cost associated with stopping from the
upstream approach speed and accelerating back up to the approach speed after traversing
work zone.

Figure 3.2. Forced-flow cost components level of service F.

Upstream Queue Area Work Zone

Work Zone

Shoulder

Forced FlowForced Flow

Speed Change
VOC & Delay

Stopping
VOC & Delay

Queue
Idling & Delay

Reduced Speed Delay
(Traverse Work Zone)

Forced Flow (Level of Service F)

When hourly traffic demand exceeds work zone capacity, traffic flow breaks down and a queue
of vehicles develops, as figure 3.2 shows. It is important to note that the queue forms not in the
work zone itself, but in the upstream approach to the work zone.
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Queue Delay is the additional time necessary to creep through the queue under forced-flow
conditions.

Idling VOC is the additional vehicle operating cost associated with stop-and-go driving in the
queue. The idling cost rate multiplied by the additional time spent in the queue is an
approximation of actual VOC associated with stop-and-go conditions. When a queue exists,
stopping delay and VOC replace the free-flow speed change delay and VOC.

The conceptual analysis presented here is geared primarily to freeway conditions. Conceptual
analysis of other facilities with at-grade intersections would also incur speed change, stopping,
delay, and idling cost but at a much higher frequency, because of intersection-control devices
and turning movements.

COMPUTATIONAL ANALYSIS

Once the individual work zones have been identified, each is evaluated separately. This is the
point at which individual user cost components are quantified and converted to dollar cost
values. This section provides an approach for actually quantifying and costing the individual
work zone user cost components encountered.  The 12 overall steps involved are:

1. Project future year traffic demand.
2. Calculate work zone directional hourly demand.
3. Determine roadway capacity.
4. Identify the user cost components.
5. Quantify traffic affected by each component.
6. Compute reduced speed delay.
7. Select and assign VOC cost rates.
8. Select and assign delay cost rates.
9. Assign traffic to vehicle classes.
10. Compute individual user costs components by vehicle class.
11. Sum total work zone user costs.
12. Address circuitry and crash costs.

Example Work Zone Problem Defined

The following information describes the work zone used as the example problem throughout the
remainder of this section to illustrate the work zone user cost computational steps described
above.

Facility: 3-lane directional outbound Interstate. Posted speed is 55 mi/h and grades on
the facility are less than 2 percent.

Traffic: Base year (1995) AADT of 122,000 vehicles per day. Vehicle classification
 counts indicate a traffic stream mix of  90 percent Passenger
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Vehicles, 5.4 percent Single-Unit Trucks, and 4.6 percent Combination Trucks.
The 10-year projected  traffic growth rates for the various vehicle classifications
are 2.2 percent for passenger  vehicles and  5 percent per year for both single-
unit and combination trucks.

Work Zone: 5.25-mile-long single-lane closure from 9 a.m. until 3 p.m. and from 8 p.m. until
5 a.m. the following morning. Work zone posted speed is 40 mi/h. The work
zone will be in place for 60 days in 1999.

Step 1.  Project Future Year Traffic Demand

The first step is to project future year hourly traffic demand volumes for each vehicle class for
the year the work zones will be in place, from current or base year AADT, using compound
traffic growth factors. The following formula applies:

Future Year AADT =  Base Year AADT x Vehicle class % x (1 + growth rate)(Future Yr. – Base Yr.)

The AADT on a facility in 1999 can be determined from a 1995 base year AADT of 122,000
using the above formula by applying the appropriate compound growth rate factor (in this
example 2.2 percent for passenger vehicles and 5 percent for trucks) as follows:

Projected 1999 AADT

Passenger Vehicles      122,000 x  0.900  x 1.022(4) =  109,800 x 1.09095 = 119,786 =   89%
Single-Unit Trucks       122,000 x  0.054  x 1.050(4) =      6,588 x 1.21551 =     8,008 =    6%
Combination Trucks     122,000 x  0.046  x 1.050(4) =      5,612 x 1.21551 =     6,821 =    5%
Total Traffic                                                                                                134,615  = 100%

Based on these new numbers, total traffic in 1999 will be 134,615, and because of  the
differential traffic growth rates for trucks, the 1999 vehicle mix will be approximately 89 percent
for passenger vehicles, 6 percent for single-unit trucks, and 5 percent for combination trucks.

Step 2.  Calculate Work Zone Directional Hourly Demand

Directional hourly traffic distribution should be determined from agency traffic data on the
roadway being analyzed or from traffic data on similar facilities. If, however, such data is not
available, the default hourly distributions for various roadway types in urban and rural settings
from MicroBENCOST (reproduced in table 3.1) can be used. Table 3.3 contains the future
year directional hourly demand for the example problem generated using the default
MicroBENCOST urban outbound hourly distribution factors and 134,615 future year AADT.
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Inspection of table 3.3 reveals that a.m. outbound demand peaks at 4,200 vehicles per hour in
the 7 to 8 a.m. period, while the p.m. outbound demand peaks at 6,885 vehicles per hour in the
5 to 6 p.m. time period.

Table 3.3. Work zone directional hourly demand (all vehicle classes).

Step 3. Determine Roadway Capacity

In analyzing work zone user costs, there are three capacities that need to be determined: (1) the free-
flow capacity of the facility under normal operating condition, (2) the capacity of the facility when the
work zone is in place, and (3) the capacity of the facility to dissipate traffic from a standing queue.

Outbound Urban InterstateAADT
134,615
(24-Hr
Clock)

% ADT Directional
Factor % Demand

12 – 1 1.2 53      856
1 – 2 0.8 57      614
2 – 3 0.7 54      509
3 – 4 0.5 52      350
4 – 5 0.7 43      405
5 – 6 1.7 42      961
6 – 7 5.1 37   2,540
7 – 8 7.8 40   4,200
8 – 9 6.3 41   3,477
9 –10 5.2 45   3,150
10 –11 4.7 54   3,417
11 –12 5.3 51   3,639
12 –13 5.6 50   3,769
13 –14 5.7 50   3,837
14 –15 5.9 51   4,051
15 –16 6.5 54   4,725
16 –17 7.9 55   5,849
17 –18 8.5 60   6,865
18 –19 5.9 54   4,289
19 –20 3.9 52   2,730
20 –21 3.3 53   2,354
21 –22 2.8 53   1,998
22 –23 2.3 52   1,610
23–24 1.7 55   1,259

Total 67,453
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Free-Flow Capacity is the maximum capacity a facility can handle under free-flow conditions.
According to the 1994 HCM (p. 2-10), the maximum capacity for a 2-lane directional freeway
under ideal conditions is 2,200 passenger cars per hour per lane (pcphpl) and 2,300 pcphpl for
a 3- or more lane directional freeway. The 1994 HCM points out the need to reduce the above
ideal condition capacities for such real world factors as restricted lane widths, reduced lateral
clearances, the presence of trucks and recreational vehicles, and the presence of a driver
population unfamiliar with the area (p. 3-11). The real-world free-flow capacity of the facility is
determined by applying the following formula:

Sf
i
 = MSF

i
 x N x f

w
 x f

HV
 x f

p

SFi = service flow rate for LOS i under prevailing roadway and traffic conditions for N
   lanes in one direction in vehicles per hour (vph),

MSFi
      

= Maximum service flow rate for LOS i for N lanes in one direction (vph)
N = number of lanes in one direction of the freeway,
f
w

= factor to adjust for the effects of restricted lane widths and lateral clearances,
f
HV

= factor to adjust for the effect of heavy vehicles on the traffic stream, and
f
p

= factor to adjust for the effect of recreational or unfamiliar driver populations.

The following discussion describes the procedures to adjust maximum freeway capacity in terms
of pcplph to real-world mixed vehicle conditions when there are trucks in the traffic stream (the
most commonly encountered condition). For adjustments resulting from restricted lane width,
reduced lateral clearance, and other adjustment factors when the work zone is not in place,
refer to chapter 3 (p. 3-12) of the 1994 HCM.

The capacity adjustment resulting from the presence of trucks is based on the fact that trucks
are larger than passenger vehicles and thus physically occupy more roadway space. Further,
trucks, particularly when fully loaded, tend to be less nimble and maneuverable than passenger
vehicles, especially on long, steep up grades.

Truck equivalency factors are used to adjust highway capacity for the presence of trucks in the
traffic stream. Truck equivalency factors are a function of the percent trucks in the traffic stream
and the degree and length of the maximum vertical grade on the facility. Table 3.4 reproduces
the truck equivalency factors for various combinations of percent trucks, grades, and grade
lengths found in table 3-4 of the 1994 HCM.

Inspection of table 3.4 clearly shows that truck equivalency factors increase as grades and
grade length increase. The effect of grade and grade length diminishes as the percent of trucks in
the traffic stream increases. It is also clear from table 3.4 that at grades of less than 2 percent,
the truck equivalency factor is 1.5, regardless of the length of the grade or the percent of trucks
in the traffic stream. Because the example problem used throughout this chapter has by
definition less than 2 percent grades, the truck equivalency factor for the example problem will
be 1.5.
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Table 3.4. Truck equivalency factors.

Grade Length Percent Trucks and Buses
% (Miles) 2 4 5 6 8 10 15 20 25
< 2 All 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

0.00 - 0.25 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

0.25 - 0.50 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

2 0.50 - 0.75 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

0.75 - 1.00 2.5 2.0 2.0 2.0 1.5 1.5 1.5 1.5 1.5

1.00 - 1.50 4.0 3.0 3.0 3.0 2.5 2.5 2.0 2.0 2.0

> 1.50 4.5 3.5 3.0 3.0 2.5 2.5 2.0 2.0 2.0

0.00 - 0.25 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

0.25 - 0.50 3.0 2.5 2.5 2.0 2.0 2.0 2.0 1.5 1.5

3 0.50 - 0.75 6.0 4.0 4.0 3.5 3.5 3.0 2.5 2.5 2.0

0.75 - 1.00 7.5 5.5 5.0 4.5 4.0 4.0 3.5 3.0 3.0

1.00 - 1.50 8.0 6.0 5.5 5.0 4.5 4.0 4.0 3.5 3.0

> 1.50 8.5 6.0 5.5 5.0 4.5 4.5 4.0 3.5 3.0

0.00 - 0.25 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

0.25 - 0.50 5.5 4.0 4.0 3.5 3.0 3.0 3.0 2.5 2.5

4 0.50 - 0.75 9.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5

0.75 - 1.00 10.5 8.0 7.0 6.5 6.0 5.5 5.0 4.5 4.0

>1.00 11.0 8.0 7.5 7.0 6.0 6.0 5.0 5.0 4.5

0.00 - 0.25 2.0 2.0 1.5 1.5 1.5 1.5 1.5 1.5 1.5

0.25 - 0.33 6.0 4.5 4.0 4.0 3.5 3.0 3.0 2.5 2.0

5 0.33 - 0.50 9.0 7.0 6.0 6.0 5.5 5.0 4.5 4.0 3.5

0.50 - 0.75 12.5 9.0 8.5 8.0 7.0 7.0 6.0 6.0 5.0

0.75 - 1.00 13.0 9.5 9.0 8.0 7.5 7.0 6.5 6.0 5.5

> 1.00 13.0 9.5 9.0 8.0 7.5 7.0 6.5 6.0 5.5

0.00 - 0.25 4.5 3.5 3.0 3.0 3.0 2.5 2.5 2.0 2.0

0.25 - 0.33 9.0 6.5 6.0 6.0 5.0 5.0 4.0 3.5 3.0

6 0.33 - 0.50 12.5 9.5 8.5 8.0 7.0 6.5 6.0 6.0 5.5

0.50 - 0.75 15.0 11.0 10.0 9.5 9.0 8.5 8.0 7.5 6.5

0.75 - 1.00 15.0 11.0 10.0 9.5 9.0 8.5 8.0 7.5 6.5

> 1.00 15.0 11.0 10.0 9.5 9.0 8.5 8.0 7.5 6.5

Tables 3.5 and 3.6 are maximum freeway capacity (mixed vehicles per lane per hour) look up
tables based on truck equivalency factor and percent trucks in the traffic stream. Table 3.5 is for
2-lane directional freeways and table 3.6 is for 3- or more lane directional freeways. Table 3.6 is
the appropriate table for the example problem. Table 3.6 (6- or more lane facility), with a truck
equivalency factor of 1.5 and future year percent trucks of 11 percent, reveals by extrapolation a
free-flow capacity of 2,180 vehicles per lane per hour, or 6,540 vph for all 3 lanes.
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% Truck Equivalency Factor
Trucks 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
0.0% 2,200 2,200 2,200 2,200 2,200 2,200 2,200 2,200 2,200 2,200
2.0% 2,178 2,157 2,136 2,115 2,095 2,075 2,056 2,037 2,018 2,000
4.0% 2,157 2,115 2,075 2,037 2,000 1,964 1,930 1,897 1,864 1,833
5.0% 2,146 2,095 2,047 2,000 1,956 1,913 1,872 1,833 1,796 1,760
6.0% 2,136 2,075 2,018 1,964 1,913 1,864 1,818 1,774 1,732 1,692
8.0% 2,115 2,037 1,964 1,897 1,833 1,774 1,719 1,667 1,618 1,571
10.0% 2,095 2,000 1,913 1,833 1,760 1,692 1,630 1,571 1,517 1,467
12.0% 2,075 1,964 1,864 1,774 1,692 1,618 1,549 1,486 1,429 1,375
14.0% 2,056 1,930 1,818 1,719 1,630 1,549 1,477 1,410 1,350 1,294
15.0% 2,047 1,913 1,796 1,692 1,600 1,517 1,443 1,375 1,313 1,257
16.0% 2,037 1,897 1,774 1,667 1,571 1,486 1,410 1,341 1,279 1,222
18.0% 2,018 1,864 1,732 1,618 1,517 1,429 1,350 1,279 1,215 1,158
20.0% 2,000 1,833 1,692 1,571 1,467 1,375 1,294 1,222 1,158 1,100
22.0% 1,982 1,803 1,654 1,528 1,419 1,325 1,243 1,170 1,106 1,048
24.0% 1,964 1,774 1,618 1,486 1,375 1,279 1,196 1,122 1,058 1,000
25.0% 1,956 1,760 1,600 1,467 1,354 1,257 1,173 1,100 1,035 978

Table 3.5. Maximum mixed vehicle traffic capacities for trucks in the traffic stream  (4-lane facilities).

% Truck Equivalency Factor
Trucks 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
0.0% 2,300 2,300 2,300 2,300 2,300 2,300 2,300 2,300 2,300 2,300
2.0% 2,277 2,255 2,233 2,212 2,190 2,170 2,150 2,130 2,110 2,091
4.0% 2,255 2,212 2,170 2,130 2,091 2,054 2,018 1,983 1,949 1,917
5.0% 2,244 2,190 2,140 2,091 2,044 2,000 1,957 1,917 1,878 1,840
6.0% 2,233 2,170 2,110 2,054 2,000 1,949 1,901 1,855 1,811 1,769
8.0% 2,212 2,130 2,054 1,983 1,917 1,855 1,797 1,742 1,691 1,643
10.0% 2,190 2,091 2,000 1,917 1,840 1,769 1,704 1,643 1,586 1,533
12.0% 2,170 2,054 1,949 1,855 1,769 1,691 1,620 1,554 1,494 1,438
14.0% 2,150 2,018 1,901 1,797 1,704 1,620 1,544 1,474 1,411 1,353
15.0% 2,140 2,000 1,878 1,769 1,673 1,586 1,508 1,438 1,373 1,314
16.0% 2,130 1,983 1,855 1,742 1,643 1,554 1,474 1,402 1,337 1,278
18.0% 2,110 1,949 1,811 1,691 1,586 1,494 1,411 1,337 1,271 1,211
20.0% 2,091 1,917 1,769 1,643 1,533 1,438 1,353 1,278 1,211 1,150
22.0% 2,072 1,885 1,729 1,597 1,484 1,386 1,299 1,223 1,156 1,095
24.0% 2,054 1,855 1,691 1,554 1,438 1,337 1,250 1,173 1,106 1,045
25.0% 2,044 1,840 1,673 1,533 1,415 1,314 1,227 1,150 1,082 1,022

Table 3.6. Maximum mixed vehicle traffic capacities for trucks in the traffic stream  (6 or more lanes).
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144 from analysis of the traffic signal analogy above, there is a 68 percent probability that the
queue dissipation rate would be somewhere between 1,674 and 1,962. Alternately, there is a
95.5 percent probability that it would be somewhere between 1,530 and 2,106. Further
discussion of queue departure rates can be found on page 6-7 of the 1994 HCM.

Using a 50 percent reliability, the queue dissipation capacity selected for the example problem is
1,818 vehicles per lane. With 3 lanes open, total dissipation capacity becomes 5,454 vph.

1,470 1,572 1,651 1,682 1,785 1,791
1,832 1,840 1,875 1,827 1,896 1,905
1,910 1,936 1,937 2,000 2,000 -

Average 1,818
Standard Deviation 144

Table 3.7. Observed saturation flow rates per hour of green time.

Queue Dissipation Rates

Capacity during queue dissipation is less than the capacity for free-flow conditions, even
though the lanes are unrestricted (1994 HCM, 2-29). The reduction can easily be as much as
200 vph.  According to the 1994 HCM, “. . . various observations of freeway queue depar-
ture rates range from as low as 1,500 pcphpl to as high as 2,000 pcphpl.” This implies that a
separate and distinct temporary dissipation capacity rate exists after a work zone is re-
moved. This rate comes into play when work zones are only in place for certain hours of the
day (i.e, when work zones are removed during peak traffic flow periods).

Removal of restrictions in front of a queue can also be analyzed much like the dissipation of a
queue at a red traffic signal. That is, the first cars move out rather slowly while follow-on cars
take a little less time and finally stabilize at a saturation flow rate further back in the queue.
Table 3.7 shows observed saturation flow rates (capacity) departing from traffic signals as
given in table 2-13, page 2-32, of the 1994 HCM.

As noted earlier, various observations of freeway queue departure rates range from as low as
1,500 pcphpl to as high as 2,000. Using an average of 1,818, with a standard deviation of
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Work Zone Capacity

Traffic capacity in the work zone can be estimated from research on the capacity associated with
various lane closures on multilane facilities. Table 3.8 reflects observed work zone mixed vehicle
flow capacities at several real-world work zones under several lane closure scenarios.(16)

Table 3.8 indicates, for example, that a 3-lane directional facility with 1 lane closed and 2 lanes
opened to traffic (line 5 of table 3.8) will have a total average work zone capacity of 2,980 vph,
and only 1,490 vehicles per lane per hour. As the 1,490 vehicles per lane per hour represent
the mean capacity, it incorporates a 50 percent reliability factor (i.e., half of the time the
capacity will be greater than 1,490 and half the time less than 1,490). Figure 3.3 shows the
capacity ranges observed for the average work zone capacities in table 3.8. This same data is
plotted as a descending cumulative probability distribution in figure 3.4.

Figure 3.3. Range of observed work zone capacities.

Table 3.8. Measured average work zone capacities.

Directional Lanes Average Capacity

Normal
Operations

Work Zone
Operations

Number
of

Studies
Vehicles Per

Hour
Vehicles per

Lane per Hour
3 1 7 1,170 1,170
2 1 8 1,340 1,340
5 2 8 2,740 1,370
4 2 4 2,960 1,480
3 2 9 2,980 1,490
4 3 4 4,560 1,520

Capacity, Vehicles/Hour/Lane
1000   1100  1200  1300  1400  1500  1600  1700   1800

3 Lanes - 1 Open

2 Lanes - 1 Open

5 Lanes - 2 Open

4 Lanes - 2 Open

3 Lanes - 2 Open

4 Lanes - 3 Openl Volume observed in one study

Range of observed volumes
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Figure 3.4 is used to incorporate a reliability factor in the value selected for the work zone
capacity. Figure 3.4 is used by selecting the desired percent reliability factor from the Y axis,
then intersecting the appropriate work zone situation, and estimating the corresponding capacity.
The x-axis intercept represents the adjusted work zone directional mixed vehicle flow capacity
per lane for the work zone configuration and reliability factor selected.

For the example problem, an 80 percent reliability factor will be used to determine work zone
capacity. By entering the figure at an 80 percent reliability and intersecting the curve for a 3-lane
directional facility with 2 lanes open, the work zone capacity, determined by inspection, is
approximately 1,415 vehicles per lane or 2,830 vph. Using an 80 percent reliability is roughly
equivalent to saying that the work zone capacity will be at least equal to 2,830 vehicles per hour
80 percent of the time. It also means, however, that the capacity of the work zone can be less
than 2,830 for 20 percent of the time.

Figure 3.4. Cumulative distribution of observed work zone capacities. (Source: HCM, 1994)
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