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CHAPTER 1. INTRODUCTION
Background

Pavement preservation is a recognized strategy to cost-effectively maintain the serviceability of a
pavement and extend its life. According to the Federal Highway Administration (FHWA)
preservation is defined as “work that is planned and performed to improve or sustain the
condition of the transportation facility in a state of good repair. Preservation activities generally
do not add capacity or structural value but do restore the overall condition of the transportation
facility” (FHWA 2016). As shown in figure 1-1, this can be accomplished through preventive
maintenance and minor rehabilitation activities that are designed to restore pavement
functionality and extend pavement life without necessarily increasing structural capacity (Smith
et al. 2014). However, it is recognized that the application of these preventive maintenance and
minor rehabilitation treatments to pavements undergoing structural deterioration or materials
degradation is, at best, a stop-gap measure that is merely delaying their ultimate failure. It is
more desirable to apply preventive maintenance and preservation treatments to pavements that
are (and are expected to remain) structurally adequate and durable.

A Pavement Preservation
MPreventive 7
aintenance
Good |= =
g : Rehabili{tation _
=
'E - Reconstruction
o - =
Q |Poor
-
B N A A A A A A A AN A A A A A A
Q
E ’ Minor
S [Peronsed Rehabilitation| -
g 1 Major :
““““““““““““““““““““““““““ Rehabilitation
e Maintenance =
27 L
Poor . =

Time
Source: FHWA

Figure 1-1. Pavement preservation activities and pavement condition (Smith et al. 2014).

Long service life is a hallmark of concrete pavements, and it is not uncommon for them to
provide outstanding performance for 40 or more years. Such extended performance periods are
easily achievable by concrete pavements when they employ durable materials and are properly
designed and constructed. Throughout their service lives, these pavements will not require any
significant rehabilitation other than the timely application of appropriate preservation treatments
to maintain their functionality (e.g., smoothness, friction, quietness). When applied to the right
concrete pavement at the right time, appropriate preservation strategies can be extremely
successful at cost-effectively maintaining functionality and extending service life for 50 years or
more.
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Unfortunately, it is common today to design concrete pavements with the expectation that they
will develop structural distress (e.g., slab cracking and joint faulting) within a relatively short
time frame (e.g., 20 years), triggering the need for full-depth repairs, diamond grinding, slab
stabilization, and other treatments to maintain their serviceability. Thus, the application of
maintenance treatments and minor rehabilitation are not used to “preserve” the pavement
structure. Instead, treatments are applied to concrete pavements that are already suffering
structural distresses and other deficiencies to extend the service life for a relatively short amount
of time. Although such treatments restore functionality in the short-term, they often do not
address the underlying causes of the problems, so the performance of the pavement continues a
downward spiral toward inevitable major rehabilitation or reconstruction.

Defining Concrete Pavement Preservation

In light of the above discussion, it is appropriate to reconsider the term “concrete pavement
preservation” and define it as follows:

A strategy of extending concrete pavement service life for as long as possible by
arresting, greatly diminishing, or avoiding pavement deterioration processes.

This strategy can be achieved by:

e Designing and constructing concrete pavement that is durable and remains structurally
adequate and relatively distress-free throughout a long service life (i.e., design and
construct long-life concrete pavement, LLCP).

e Using overlays (asphalt or concrete) as a preservation treatment to maintain the structural
capacity and serviceability of the existing concrete pavement.

e Maintaining the serviceability of the existing concrete pavement using concrete pavement
restoration (CPR) treatments.

More details on each of these approaches are described in the following sections.

Designing and Constructing Long-Life Concrete Pavements

Concrete pavements that are ideal candidates for preservation are those that possess the ability to
remain in service with little to no structural or materials-related distress for an extended
performance period. Under SHRP2 Project R23, long-life pavements were defined as those
providing 50 or more years of service without requiring major rehabilitation (Jackson, Puccinelli,
and Mahoney 2014). Such long-life pavements are excellent candidates for preservation, as the
basic elements of design, materials selection, and construction are such that major structural or
materials failures are substantially deferred, allowing relatively non-invasive preservation
techniques to be utilized to maintain functionality while effectively delaying the development of
significant structural deterioration.

Although it is recognized that the construction of LLCPs typically comes at a higher initial cost,
a life-cycle perspective reveals that reductions in future maintenance and rehabilitation costs, as
well as reductions in user costs, can more than offset that increased initial investment. Thus,
LLCP are considered a cost-effective alternative for most cases.
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Using Overlays as a Preservation Treatment

Existing concrete pavements are commonly overlaid with hot-mix asphalt (HMA) or concrete as
part of rehabilitation, and these are effective in restoring functionality (e.g., smoothness, skid
resistance, reduced tire-pavement noise emissions) and adding structural capacity. The approach
supported in this project is a bit different, as it aims to establish guidance on the use of overlays
as a preservation strategy to create a composite pavement with extended life. Under this scenario,
the overlay will prevent or arrest the development of distress in the underlying concrete
pavement, thereby preserving the overall pavement structure.

The use of overlays as a concrete pavement preservation strategy is not a common practice but
has been used on some projects. For example, several states (including Arizona, Texas, and now
Nevada for the I-15 reconstruction as part of Project NEON) are using relatively thin rubberized
asphalt overlays as part of new construction to provide desirable functional surface attributes to
the concrete pavement (the primary focus is on noise reduction and demarcation of painted lane
markings). The work conducted under SHRP 2 Project R21 demonstrated the effectiveness of
this strategy beyond purely functional benefits in terms of constructability and rapid renewal
(Rao et al. 2013). This work considered the application of conventional HMA and stone matrix
asphalt (SMA) overlays, as well as porous HMA, asphalt rubber friction course (ARFC), and
ultra-thin bonded wearing courses over new concrete pavements. Although such overlays do not
significantly contribute to the pavement structure, they can have a mitigating effect on climatic
impacts by reducing both the temperature and moisture gradients in the underlying concrete
pavement. This, in turn, reduces critical pavement stresses and can improve ride quality over
extended periods of time.

With regards to unbonded concrete overlays of concrete, most have been used to restore
structural capacity to highly distressed concrete pavements, but there is no reason that they could
not be used as a preservation strategy on a concrete pavement that is currently in good condition.
The use of thin bonded concrete overlays of concrete have also demonstrated good success in
correcting surface or structural deficiencies on many projects but there have also been some
notable failures when applied to pavements in deteriorated condition or when effective bond was
not achieved between the overlay and the underlying concrete pavement.

Maintaining Serviceability with CPR

Concrete pavement restoration is traditionally thought of as preservation. The techniques used
(slab stabilization/slab jacking, partial-depth repair, full-depth repair, retrofitted edge drains,
dowel bar retrofit, diamond grinding and grooving, and joint resealing and crack sealing) are
well-documented in the literature (e.g., Peshkin et al. 2011; Smith et al. 2014). Smith et al.
(2014) also discuss preventive maintenance and pavement preservation concepts and how the
specific techniques can be combined to restore the functional and, to some degree, structural
characteristics of the concrete pavement.

CPR can be the most economical solution for long-term concrete pavement preservation if the
existing pavement is in sound structural condition and free of materials-related distresses
(MRD), such as D-cracking or alkali-silica reactivity (ASR). If this is the case, non-invasive
CPR preservation strategies can often be employed with minimal disruption to traffic to maintain
pavement functionality for 50 years or more from the time of original construction.
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However, when a concrete pavement is undergoing structural deterioration that cannot be
slowed, CPR may not be the best strategy; a global treatment (such as a structural overlay or
reconstruction) may provide the most cost-effective, long-term preservation approach. In such
cases, the use of CPR may be appropriate as a “stop-gap” measure to temporarily maintain
serviceability until the long-term strategy can be developed and implemented.

Project Objective and Approach

In light of the above discussion, the objective of this project is to develop guidelines for concrete
pavement preservation with a focus on the long-term preservation of the existing concrete
pavement structure. In conjunction with the development of the guidelines, another task under
this project was to document 11 concrete pavement projects around the U.S. that have
successfully demonstrated the application of various long-term preservation strategies.

The emphasis is on developing life-cycle management strategies for concrete pavements that
address the underlying causes of problems rather than just the symptoms, which are typically lag
indicators of pavement performance. The guidelines will not provide detailed descriptions of
specific treatment types, application procedures, or their benefits, as these are already well-
documented in the literature.

Report Organization

The final report is presented in three volumes: Volume I (Final Report), Volume II (Feasibility
and Selection Guidelines), and Volume IIT (Case Studies). This report consists of five chapters,
including this introductory chapter. Brief descriptions of the chapters are provided below:

e Chapter 2. Concrete Pavement Preservation Concepts — This chapter covers
fundamental concrete pavement preservation concepts and discusses the primary factors
affecting concrete pavement performance. It also describes the capabilities and functions
of some common concrete pavement preservation treatments, and it presents
considerations for designing new concrete pavements that can be preserved over long
time periods.

e Chapter 3. Strategies for Concrete Pavement Preservation — This chapter discusses
the preservation strategies for concrete pavements, along with a framework for evaluating
the feasibility for preservation treatments and subsequently identifying candidate
treatments. Also included in this chapter is the application of the preservation framework
to the 11 concrete pavement preservation case study projects discussed in Volume 3.

e Chapter 4. Concepts for Strategy Selection — This chapter reviews the economic
analysis techniques that can be used to evaluate the impact of various concrete pavement
preservation strategies and introduces a strategy selection framework that can help
evaluate the economic consequences of selecting a particular preservation and identify
the most cost-effective strategy from a life-cycle perspective.

e Chapter 5. Summary — This chapter presents a brief summary of the key findings and
recommendations from this study.
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CHAPTER 2. CONCRETE PAVEMENT PRESERVATION CONCEPTS

This chapter reviews the primary factors affecting concrete pavement performance and provides
brief discussions on the benefits of pavement preservation; this includes a description of the
capabilities and functions of common concrete pavement preservation treatments. A summary of
the key considerations that go into designing new concrete pavements suitable to long-term
preservation is introduced, with more details provided in chapters 3 and 4.

Key Factors Affecting Concrete Pavement Performance

Before discussing the need for pavement preservation, it is important to understand some of the
key factors that drive concrete pavement performance. These include (but are not limited to): (a)
design features, including structural design, joint load transfer, foundation support, and drainage;
(b) durability of materials; and (c) construction techniques.

Design Features
Structural Design

An effective structural pavement design, including the integration of appropriate layer
thicknesses, panel dimensions, and load transfer systems, helps reduce the risk of structural
distresses that develop under traffic loadings and environmental forces. Mechanistic-empirical
(M-E) pavement design methods can be used to predict specific distress types as a function of
time, traffic, and specific site conditions; and, therefore, can develop pavement designs to meet
site-specific conditions. M-E design procedures use mechanistic pavement responses (critical
stresses, strains, and deflections), relate those responses to performance indicators (cracking,
faulting, and roughness), and calibrate the performance indicators against actual field data to
produce more accurate predictions. The designs that meet the specified performance criteria at a
chosen level of reliability are considered feasible and can be further evaluated in terms of their
life-cycle costs (LCC) or environmental impacts (NCHRP 2004).

Load Transfer Systems

An effective load transfer system is critical to the performance of jointed concrete pavements
(JCP), especially on heavily trafficked roadways. Joint load transfer refers to the ability of a joint
to transfer traffic loading from one slab to the next and is an important design element for the
reduction of pumping and faulting. It is accomplished through one or both of the following
mechanisms:

1. Aggregate interlock, which refers to the mechanical interactions of aggregate particles at
the abutting joint faces. This method is dependent on several factors, including the
gradation, hardness and angularity of aggregates, concrete mixture proportions, concrete
strength at the time of joint development, orientation of crack face, and joint width at the
fractured concrete face. The joint width may be considered to be the most critical factor
since the degree of interlock and shear capacity decreases significantly as joint width
increases above 0.03 inches (0.8 mm) (FHWA 2018). Aggregate interlock is the primary
means for load transfer for tied joints, and for transverse cracks in continuously
reinforced concrete pavement (CRCP).

2. Mechanical load transfer devices (most commonly round, smooth, solid steel dowel bars)
are placed across joints at the mid-depth of the slab. This method is not only highly
effective at transferring load from one side of the joint to the next (which reduces
pumping and faulting), but it also reduces tensile stresses in the slab corners (which can

5
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prevent corner breaks). The smooth dowels do not restrict horizontal joint movement
associated with the longitudinal expansion and contraction of the slabs caused by daily
and seasonal changes in temperature and moisture (FHWA 2018).

Foundation Support

The design and construction of a robust foundation is essential to the long-term performance of
any pavement structure. A foundation can be considered to consist of all layers that provide a
platform for the riding surface. For concrete pavements, the foundation typically includes one or
more base layers on top of the subgrade soil. Proper care and attention should be paid to the
design and construction of the subgrade and base layers to ensure the effective structural
capacity, stability, uniformity, durability, and smoothness of the concrete pavement over its
service life (ACPA 2007).

Paving concrete typically has a 28-day flexural strength ranging from 550 to 750 1b/in? (3.8 to
5.2 MPa) or greater, and an elastic modulus ranging from about 4 to 6 million 1b/in? (28,000 to
41,000 MPa), which helps to provide a high degree of rigidity. This rigidity enables concrete
pavements to distribute loads over large areas of the supporting layers, meaning that the stresses
transmitted to the underlying foundation materials are relatively low. Overall, it is the uniformity
of support and not a high foundation strength that is important to concrete pavement performance
(ACPA 2007).

Drainage

Drainage is one of the most important factors in pavement design. Water enters the pavement
structure from above by infiltrating through cracks, joints, pavement surfaces, and shoulders, or
from beneath as groundwater from a high water table, aquifers, and localized springs. When
water is trapped within the pavement structure due to inadequate drainage, it often reduces the
strength of unbound pavement layers and subgrade; this generates high hydrodynamic pressures
under traffic loading that may pump out the fine material from under the pavement, resulting in
loss of support. Drainage-related distresses in concrete pavements include pumping, faulting,
corner breaks, punchouts, slab warping, and D-cracking (for freeze-thaw-susceptible aggregates).

Over the years, several different approaches have been used to try to reduce the adverse effects
of moisture on the performance of pavements, including sealing the pavement joints, using
moisture-insensitive materials (e.g., stabilized bases), and providing positive subsurface drainage
to remove the water within the pavement. Effective designs may incorporate portions of each of
these approaches.

Durability of Materials

Concrete pavement structural designs invariably assume that the materials used in the concrete
are durable. However, unlike mechanical properties of concrete (e.g., strength), durability is not
an inherent material property but rather a set of material properties that are required for the
concrete to withstand the environment in which it serves (TRB 2013). Thus, material properties
and environmental factors must be considered in concert when specifying and constructing
durable concrete pavements (Van Dam 2016a). Durability-related distresses such as D-cracking,
deicer scaling, ASR, and sulfate attack could develop if not properly accounted for during the
mix design process and can result in premature failures even when the concrete pavement is
structurally adequate.
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Construction Techniques
Broadly speaking, the construction of concrete pavements involves the following general
activities:

e Subgrade preparation.

e Hauling, placement, and compaction of pavement base and subbase layers.

e Proportioning and mixing concrete materials.

e Placement of embedded steel.

e Hauling and placement of the concrete materials.

e Finishing, texturing, and curing of the concrete pavement.
Achieving long service life is strongly impacted by the quality of the constructed pavement
system. The potential gains realized through pavement design optimization and the use of
durable materials and concrete mixtures can be nullified by poor construction quality and
improper construction techniques.
Why is Preservation Important?

As described in Chapter 1, pavement preservation is a proactive and cost-effective approach for
managing pavement assets. By methodically applying pavement preservation concepts, a number
of significant benefits can be realized, including (Smith et al. 2014):

e Improved Pavement Condition — Effective preservation programs can help maintain
pavements in good condition for longer periods of time, thereby delaying the need for
major rehabilitation and reconstruction activities.

e Increased Safety — Pavements in better overall conditions are generally smoother and
contribute to safer operating environments for the traveling public.

e Cost Savings — Cost savings are realized in the form of: (a) extended service lives
requiring fewer and less expensive treatments; (b) decreased user costs resulting from
reduced traffic delays; (c) lower vehicle operating costs (due to smoother roads), and (d)
lower crash-related costs.

e Higher Customer Satisfaction — Preservation produces smoother and safer roads and
requires shorter lane closure durations and less invasive procedures, all of which
contribute to a higher level of satisfaction for the traveling public.

Concrete Pavement Preservation Treatments

Table 2-1 provides brief descriptions of common concrete pavement preservation treatments.
These treatments use different types of materials (or no materials at all, in some cases) and can
be used to address either localized deficiencies or more widespread issues.
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Table 2-1. Common concrete pavement preservation treatments
(adapted from Smith et al. 2014 and Peshkin et al. 2011).

Treatment

Description

Slab Stabilization

Filling of voids beneath concrete slabs by injecting cement grout, polyurethane,
or other suitable materials through drilled holes in the concrete located over the
void areas.

Slab Jacking

Raising of settled concrete slabs to their original elevation by pressure injecting
cement grout or polyurethane materials through drilled holes at carefully
patterned locations.

Partial-Depth Repair
(PDR)

Removal of small, shallow (upper one-third to one-half of the slab) areas of
deteriorated concrete and subsequent replacement with a cementitious or
proprietary repair material.

Full-Depth Repair
(FDR)

Cast-in-place or precast concrete repairs that extend through the full thickness
of the existing slab, requiring full-depth removal and replacement of full- or
partial-lane-width areas.

Dowel Bar Retrofit
(DBR)

Placement of dowel bars across joints or cracks in an existing concrete
pavement to restore load transfer.

Cross Stitching

Insertion of deformed bars into holes drilled at an angle through longitudinal
cracks (or, in some cases, longitudinal joints) in an existing concrete pavement.

Slot Stitching

Grouting of a deformed bar into slots cut across a longitudinal joint or crack.

Diamond Grinding

Removal of a thin layer of concrete (typically 0.12 to 0.25 inches [3 to 6 mm]
thick) from the pavement surface using special equipment fitted with a series of
closely-spaced, diamond saw blades.

Diamond Grooving

Cutting of narrow, discrete grooves into the pavement surface, either in the
longitudinal direction (i.e., in the direction of traffic) or the transverse direction
(i.e., perpendicular to the direction of traffic).

Joint Resealing

Removal of existing deteriorated joint sealant materials, refacing and cleaning
the joint sidewalls, and installing new material (liquid sealant and backer rod or
preformed compression seal).

Crack Sealing

Sawing, cleaning, and sealing cracks (typically transverse, longitudinal, and
corner-break cracks wider than 0.125 inches [3 mm]) in concrete pavement
using high-quality sealant materials.

Capabilities and Functions of Concrete Pavement Preservation Treatments

For concrete pavement structures, the selection of appropriate preservation treatments is largely
driven by the distresses and unique conditions of the pavement. Each treatment is directed at one
or two primary deficiencies and, while they can be used as stand-alone treatments in many cases,
a pavement preservation project often will employ several treatments in order to restore the
serviceability of the pavement to a satisfactory level and minimize the potential for the distresses
to reoccur. Table 2-2 summarizes the primary capabilities and functions of the common
preservation techniques, while table 2-3 presents the general applicability of the various
treatments based on the distresses in the existing pavement.
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Table 2-2. Primary capabilities and functions of concrete pavement preservation
treatments (adapted from Peshkin et al. 2011).

Seal/ Improve Improve
Fill Voids Prevent P Profile Improve
Waterproof . Remove/ | Texture for
and Intrusion of iy (Lateral Texture
Treatment Pavement/ . Control Friction or
S Restore |Incompressible - Surface for
Minimize - Faulting Reduce - .
Pumping Support Materials Hydroplaning Draln?ge Noise
and Ride)
Slab
Stabilization X X
Slab Jacking X X
Partial-Depth
Repair (PDR) X X X
Full-Depth
Repair (FDR) X X X X X
Dowel Bar
Retrofit (DBR) X X
Cross
Stitching/ Slot X X
Stitching
Diamond
Grinding X X X X
Diamond
. X
Grooving
Joint X X X
Resealing
Crack Sealing X X

The use of the term “preservation” for many concrete pavement treatments has been somewhat
of a misnomer because most concrete pavement “preservation” treatments (shown in table 2-1)

are often stop-gap treatments that attempt to slow down the deterioration of the existing

pavement and delay the end-of-life activities. These treatments are typically applied only after an
observed indication of a potential problem, most often manifested as a distress on the pavement
surface. The treatments are then used to address the symptoms of the problem (e.g., removal of
joint faulting by diamond grinding) but do not aim to prevent the problem from occurring in the
first place (e.g., erodible foundation materials, poor load transfer, free water in the base).
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Table 2-3. Applicability of concrete pavement preservation treatments based on distresses
observed (adapted from Hall et al. 2001).

Cross
. Slab Slab Stitching/ | Diamond | Diamond Joint Crack
Distress Stabilization | Jacking PDR | FDR | DBR Slot Grinding | Grooving | Resealing | Sealing

Stitching

Corner X X Xa

Breaks

Linear b a
Cracking X X X

Punchouts X

D-Cracking Xe

Alkali

Aggregate Xe¢
Reaction
(AAR)

Map
Cracking,

Crazing, X
Scaling

Joint Seal
Damage X

Joint
Spalling X X

Blowup X

Pumping X X X

Faulting X X

Bumps,

Settlement, X X X

Heaves

Polishing/
Low X

Friction

Note: Many of these treatments are commonly done in combination to fully address all pavement deficiencies.
@ Cracks with limited vertical movements.
b Longitudinal cracks only.

¢On pavements with slow-acting D-cracking or ASR. In the case of overlays, unbonded concrete overlays are considered
viable candidates, but bonded overlays are not. The lower the severity and rate of the MRD (as determined through
laboratory analysis), the higher the chance of longer service life.
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Designing Pavements for Preservation

The fundamental shift in the pavement preservation philosophy in this study revolves around the
premise that concrete pavement preservation begins with the initial design of the concrete
pavement structure. The objective is to design and construct long-life concrete pavements that
are structurally adequate and largely distress-free over their service lives and then apply
preservation strategies that maintain pavement functionality without compromising the structural
capacity of the underlying pavement structure. In other words, design the pavement to perform
instead of designing the pavement for a certain level of distress.

Some of the key considerations that go into designing pavements for preservation over a long
service life (>50 years) include:

e Design and construct effective load transfer systems, especially for pavements exposed to
high volumes of heavy (truck) traffic.

e Use durable concrete mixtures and mixture components along with a robust QA program.

o Integrate effective structural layer thicknesses, panel dimensions, load transfer systems,
and drainage systems such that the risk for structural distress through typical failure
mechanisms is virtually eliminated (or significantly reduced). It should be noted that
certain structural aspects can be provided in initial design/construction (including the use
of composite pavement structures) or through staged construction (i.e., through the use of
structural overlays later in life).

e Use high-performance foundation systems. Several concrete pavement failure
mechanisms, such as pumping, faulting, longitudinal cracking, and settlements, can be
traced at least in part to inadequacies of the pavement support system.

e Monitor pavement performance to identify lead indicators of pavement performance that
can help to determine the appropriate type of preservation treatment that can be applied
before the onset of distresses.

e Ensure adequate ride quality, safe levels of friction, and acceptable levels of tire-
pavement noise throughout the service life of the pavement.

e Recognize that pavements may reach a condition where maintaining an adequate level of
serviceability is no longer possible. Agencies can make this determination based on the
remaining service life and overall economic considerations.

It is recognized that a vast majority of in-service concrete pavements have not been designed as
long-life concrete pavements; thus, they may require a different approach for preserving and
extending the service lives through a combination of overlays and CPR treatments. In some
cases, complete removal and replacement of the existing pavement structure may be the most
economical and environmentally sustainable solution from a life-cycle perspective.

The literature and state-of-the-practice review summarized in chapter 3 document the
information necessary for the development of this new approach for concrete pavement
preservation. The focus of the review was to identify suitable approaches for pavements that are
categorized as follows:

11
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e (ategory 0 — Concrete pavements with no apparent or impending distresses (e.g., recently
constructed pavements). These pavements are candidates for monitoring to identify the
initiation and subsequent progression of structural distresses (in addition to functional
distresses).

e (Category 1 — Pavements that are not experiencing structural deterioration but require
functional preservation.

e (ategory 2 — Pavements in which structural improvements (e.g., overlays) have been
used to prevent or arrest the development of structural deterioration.

e (Category 3 — Pavements in which the progression of structural deterioration is
continuous, and treatments are being applied only to maintain some acceptable level of
serviceability until a major structural rehabilitation or reconstruction can be performed.

The next chapter (Chapter 3) presents a framework for evaluating the feasibility for preservation
treatments and subsequently identifying candidate treatments.

12
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CHAPTER 3. STRATEGIES FOR CONCRETE PAVEMENT
PRESERVATION

Introduction

Several preservation strategies can be used to extend the service life of concrete pavements. One
fundamental strategy begins in the pavement design stage, where agencies can adopt long-life
concrete pavement designs that provide extended life with very little additional cost investment;
this reduces future maintenance and rehabilitation requirements and minimizes the associated
traffic disruptions created by lane closures. In later stages of the concrete pavement’s service life,
agencies can consider concrete pavement restoration (CPR) strategies and overlays that extend
life to preserve and enhance the functional and structural life of the existing pavement. For the
purpose of concrete pavement preservation as defined herein, these later CPR and overlay
strategies have an important timing element, as the techniques themselves are not different from
those that are currently used but the timing of their application is shifted to more proactively
preserve the pavement structure while maintaining functionality. A discussion of these strategies,
along with a framework for evaluating the feasibility for preservation treatments and
subsequently identifying candidate treatments, is presented in this chapter.

Long-Life Pavement Design and Construction

According to Tayabji and Lim (2007), long-life concrete pavements are readily achievable by
refining current design and construction practices and by requiring improved construction quality
control. Under SHRP2 Project R23, long-life pavements were defined as those providing 50 or
more years of service without requiring major rehabilitation (Jackson, Puccinelli, and Mahoney
2014). Such long-life pavements are excellent candidates for preservation, as the basic elements
of design, materials selection, and construction are such that major structural or materials failures
are substantially deferred. This allows relatively non-invasive preservation techniques to be
utilized to maintain functionality while effectively delaying the development of significant
structural deterioration.

Background

The concept of long-life (40 years or more) concrete pavement design has its roots in the “zero
maintenance” design concept introduced by Darter and Barenberg (1977). This was a pioneering
mechanistic-based design methodology that incorporated a stress ratio approach for calculating
fatigue damage, considering both loading and the impact of thermal curling stresses. Darter and
Barenberg (1977) recommended several key design features to help achieve long-term
performance:

e Dowel bars.

e Short joint spacings.

e Good subdrainage.

e Adequate joint sealing.

e Increased slab thickness.

e Increased foundation support.

13



Chapter 3 Strategies for Concrete Pavement Preservation—Vol. I: Final Report

Khazanovich et al. (1998) evaluated data from the Long-Term Pavement Performance (LTPP)
program to identify key design and construction features that had the greatest effect on concrete
pavement longevity (see table 3-1).

Table 3-1. Key design and construction features affecting concrete pavement performance
(after Khazanovich et al. 1998).

Key Design and Construction Features Affecting

Pavement Type Performance (in decreasing order of importance)

Initial smoothness
Joint load transfer
Subdrainage
Base type
Slab widening
Joint spacing
Slab thickness
Slab modulus/strength

JPCP

Initial smoothness
Steel percentage
Subdrainage
Slab strength
Surface texture
Base type

CRCP

In 2007, Caltrans evaluated strategies for long-life JPCP concrete pavements, specifically
evaluating: (a) the adequacy of structural design options (such as tied shoulders, doweled joints,
and widened slabs) with respect to joint distress, fatigue cracking, and corner cracking; (b) the
durability of concrete slabs made with cements meeting the requirements for early-opening-to-
traffic; and (c) the effects of construction and mix design variables on the durability and
structural performance of pavements. Using these objectives as a guide, Caltrans developed the
following recommendations for long-life concrete pavements (Jones, Harvey, and Kohler 2007):

e Use an ME design procedure.

e Use the axle load spectra instead of equivalent standard axle loads (ESALSs) since the
load spectra produces a better design estimate.

e Use dowel bars to mitigate joint faulting.
e Limit joint spacing to a maximum of 15 ft (4.6 m) to delay transverse cracking.

e Use widened truck lanes or tied concrete shoulders to improve fatigue cracking
performance.

e Use nonerodible treated base types to minimize transverse faulting and corner cracking.

e Avoid the use of stiff bases in climates with large temperature gradients since they
increase the tensile stresses in the slab.

¢ Include the coefficient of thermal expansion as a design parameter and its impact should
be evaluated within a range comparable to the conditions expected to be experienced by
the pavement.

14
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Develop a new design specification for asphalt-treated bases since current specifications
are designed against rutting performance when it should consider moisture sensitivity and
friction between the slab and base.

Use flexural strength to determine the pavement performance rather than compressive
strength. While the requirement of 300 Ib/in? (2.1 MPa) for opening strength should
remain, increasing the minimum opening strength to 400 Ib/in? (2.8 MPa) is
recommended for minimizing early cracking. The 90-day required strengths of 650 to
800 1b/in? (4.5 to 5.5 MPa) are still recommended.

Retain the requirement of no more than 0.053 percent drying shrinkage after 7 days.

Recognize that concrete set time is not the most important variable for construction
productivity in typical construction closure lengths.

Continue the use of ASTM C1260 to test aggregate alkali-silica reactivity.
Use ASTM C1293 for a wide variety of aggregate types for alkali-silica reactivity.
Adopt and enforce the ACI Building Code 318 guidelines for sulfate resistance.

Establish a failure criterion of less than 25 percent loss of strength at 28 and 63 days of
sulfate exposure relative to the 7-day strength.

Use bond-breaking layers with bases with a high frictional resistance (lean concrete bases
or open-graded mixes) to reduce tensile stresses in the slab.

When possible, pave during cool, moist conditions to reduce built-in curl.

Use construction productivity analysis tools to determine the critical path for
construction.

Conduct traffic analyses to maximize the number of lanes that can be closed to traffic
during construction.

Continue strict monitoring of the water-to-cementitious ratio.

In another effort, a scan tour of long-life concrete pavements in Europe and Canada listed a
number of practices used by those countries to achieve long-life, including (Hall et al. 2007):

Use deep, high-quality foundations — Unbound granular materials used in European
subbases are generally better-quality materials than those typically used for fill material
and granular subbases in the United States. Recycled concrete is frequently used in
European pavements as a base material.

Pay attention to mix design components — One key to long-lasting concrete pavements in
Europe is the great attention paid to cement and concrete mixture properties; this
attention to detail consistently produces strong, dense, and durable concrete.

Use a geotextile interlayer — Thick, geotextile interlayers prevent the concrete slab from
bonding to the cement-treated base. European interlayers were typically thicker than
those found in the United States.

Use two-lift construction — This allows for high-quality aggregates to be used in the top
layer and more marginal aggregates (including recycled aggregate materials) to be used
in the lower layer, providing cost savings and conservation of materials. This approach is
commonly used in Germany, Austria, Belgium, and the Netherlands.
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e Use design catalogs — Many European countries use design catalogs more frequently than
the United States. Design catalogs are used to select pavement thicknesses and other base
pavement design features. This allows for iteration with field experience and local
climate to prevent overdesigning pavements.

e Use a low-noise exposed aggregate surface — Exposed aggregate surfaces are used in the
top course of two-lift pavements in some densely populated areas of Europe for reduced
noise emissions while also providing good friction and durability.

Under a more recent SHRP2 study, researchers summarized the following characteristics and
features for long-life pavements (Jackson, Puccinelli, and Mahoney 2014):

e For JPCP:
— Design lives range from 50 to 60 years.
— Slab thicknesses range between 11.5 and 13 inches (292 and 330 mm).

— Joint spacings are 15 ft (4.6 m), with load transfer provided through corrosion-
resistant dowels.

- Maximum water-to-cementitious materials ratio (w/cm) between 0.40 and 0.44.

e For CRCP:
— Design lives range from 30-40 years.
— Slab thicknesses range between 13 and 15 inches (330 and 381 mm).

Although developed with new pavement construction in mind, these characteristics are also
applicable to long-life concrete overlay systems (Jackson, Puccinelli, and Mahoney 2014).

In a study conducted for the Minnesota DOT, long-life concrete pavement design features used
by selected countries were also identified, as summarized in table 3-2 (Tutumluer, Ziao, and
Wilde 2015). Most countries use JPCP for their long-life pavements, except for Belgium (which
uses CRCP). The selected countries consistently sought to improve the drainage conditions of the
pavement structure through variations in cross slope or by using drainable base courses. Many
countries also construct a robust foundation system.

This same study evaluated the statewide performance of concrete pavements in Minnesota,

establishing recommended design features for long-life, as summarized in table 3-3 (Tutumluer,
Ziao, and Wilde 2015).

Based on this review of available literature, long-life concrete pavement design and construction
should encompass the following elements:

e Robust structural design that not only considers thickness but also includes consideration
of concrete material properties including durability, joint spacing and load transfer, and
foundation and drainage design.

e Proper construction including an effective quality control program.
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Table 3-2. Long-life concrete pavement designs in selected countries
(after Tutumluer, Ziao, and Wilde 2015).

Country Type Design Features/Characteristics Reference

(a) Typically use CRCP and a design thickness catalog

(b) JPCP debonded from base layer to allow for free curling and
warping of concrete slab

(c) A lean concrete base with minimum compressive strength of 725

CRCP Ib/in? (5 MPa) at 42 days (no induced joints and limited Vorobieff and

JPCP construction joints) Moss (2006)

(d) A minimum 12-inch (300-mm) subbase of select material with
CBR > 30% after 4-day soak, PI<12, and compressive strength of
145 1b/in? (1 MPa) (top 6-inch subbase is stabilized with 2%
hydrated lime if soaked CBR < 30%)

Australia

(a) Typical high volume (18 to 40 million design axle loads)
pavement 10-inch JPCP on 2-inch (50-mm) bituminous interlay
over 18-inch (450-mm) unbound base or 8-inch (200-mm)
cement-stabilized base Hall et al.

(b) 18t0 20 ft (5.5 to 6 m) joint spacing (2007)

(c) Two-lift concrete slab with recycled/inexpensive aggregate used
in the bottom 8 inches and more wear resistant aggregate in the
upper 1.5 inches (38 mm) with an exposed aggregate surface

Austria JPCP

(a) Minimal maintenance in-service life of 30 years and expected life
span of 40 to 50 years

(b) 2.5-inch (62.5 mm) asphalt base over 8-inch (200-mm) lean
concrete base over 8- to 31.5-inch (200- to 790-mm) sand subbase
(over specially compacted 3.3 to 4.9 ft [1 to 1.5 m] subgrade)

(c) The asphalt base prevents reflective cracking from the subbase Caestecker

(d) High strength concrete base, asphalt base course, excellent bond (2006)
between asphalt layer and upper and lower concrete layers, and
high-quality concrete contribute to good performance

(e) Side gutters, sufficient cross slope, thick layer of drainage sand,
and drainage pipes on the edge of the shoulder result in good
drainage

Belgium CRCP

(a) Standard design in Ontario is doweled JPCP with a 14-ft (4.3 m)
widened outside lane

(b) Use 1993 AASHTO Guide and Canadian Portland Cement
Association ME rigid pavement design methods

(c) 4-inch (100 mm) asphalt treated, open-graded drainage base
(0.75-inch [19 mm] maximum aggregate size and 1.8% asphalt Hall et al.
content) (2007)

(d) Open-graded cement-treated base as an alternative

(e) JPCP over 6-inch (150 mm) granular base over granular subbase
of varying thickness in Quebec for frost heave prevention

(f) 11-inch (275 mm) CRCP over open-graded cement-stabilized
base as an alternative in Quebec

Canada JPCP

(a) 8.6-to 13.8-inch (215 to 345 mm) JPCP over base and frost
protection layers Hall et al.

(b) Use geotextile between concrete slab and cement-stabilized bases (2007)
to debond the two layers

Germany JPCP
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Table 3-3. Recommended design features for Minnesota long-life pavement design
(Tutumluer, Ziao, and Wilde 2015).

Design Feature Material Typical Dimensions

High-performance

Slab Thickness . 12 to 13 inches (305 to 330 mm)
concrete mix
Base course MnDOT Class 5 material* |4 inches (102 mm)
Subbase MnDOT select granular** |Minimum 36 inches. (914 mm)
. Preformed elastomeric 15 ft (4.6 m) spacing, perpendicular to the direction of
Transverse joints .
compression seal traffic

1.5-inch (38 mm) diameter, 15-inch (381 mm) long bars

D 1 i istant .
owel bars Corrosion resistan spaced 12 inches (305 mm) center to center

Texture Astro-turf or broom drag |1/25 inch (1 mm) average depth using ASTM E965

*Class 5 is a 0.75-inch (19 mm) crushed aggregate.

**Any pit-run or crusher-run material and the ratio between passing No. 200 (0.075 mm) divided by the portion
passing 1 inch (25 mm) sieve is less than 12%.

Elements of Pavement Structural Design

Even with the release of the empirically based AASHTO Guide for Design of Pavement
Structures (AASHTO 1993), work continued in the development and refinement of mechanistic-
based design procedures (e.g., PCA 1984, Thompson and Barenberg 1992; Darter, Hall, and Kuo
1995). In 2004, the NCHRP issued the Mechanistic-Empirical Pavement Design Guide
(MEPDG) (NCHRP 2004), which is now in its second edition (AASHTO 2015) and is available
as the AASHTOWare Pavement ME Design software (PaveME). PaveME has been nationally
calibrated and continues to be refined for local and regional conditions as highway agencies
implement the procedure. Still, it is realized that the adoption of ME design procedures alone
does not ensure long life but instead provides a tool that can be used to assess the potential long-
term performance capabilities of various concrete pavement designs.

PaveME directly considers many pavement

elements that are considered essential to long-life Important Structural Design Considerations
design, ensuring that their impacts on performance Layer thicknesses
are accounted for in the design process. These Material properties

include the integration of layer thicknesses,
material properties, joint spacing and load transfer,
and foundation support and drainage, helping
reduce the risk of structural distresses that develop
under traffic loadings and environmental forces.
ME design procedures use mechanistic pavement
responses (critical stresses, strains, and deflections)
and relates those responses to key performance indicators (cracking, faulting, and roughness) as
shown in figure 3-1. The ME performance models are calibrated using actual field data to
produce more accurate predictions. The designs that meet the specified performance criteria at a
chosen level of reliability are considered feasible and can be further evaluated in terms of their
life-cycle costs (LCC) or environmental impacts (NCHRP 2004). PaveME or similar ME
pavement design methods can be used to predict specific distress development and progression
as a function of time, traffic, and specific site conditions and, therefore, be used to develop
pavement designs that meet site-specific conditions.

Joint spacing and load transfer
Foundation support and drainage
Traffic

Environment

LR

Future diamond grinding
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T e e

Pavement
Structure

Distresses

Damage
Accumulation

RENOINE

Figure 3-1. Flowchart showing ME design method.

Another consideration during design of long-life concrete pavement is (future) thickness
reduction from diamond grinding treatments. The resulting decrease in concrete layer thickness
(structural capacity) from multiple diamond grind treatments can lead to accelerated distress
progression (quantity and severity) as traffic typically increases over time. Therefore, for long-
life concrete pavements, the initial design slab thickness is commonly increased slightly to
enhance structural load-carrying capacity and to accommodate future grinding.

The following sections discuss specific elements of design including joint spacing and load
transfer and foundation support and drainage.

Concrete Material Properties

In ME design, the properties of the concrete materials have a major impact on predicted
pavement performance. Strength is a key parameter, as the ratio of stress to strength (known as
the stress ratio) is directly related to fatigue damage, which in turn is related to slab cracking. In
addition to strength, the physical properties of the concrete that have the largest impact on
predicted performance relate to changes in concrete volume with changes in temperature and
moisture.

Temperature effects are primarily incorporated through determination of the concrete’s
coefficient of thermal expansion (CTE), measured using AASHTO T 336 — Standard Method of
Test for Coefficient of Thermal Expansion of Hydraulic Cement Concrete. Knowing the CTE
permits computation of stresses generated through temperature gradients. Although CTE is an
important factor affecting stresses in concrete pavements, the pavement performance depends on
the combined effects of several properties of concrete, including CTE, elastic modulus, and
strength, as well as structural design factors (e.g., thickness, joint spacing, and edge support).
Mechanistic pavement design procedures (such as AASHTO Pavement ME Design), consider
the combined effects both material and structural factors to determine the appropriate design for
the design conditions.

Concrete volume also changes with changes in moisture content. The volumetric change is
almost wholly a result of changes in the volume of the cement paste, which has a significant
volume of intrinsic porosity. As moisture is lost, the paste shrinks, resulting in shrinkage of the
concrete. The most common test to assess this shrinkage is AASHTO T 160 — Standard Method
of Test for Length Change of Hardened Hydraulic Cement Mortar and Concrete. This is a
relatively simple test that provides a method to measure length change due to various causes
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other than applied stress or temperature change and is particularly useful as a prescriptive test for
comparative evaluation of concrete mixtures (Goodwin 2006). This is discussed in detail in the
guidance documentation supporting the AASHTO PP 84 — Standard Practice for Developing
Performance Engineered Concrete Pavement Mixtures. An important consideration is that
drying shrinkage of concrete is most directly related to the volume of cement paste (i.e., the
volume of cement, supplementary cementitious materials, and water) and, hence, reducing paste
volume reduces shrinkage. This can best be accomplished by using optimized aggregate grading
that maintains workability while allowing the cementitious content to be reduced beyond what is
normally done (Cook, Ghaeezadah, and Ley 2013).

There is considerable information available on ensuring the durability of concrete paving
mixtures. The guidance document for AASHTO PP 84 — Standard Practice for Developing
Performance Engineered Concrete Pavement Mixtures, provides detailed discussion of how to
assess mixtures for transport-related properties, freeze-thaw durability, potential for joint damage
due to the use of chemical deicers, and aggregate freeze-thaw and alkali-aggregate reactivity. In
general, in freeze-thaw environments, the permeability of the concrete must be reduced and the
entrained air content increased to lower the degree of saturation to minimize damage. Specifying
and enforcing a water-to-cementitious ratio (w/cm) of less than 0.45, and possibly slightly below
0.40, is a prescriptive approach to reducing permeability. AASHTO PP 84 presents an approach
based on resistivity testing that can also be used.

Recommendations for assessing the freeze-thaw resistance of aggregates rely on state practices,
which are largely based on testing in accordance with ASTM C1646 — Standard Practice for
Making and Curing Test Specimens for Evaluating Resistance of Coarse Aggregate to Freezing
and Thawing in Air-Entrained Concrete and AASHTO T 161 — Resistance of Concrete to Rapid
Freezing and Thawing. Mitigation of alkali-aggregate reactivity should follow the guidance
presented in AASHTO R 80 — Determining the Reactivity of Concrete Aggregates and Selecting
Appropriate Measures for Preventing Deleterious Expansion in New Concrete Construction.

It is outside the scope of this document to discuss in detail the optimization of concrete mixture
properties needed to support long-life designs. In general, the concrete mixtures should possess
the needed strength to fulfill the intent of design, be volumetrically stable and relatively
impermeable, and be durable in the environment in which they will serve. The reader is directed
to the cited references, as well as to other sources (e.g., Van Dam 2016a; 2016b; 2018).

Joint Spacing and Load Transfer

Joint spacing and load transfer are important design features, playing a prominent role in the
performance of long-life jointed plain concrete pavements (JPCP). Considerations include
transverse and longitudinal joint spacing, lateral edge support (tied concrete shoulder or widened
slab), and dowel and tie bar spacing and size (Smith and Hall 2001). In general, agencies have
reduced transverse joint spacing in recent years, often specifying a maximum transverse joint
spacing of 15 ft or less, depending on slab thickness (Jones, Harvey, and Kohler 2007). This is
supported by results of ME design, which generally predicts improved performance as joint
spacing decreases. The benefit of lateral edge support has also been recognized, as it reduces
stress along the outer edge of the truck lane. Currently, it is recommended to use a widened slab
(common recommendations are to use 13 to 13.5 ft) or a tied concrete shoulder. For widened slab
design, lane striping is done at 12 ft to direct trucks away from the edge. The use of 14 ft
widened slabs has been associated with longitudinal cracking and is now discouraged.
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An effective load transfer system is also recognized to be critical to the long-term performance
of JPCP, especially on heavily trafficked roadways. Joint load transfer refers to the ability of a
joint to transfer applied tire loads from one slab to the next and is an important design element
for the reduction of joint deflection, pumping, and faulting. Load transfer is accomplished
through aggregate interlock, load transfer devices, or both, as described in table 3-4. For 10-inch-
thick slabs or greater, it is common practice to use smooth dowels at transverse joints, spaced 12-
inches on center and with a diameter of 1.5 inches. For slabs less than 10 inches, dowel diameter
is commonly reduced to 1.25 inches.

Table 3-4. Load transfer mechanisms (FHWA 2018).

Mechanism Description Considerations
e Joint width
Mechanical interactions | ¢  Aggregate gradation
Aggregate Interlock of aggregate particles at | ¢ Hardness and angularity
the abutting joint faces | e Concrete mixture proportions
e Orientation of crack face

Highly effective transferring

Mechanical load load from one side of the
transfer devices (dowel joint to the next

Load Transfer Devices | bars) are placed across | e Reduces tensile stresses at the
joints at the mid-depth slab corners.
of the slab. e Smooth dowels do not restrict

horizontal joint movement

For longitudinal joints, aggregate interlock is the predominant load transfer mechanism, with
deformed tie bars often included to maintain alignment and restrain joint movement. The tie bars
are typically No. 4 or No. 5 bars, 30-inches long and spaced on 30-inch centers, although some
variations exist.

For long-life concrete pavements, it is also common for agencies located in freeze-thaw areas
where deicer use is common to use embedded steel with corrosion protection to help support
long life. Epoxy coatings are often used, but some agencies include stainless steel cladding or
galvanization for dowel bars (Burnham et al. 2006).

Foundation Support and Drainage

In pavement design, the stiffness of the foundation has a relatively minor contribution to the
required slab thickness for a set of design conditions. However, these supporting layers are
extremely important to long-term performance. Because concrete slabs distribute loading over
large areas, the uniformity of the foundation support is as important (or perhaps even more
important) than the average stiffness of foundation to concrete pavement performance (ACPA
2007). Moreover, the foundation layers provide other key benefits, including frost resistance and
a stable construction platform that can contribute to increased initial smoothness.
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It has been observed that premature failures in
concrete pavements often result from excess moisture
beneath the slab, which contributes to pumping, joint
faulting, erosion and loss of support, and slab
cracking. An effective foundation system that removes
the excess water and/or is relatively insensitive to its
effects will provide stable slab support and resist
erosion over the pavement life. Water enters the
pavement structure from above by infiltrating through
cracks, joints, pavement surfaces, and shoulders, or
from beneath as groundwater from a high-water table,
aquifers, and localized springs. When water is trapped
within the pavement structure due to inadequate drainage, it often reduces the strength of fine-
grained unbound pavement layers and subgrade; this generates high hydrodynamic pressures
under traffic loading that may pump out the fine material from under the pavement, resulting in
loss of support. Drainage-related distresses in concrete pavements include pumping, faulting,
corner breaks, punchouts, slab warping, and D-cracking (for freeze-thaw-susceptible aggregates).
Over the years, several different approaches have been used to try to reduce the adverse effects
of moisture on the performance of pavements:

Base and Subbase Design Considerations

Strength and stiffness
Uniformity
Slab-subsurface interface
Erosion resistance
Stabilization

Layer thickness

Use of geotextiles

DN N N N N R N N

Soil improvement techniques

e Sealing of all pavement joints to reduce water infiltration and the presence of
incompressible material (e.g., debris, stones, etc.).

e Provision of positive subsurface drainage systems to remove the water within the
pavement. This can include proper cross slopes of subsurface layers, installation of an
underdrain system, proper ditching, and maintenance of drainage elements (i.e., cleaning
underdrain outlets that daylight to a ditch system and maintenance of the ditch itself).

e Use of moisture-insensitive materials in sublayers (e.g., stabilized bases) as discussed
previously.

A comprehensive drainage analysis can be used to determine the most cost-effective approach to
establish drainage given prevailing climatic conditions, material properties, and traffic levels. In
many cases, effective drainage can be achieved through proper subgrade grading and the use of
ditches and incorporation of moderately drainable granular subbase materials. Daylighting the
granular subbase material, in which the layer is constructed to the ditch sidewall, has been used
by some agencies to facilitate drainage. In some cases, a drainage analysis will indicate that a
longitudinal edge drain system is recommended, which consists of lateral edge drains, outlet
pipes and headwalls, along with good ditch lines. Such systems must be effectively designed,
carefully constructed, and maintained throughout their service lives in order to remain effective.

The erosion of the underlying foundation layers can greatly reduce the performance of an
otherwise well-designed pavement. The erosion resistance of the layer beneath the slab is related
to the type of foundation materials, the fines content, and the stabilizer (if used) (Ray and
Chistory 1989, Jung and Zollinger 2011). Most design methods consider erosion qualitatively
through modification of support or the application of some type of erosion factor or classification
(Table 3-5).

22



Strategies for Concrete Pavement Preservation—Vol. I: Final Report Chapter 3

Table 3-5. Erosion considerations in selected concrete pavement design procedures
(Jung et al. 2009).

Procedure Features Strengths Weaknesses

Proposed composite design k-

Provide erosion factor asa | Consider erosion analysis in
values for treated bases are

function of the slab design procedures as the most .
PCA . . . . S overestimated and need
thickness, composite k value, critical distress in rigid N .
dowel, and shoulder type pavement performance discrimination for different
’ stabilization levels
Composite modulus of Accounts for structural k-value obtained from the
1993 subgrade reaction considers chart is overestimated and LS

degradation of support due to

AASHTO | the loss of support (LS) due erosion using LS factor

to the foundation erosion

is insensitive to various
stabilized materials

Classified erodibility of o
subbase materials is utilized Employed the erodibility class

NCHRP 1- in NCP faulting prediction based on the type and level of

Erodibility class is determined
based on dry brush test results
and strength even though

37A MEPDG . stabilization along with .
models as well as erosion compressive streneth erosion occurs mostly under
width estimation of CRCP P J saturated conditions
Select one from two types of Historical performances and Costly excessive design
stabilized subbase and : .
TxDOT . . erosion resistance are regardless of subgrade and
require minimum 7-day . o
demonstrated as good environmental condition

compressive strength

Quality of Construction

Designing concrete pavements for long life is the initial step in preserving concrete pavements.
Yet, ensuring that the intent of the design is specified and constructed with quality is essential to
for the pavement to achieve its performance expectations. Pavement systems that are constructed
in accordance with the specifications are likely to meet or exceed the intended design life and
exhibit lower life-cycle maintenance costs. This requires adherence to a rigorous quality
assurance (QA) program that must be performed during each stage of pavement construction to
ensure that the materials and workmanship meet or exceed the project specifications.

Some of the main aspects of concrete pavement construction for which QA is essential in order
to achieve long life include plant certification, stringline setup and maintenance, proper
equipment setup and hauling, proper placement of concrete to minimize segregation and
maintain a constant load ahead of the paver, proper materials QA (e.g., monitoring mixture
consistency through air, slump, unit weight testing), proper consolidation without over-vibration,
proper selection and application of curing compounds, and timely and effective joint sawing.
None of these activities are different from what is expected in normal construction, but they all
must be done conscientiously and consistently to achieve the quality necessary for long life. Best
practices for various aspects of concrete pavement construction are available elsewhere (Smith
and Hall 2001; ACPA 2008; ACPA 2010; FHWA 2018).

Summary of Long-Life Design and Construction

The design and construction of long-life concrete pavements do not require any special or
exceptional measures, but instead predominantly rely upon applying common techniques with
diligence and attentiveness. For long-life concrete pavements, the slab thickness is commonly
increased slightly to enhance structural load-carrying capacity and to accommodate future
diamond grinding done to improve ride quality, reduce tire-pavement noise, and/or improve
frictional characteristics. Materials are selected that are volumetrically stable, relatively
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impermeable, and durable. Design features are implemented to reduce stress, including the use of
doweled joints, shorter joint spacings, and widened slabs or tied shoulders. Greater attention is
paid to the supporting layers, ensuring that they are non-erodible, provide uniform support, and
are adequately drained. And a rigorous QA program is followed to ensure high-quality
construction that meets the project specifications.

Overlays as a Preservation Treatment

Many state highway agencies (SHA) use major rehabilitation in the form of overlays (either PCC
or HMA) as a treatment for existing pavements that are structurally degraded and in poor
condition. However, using an overlay while an existing pavement is still in relatively “good”
condition can greatly extend the life of the pavement and thus can be considered a preservation
strategy contributing to long life. Table 3-6 provides examples of overlay service lives.

Table 3-6. Expected service lives of overlay treatments
(reported by Rodden and Hall 2012).

Overlay Treatment Expected Service Life (years)
Structural HMA over concrete 8—-20
Non-structural HMA over concrete 3-8
Unbonded concrete over concrete 15-40
Bonded concrete over concrete 15-30

Jackson, Puccinelli, and Mahoney (2014) provided critical features and limitations of various
methods of PCC renewal options. These are presented in table 3-7, which lists three primary
means of overlaying existing concrete pavement: unbonded concrete overlays, bonded concrete
overlays, and HMA overlays (listed as asphalt concrete, AC, in the table).

Concrete Overlays

Concrete overlays can be either bonded or unbonded. These overlay types provide several
benefits, including (Harrington and Fick 2014):

e Overall cost-effectiveness.
e Rapid and convenient construction.
¢ Minimal maintenance requirements.

e Enhanced surface characteristics (ride quality, surface friction, noise emissions).

A summary of primary advantages and disadvantages of each concrete overlay type is provided
in table 3-8, with additional details provided in the following sections.
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Table 3-7. Critical features and limitations of different pavement overlay options
(based on Jackson, Puccinelli, and Mahoney 2014).

Approach Critical Features Limitations
- Overlay thickness is critical to performance Significant surface elevation
Unbonded - Repglr locally falleq areas ’ increase .
- 1.5-inch (38 mm) diameter rust-resistant Consistent foundation support
concrete Sy
overlay over dowels when widening
existin - 15 ft (4.6 m) maximum joint spacing Consistent drainage when
concre‘i - Interlayers should not trap water widening
- Thicker AC interlayer performed better
- Adequate drainage
- Overlay thickness is critical to performance Existing pavements with
- Locally failed areas must be repaired materials-related distress are not
Bonded .
- Stable subbase good candidates
concrete . . . . .
- Joints must match existing Existing pavements with voids
overlay over . .
. - Adequate drainage are not good candidates
existing s
Working cracks can cause
concrete :
debonding of overlay
Service life up to 35 years
- Good foundation support Concrete pavement must be in
- Adequate drainage good condition with few major
AC over - No evidence of pumping defects (which would require
existing - Existing pavement is structurally adequate repair)
concrete! - Absence or repair of major defects Inadequate bonding can lead to
- Good bond of concrete pavement and AC poor performance
Unproven for the 50-year life

! This study only considered AC on CRCP as a long-life design.

Table 3-8. Primary advantages and disadvantages of concrete overlay options
(Jackson, Puccinelli, and Mahoney 2014; Khazanovich and Tompkins 2017; Harrington

and Fick 2014).

Rigid Pavement
Renewal Approach

Advantages

Disadvantages

Unbonded concrete
overlay over
concrete

- Very good long-term performance
with minimal maintenance or
rehabilitation

- Insensitive to existing pavement
condition

- Best documented record of projects
in place that have achieved long life

Significant surface elevation gain
Placement or cure time may make
work zone management difficult

Bonded concrete
overlay

- Smallest vertical elevation gain
- Enhance structural capacity
- Eliminate surface defects

Unlikely to be viable for service
lives longer than 35 years
Depend on the integrity of the
existing pavement

Sensitive to surface preparation
and cleaning
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Unbonded Concrete Overlays

Unbonded concrete overlays are almost exclusively used to rehabilitate concrete pavements that
are in relatively poor condition but can still provide stable and uniform support to the new
concrete surface (Harrington and Fick 2014). In these cases, the existing concrete is treated like a
stiff base course and a separation layer (either an asphalt-based interlayer or a thick geosynthetic
fabric) is placed on top of the existing pavement. The purpose of the separation layer is to permit
the new concrete surface to act independently from the underlying pavement. Unbonded concrete
overlays typically range in thickness from about 6 to 10 inches (152 to 254 mm) or more
depending on the design conditions.

Bonded Concrete Overlays

Bonded concrete overlays should be applied only to existing concrete pavements in good
condition. These overlays are intended to structurally enhance the existing pavement or to correct
a functional deficiency that cannot be addressed by another means (Harrington and Fick 2014).

A bonded concrete overlay relies largely on the original pavement and sublayers for structural
support with the overlay primarily serving as an improved riding surface. As such, a critical
element in the performance of the overlay is that it is effectively bonded to the existing
pavement.

During construction, concrete mixture characteristics, surface preparation, construction, and
environmental impacts must be carefully monitored to ensure achieving overall good bond.
Bonded concrete overlays are thinner than unbonded concrete overlays, typically in the range of
3 to 4 inches (76 to 102 mm). The following factors are noted to significantly affect the
performance of bonded concrete overlays of concrete (Harrington and Fick 2014):

e The structural integrity of the underlying pavement.

e The effectiveness of the bond that permits the two layers to move monolithically over the
life of the pavement.

e The overlay jointing and curing techniques.

Because of the higher risk associated with bonded concrete overlays, designers should approach
their use with caution.

HMA Overlays

HMA overlays of concrete pavements have been a common rehabilitation treatment for many
decades. The new HMA surface corrects surface deficiencies such as faulting, spalling, and poor
surface friction while restoring ride quality and reducing noise. However, traditional HMA
overlays of concrete pavements can have some limitations, particularly in terms of the likelihood
of existing structural distress and discontinuities (e.g., joints) in the concrete pavement reflecting
through the overlay. This can significantly detract from pavement performance and will
necessitate repeated maintenance and rehabilitation treatments over the years. Fracturing of the
slab prior to the placement of the HMA overlay (either through crack/break and seating or
rubblization) can help minimize the occurrence of reflection cracking.

Rao et al. (2013) studied the use of new asphalt-based surfaces on new concrete as part of
composite pavement systems. The new asphalt surfaces are typically thin (1 inch [25 mm] or
less) and could include stone matrix asphalt (SMA), porous AC, asphalt rubber friction course
(ARFC), or ultra-thin bonded gap-graded asphalt rubber hot mix. These thin asphalt-based
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surfaces provide specific functional characteristics (e.g., smoothness, surface friction, and
reduced noise). The asphalt surface also serves as an insulator that will lower the temperature
gradient in the underlying concrete slab and reduce thermal stresses, which potentially could
result in reductions in the designed slab thickness (Rao et al. 2013). Finally, the asphalt-based
surfaces are relatively easy to rehabilitate through milling and replacement, thus minimizing
extended future traffic disruptions while maintaining good functionality.

Concrete Pavement Restoration (CPR)
Application

CPR has a long history of use in improving the performance and extending the service life of
concrete pavements. CPR is considered a better and more cost-effective option than overlays for
pavements with localized distress that would benefit from targeted improvements rather than
receiving an overlay over the entire project (ACPA 1997). Compared to overlays, CPR can be
used to address the underlying mechanisms of the localized distress (and not just the symptoms),
thus providing for improved performance. And when diamond grinding is performed as part of
the CPR operation, the functional service of the pavement can be quickly and effectively
restored. The various techniques used (several of which are shown in figure 3-2) are well-
documented in the literature (Peshkin et al. 2011; Smith et al. 2014). Smith et al. (2014) also
discuss preventive maintenance and pavement preservation concepts and how the specific
techniques can be combined to restore the functional and, to some degree, structural
characteristics of the concrete pavement.

CPR can be the most economical solution for long-term concrete pavement preservation if the
existing pavement is in sound structural condition and free of materials-related distresses
(MRD), such as D-cracking or ASR. If this is the case, non-invasive CPR preservation strategies
can often be employed with minimal disruption to traffic to maintain pavement functionality and
extend the service life of the existing concrete pavement. Rodden and Hall (2012) report a range
of expected service life between 5 and 15 years for CPR (no overlay) and between 8 and 20 years
for a diamond grind treatment.

However, when a concrete pavement is undergoing structural deterioration that cannot be
slowed, CPR may not be the best strategy; a global treatment (such as a structural overlay or
reconstruction) may provide the most cost-effective, long-term preservation approach. In such
cases, the use of CPR may be appropriate as a “stop-gap” measure to temporarily maintain
serviceability until the long-term strategy can be programmed, developed, and implemented.

CPR Treatments

Table 3-9 provides brief descriptions of the common CPR treatments shown in figure 3-2. These
treatments can be used to address either localized deficiencies or more widespread issues.
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Slab Stabilization Partial-Depth
& Jacking! Repairs!

Dowel Bar Retrofit?

Joint Resealing &
Crack Sealing!

Cross / Slot Stitching!

Smith et al. 2014; 2Applied Pavement Technology, Inc. 2019;
3 WSDOT cc by-nc-nd 2.0

Figure 3-2. Common CPR strategies.
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Table 3-9. Common concrete pavement preservation treatments
(adapted from Smith et al. 2014 and Peshkin et al. 2011).

Treatment

Description

Slab Stabilization

Filling of voids beneath concrete slabs by injecting cement grout, polyurethane,
or other suitable materials through drilled holes in the concrete located over the
void areas.

Slab Jacking

Raising of settled concrete slabs to their original elevation by pressure injecting
cement grout or polyurethane materials through drilled holes at carefully
patterned locations.

Partial-Depth Repair
(PDR)

Removal of small, shallow (upper one-third to one-half of the slab) areas of
deteriorated concrete and subsequent replacement with a cementitious or
proprietary repair material.

Full-Depth Repair
(FDR)

Cast-in-place or precast concrete repairs that extend through the full thickness
of the existing slab, requiring full-depth removal and replacement of full- or
partial-lane-width areas.

Dowel Bar Retrofit
(DBR)

Placement of dowel bars across joints or cracks in an existing concrete
pavement to restore load transfer.

Cross Stitching

Insertion of deformed bars into holes drilled at an angle through longitudinal
cracks (or, in some cases, longitudinal joints) in an existing concrete pavement.

Slot Stitching Grouting of a deformed bar into slots cut across a longitudinal joint or crack.
Removal of a thin layer of concrete (typically 0.12 to 0.25 inches [3 to 6 mm]
Diamond Grinding thick) from the pavement surface using special equipment fitted with a series of

closely-spaced, diamond saw blades.

Diamond Grooving

Cutting of narrow, discrete grooves into the pavement surface, either in the
longitudinal direction (i.e., in the direction of traffic) or the transverse direction
(i.e., perpendicular to the direction of traffic).

Joint Resealing

Removal of existing deteriorated joint sealant materials, refacing and cleaning
the joint sidewalls, and installing new material (liquid sealant and backer rod or
preformed compression seal).

Crack Sealing

Sawing, cleaning, and sealing cracks (typically transverse, longitudinal, and
corner-break cracks wider than 0.125 inches [3 mm]) in concrete pavement
using high-quality sealant materials.

The selection of appropriate preservation treatments is largely driven by the distresses and
unique conditions of the pavement. Each treatment is directed at one or two primary deficiencies
and, while they can be used as stand-alone treatments in many cases, a pavement preservation
project often will employ several treatments in order to restore the serviceability of the pavement
to a satisfactory level and minimize the potential for the distresses to reoccur. Table 3-10
summarizes the primary capabilities and functions of the common preservation techniques, while
table 3-11 presents the general applicability of the various treatments based on the distresses in
the existing concrete pavement.
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Table 3-10. Primary capabilities and functions of concrete pavement preservation
treatments (adapted from Peshkin et al. 2011).

Prevention/Delay Restoration/Improvement
Improve | Improve
S Fill Voids | Remove Prevent Texture HEDIE
Treatment | Waterproof . . Remove/ for (Lateral | Improve
and Moisture | Intrusion of "
Pavement/ . Control | Friction | Surface | Texture
c . Restore | Beneath |Incompressible . . .
Minimize . Faulting | or Reduce | Drainage | for Noise
5 Support | Structure Materials
Pumping Hydro- and
planing Ride)
Slab v v
Stabilization
Slab Jacking v v
Partial-
Depth v v v
Repair
(PDR)
Full-Depth
Repair v v v v v
(FDR)
Dowel Bar
Retrofit v v
(DBR)
Cross
Stitching/ v v
Slot
Stitching
Diamond
v v v v
Grinding
Diamo'nd v
Grooving
Joint . v v v
Resealing
Cragk v v
Sealing
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Table 3-11. Applicability of treatments based on distresses observed
(adapted from Hall et al. 2001).
Concrete Pavement Preservation Treatments
Cross
Distress Slab o 1. . ] c
Stabiliza- Slap PDR | FDR | DBR Stitching/ Dlz}mo‘nd Dlamo‘nd J 01n.t Cra'ck
. Jacking Slot Grinding | Grooving | Resealing | Sealing
tion P
Stitching
Corner
v v a
Breaks 7
Linear
v v'b v
Cracking
Punchouts v
D-Cracking ve
Alkali
Aggregate Ve
Reaction
(AAR)
Map
Cracklng, v
Crazing,
Scaling
Joint Seal v
Damage
Joint Spalling v v
Blowup 4
Pumping v v v
Faulting v v
Bumps,
Settlement, v v v
Heaves
Polishing/ v
Low Friction

Note: Many of these treatments are commonly done in combination to fully address all pavement deficiencies.

2 Cracks with limited vertical movements.

b Longitudinal cracks only.

¢On pavements with slow-acting D-cracking or ASR. In the case of overlays, unbonded concrete overlays are
considered viable candidates, but bonded overlays are not. The lower the severity and rate of the MRD (as
determined through laboratory analysis), the higher the chance of longer service life.
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The use of the term “preservation” for many concrete pavement treatments has been somewhat
of a misnomer because most concrete pavement “preservation” treatments are often stop-gap
treatments that attempt to slow down the deterioration of the existing pavement and delay the
end-of-life activities. These treatments are typically applied only after an observed indication of
a potential problem, most often manifested as a distress on the pavement surface. The approach
is then to apply treatments to address the symptoms of the problem (e.g., removal of joint
faulting by diamond grinding) but may or may not include treatments that address the underlying
causes of distress (e.g., poor load transfer, free water in base course).

Concrete Pavement Evaluation Framework to Determine Feasibility

The process to determine whether a concrete pavement is a feasible candidate for preservation
includes a rigorous assessment that evaluates the following:

e Structural adequacy — determine existing structural condition and long-term structural
capacity based on past and anticipated future traffic.

e Materials durability — identify durability-related distress(es) and assess its impact on
long-term performance.

e Functional adequacy — assess ride quality, surface friction, and tire-pavement noise. Note
that geometric considerations are outside the scope of this assessment and should be done
separately.

The concrete pavement evaluation framework (CPEF) consists of the following four steps:

Step 1: Assessment of structural adequacy and material durability.
Step 2: If warranted in Step 1, assessment of functional adequacy.
Step 3: Assign an overall pavement condition level.

Step 4: Use condition level to determine feasibility of preservation and ultimately
preservation treatment options.

The following general definitions are used in the pavement evaluation framework. Agencies can
tailor each definition to their specific criteria.

e Structural Adequacy
— Adequate — pavement meets or exceeds agency thresholds for structural condition or
capacity.
— Inadequate — pavement falls below agency thresholds for structural condition or
capacity.

e Functional Adequacy
- Adequate — pavement meets or exceeds agency thresholds for functional condition.
— Inadequate — pavement falls below agency thresholds for functional condition.

e Materials Durability
—  No MRD - existing pavement does not exhibit MRD.
— Moderate MRD — materials-related distresses were identified but are not expected to
impact long-term performance.
— Progressive MRD — advancement of materials-related distresses is unstoppable and
will impact long-term performance.
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Table 3-12 provides the overall structural/durability condition levels and description of pavement
condition, with respect to the assessment categories. Similarly, table 3-13 lists the functional
condition levels for the Structural/Durability Condition Level of 1.

Table 3-12. Overall structural/durability condition levels and descriptions.

Structural / Durability
Condition Level

Description

0

New concrete pavement after construction.

Concrete pavements judged to have adequate long-term structural capacity,
are durable, but may require functional preservation (see table 3-13).

Concrete pavements lack long-term structural capacity and are in need of
structural enhancement to prevent or arrest the development of future
structural deterioration.

Concrete pavements in which the progression of structural deterioration
and/or materials-related distresses is unstoppable and thus treatments are only
being applied to maintain some level of serviceability until a major structural
rehabilitation or reconstruction can be conducted.

Concrete pavements with structural deterioration and/or materials-related
distresses that are so severe that structural rehabilitation or reconstruction is
warranted.

Table 3-13. Overall functional condition levels and descriptions for pavements with a

Structural/Durability Condition of 1.

Functional Condition

Level Description’
A Acceptable IRI, acceptable surface friction, acceptable noise
B Acceptable IRI, unacceptable surface friction
C Acceptable IRI, acceptable surface friction, unacceptable noise
D Unacceptable IRI

! Acceptable and unacceptable are determined by agency specific thresholds.

Figure 3-3 shows a flowchart for assessing the pavement structural capacity and material
durability adequacy that ultimately assigns a condition level. This condition level will be useful
in determining the proper preservation treatment. The flowchart also provides references that can
serve as external guidance to assess pavement structural capacity, to carryout pavement
condition surveys, and to perform a material durability assessment. If step 2 (assess functional
adequacy) is warranted, figure 3-4 illustrates the determination of the functional condition level.

Identification of Feasible Treatments

Table 3-14 provides a matrix of candidate concrete pavement preservation treatments for each
structural / durability condition level (determined from figure 3-3) and functional condition level
(determined from figure 3-4, if applicable).
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Table 3-14. Preservation treatment options by condition level.

Overall UBCOL | Structural n - Next .
Structural / | Functional BC.OL with ACOL ACOL with Ma10|_' CPR . Diamond | Generation Th'.n’ Thin,
e i with - a Structural With Diamond A Functional
Durability | Condition n Minimal with - - . a.p | Grooving Concrete Concrete
ri Distress b Distress Diamond | Grind * on AC
Condition level ) Structural | minimal ) - , Surface Overlay
Repaired " - Repaired Grind ab,c Overlay
Level Repair Repair ' By
0 n/a Begin monitoring performance.
A Functional preservation not warranted, continue monitoring performance.
1 B v v v v
C v v
D v v v
2 n/a s d ve ve vy d
3 n/a v v
4 n/a Candidate for reconstruction.

@ short-term, functional treatment if concrete has poor wear resistance (identified from durability assessment).

b

may require minor CPR.

¢ preferred treatment when noise mitigation is important to an agency.
4 with minor to moderate structural distresses present.
¢ with minimal to no structural distresses present.
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Application to Case Studies

State agencies around the country have effectively applied a range of preservation strategies to
extend the service life of their concrete pavements. To highlight those practices, eleven case
examples were prepared and presented in Volume 3 of this report. This section applies the
previously presented preservation feasibility framework and treatment selection process to these
case examples and compares the outcome to the actual preservation treatment applied.

Table 3-15 lists the case examples and representative pavement preservation category as
discussed in the following subsections.

Table 3-15. Case examples of concrete pavement preservation strategies.

T Dk State Concrete Pavemf.:nt lfreservation
Strategy Highlighted
U.S. 281 Texas
1-85 North Carolina
1-74 Illinois Overlay
US. 1 Florida
U.S. 23 Michigan
U.S. 20 Iowa
I-35 Minnesota'
I-10 California Concrete pavement restoration
U.S. 41 Michigan
I-5 Washington
1-70 Colorado

I Highlighted as a long-life concrete pavement preservation strategy in the Volume 3 case
examples but is a candidate for future CPR.
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Texas (U.S. 281) — Bonded Concrete Overlay
Background

In 2002, the Texas Department of Transportation (TX DOT) rehabilitated a 3.7-mi (5.94-km)
section of U.S. 281 in Wichita County. The original 8-inch (203 mm) continuously reinforced
concrete pavement (CRCP) was built in 1969 with a 20-year design life. The section received no
significant maintenance or rehabilitation until 2002 (after 33 years of service), when some full-
depth repairs were performed on the existing CRCP prior to placement of a 4-inch (100 mm)
latex-modified, continuously reinforced bonded concrete overlay (BCOL). A few repairs to the
overlay have been performed since that time.

Application of Preservation Feasibility Framework and Treatment Selection

Prior to construction of the BCOL, the TxDOT Condition Score rating ranged from 25 to 80
(with 100-excellent, 0-failed) the originally constructed CRCP. For CRCP, this rating is based on
spalled cracks, punchouts, asphalt patches and concrete patches. Table 3-16 applies the
preservation treatment selection framework and treatment selection based on the pavement
condition prior to the 2002 treatment.

Table 3-16. Preservation feasibility framework and treatment selection applied to U.S. 281.

Evaluation Stage Outcome

e Assign Structural/Durability Condition: Level 2.

e Most distresses were structural in nature but the Condition Score
rating range was midway between 0 and 100. Assume the existing
concrete was adequate for current traffic but not for future traffic.

1. Assess structural adequacy
and material durability
using figure 3-3.

¢ Functional Condition: does not apply.
Per figure 3-4, functional assessment only applies to
Structural/Durability Condition Level 1.

2. Assess functional adequacy
using figure 3-4.

3. Assign overall condition e QOverall Condition: Level 2.
level using outcomes from | e Combine structural/durability assessment level and functional
Stages 1 & 2 above. assessment level (if applicable).
e BCOL with distress repaired, UBCOL with most severe distress
4. Select preservation repaired, structural ACOL with only most severe distress repaired
strategies from table 3-14. or, ACOL with distress repaired.

e Based on Overall Condition: Level 2.

Discussion

Based on the CPEF, the following treatment options are feasible: (a) UBCOL with the most
severe structural distress repaired, (b) BCOL with all structural distress repaired, (c) structural
ACOL with the most severe structural distress repaired, or (d) ACOL with all structural distress
repaired. In 2002, TxDOT performed some full-depth repairs followed by a CRC BCOL. The
applied treatment aligns with one of the recommended treatments identified in the pavement
preservation framework.
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North Carolina (I-85) — Unbonded Concrete Overlay
Background

In 1997, the North Carolina Department of Transportation (NCDOT) rehabilitated a 10.3-mi
(16.6 km) stretch of northbound I-85 near Raleigh, constructing a 10-inch (250 mm) unbonded
concrete overlay (UBCOL). The original 8-inch (200 mm) continuously reinforced concrete
pavement (CRCP) was built in 1970 with 12-ft (3.7 m) wide lanes. In 2010, NCDOT performed
a CPR that included joint sealing, minor partial-depth repairs, and diamond grinding to address
surface roughness issues.

Application of Preservation Feasibility Framework and Treatment Selection

By 1997 (after 26 years of service), the original CRCP exhibited serious cracking and had been
repaired in several locations. Table 3-17 applies the preservation treatment selection framework
and treatment selection based on the pavement condition prior to the construction of the 1997
UBCOL.

Table 3-17. Preservation feasibility framework and treatment selection applied to I-85.

Evaluation Stage Outcome

e Assign Structural/Durability Condition: Level 2.

e Prior to the UBCOL, the original pavement experienced severe
cracking. Assume the concrete was structurally sound for the
current traffic, but not for future traffic.

1. Assess structural adequacy
and material durability
using figure 3-3.

. e Functional Condition: does not apply.
2. Assess functional adequacy . .
using figure 3-4. e Per figure 3-4, functional assessment only applies to
Structural/Durability Condition Level 1.

3. Assign overall condition e Overall Condition: Level 2.
level using outcomes from | e Combine structural/durability assessment level and functional
Stages 1 & 2 above. assessment level (if applicable).
e BCOL with distress repaired, UBCOL with most severe distress
4. Select preservation repaired, structural ACOL with only most severe distress repaired
strategies from table 3-14. or, ACOL with distress repaired.

e Based on Overall Condition: Level 2.

Discussion.

Based on the CPEF, the following treatment options are feasible (a) UBCOL with the most
severe structural distress repaired, (b) BCOL with all structural distress repaired, (c) structural
ACOL with the most severe structural distress repaired, or (d) ACOL with all structural distress
repaired. In 1997, NCDOT constructed a 10-inch (250-mm) UBCOL placed over a 2-inch (50-
mm) permeable asphalt interlayer on the CRCP. Minimal pre-overlay full-depth repairs were
performed. The applied treatment aligns with one of the recommended treatments identified in
the pavement preservation framework.
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lllinois (I-74) — Unbonded Concrete Overlay
Background

In 1995, the Illinois Department of Transportation (IDOT) constructed a 9-inch (230 mm)
continuously reinforced concrete (CRC) unbonded overlay (UBCOL) on a 7.9-mi (12.7 km)
stretch of [-74 (westbound lanes) near Galesburg, IL. The original pavement section consisted of
a 7-inch (180 mm) continuously reinforced concrete pavement (CRCP) constructed in 1969 that
had received two asphalt concrete overlays (ACOL) (1983 and 1994) prior to the UBCOL.

Application of Preservation Feasibility Framework and Treatment Selection

A pavement distress survey conducted prior to the construction of the UBOL documented the
prevalence of longitudinal and transverse cracking, reflective cracking, and reflective D-cracking
on the asphalt surface layer. Distresses noted on the original concrete pavement prior to the
placement of the asphalt overlays included: punchouts, D-cracking, and patching. Table 3-18
applies the preservation treatment selection framework and treatment selection based on the
pavement condition prior to the 1994 UBCOL.

Table 3-18. Preservation feasibility framework and treatment selection applied to 1-74.

Evaluation Stage Outcome

e Assign Structural/Durability Condition: Level 2.
e Prior to the UBCOL, ACOL surface pavement experienced

1. Assess structural adequacy prevalent longitudinal and transverse cracking, reflective cracking
and material durability and reflective D-cracking. Distresses in the original CRCP
using figure 3-3. included punchouts, D-cracking and patching. Assume the

concrete was structurally adequate for the current traffic, but not
for future traffic, and that the D-cracking is not progressive.

. ¢ Functional Condition: does not apply.
2. Assess functional adequacy } .
using figure 3-4. e Per figure 3-4, functional assessment only applies to
Structural/Durability Condition Level 1.

3. Assign overall condition ¢ Overall Condition: Level 2.
level using outcomes from | e Combine structural/durability assessment level and functional
Stages 1 & 2 above. assessment level (if applicable).
e BCOL with distress repaired, UBCOL with only most severe
4. Select preservation distress repaired, structural ACOL with only most severe distress
strategies from table 3-14. repaired or, ACOL with distress repaired.

e Based on Overall Condition: Level 2.

Discussion.

Based on the CPEF, the following treatment options are feasible: (a) UBCOL with the most
severe structural distress repaired, (b) BCOL with all structural distress repaired, (c) structural
ACOL with the most severe structural distress repaired, or (d) ACOL with all structural distress
repaired. In 1995, ILDOT constructed UBCOL. Prior to overlay, partial-depth repairs and cold
milling followed by a leveling binder was performed. All existing concrete patches on the
existing pavement were milled to the level of the existing concrete pavement and replaced with
full-depth asphalt patches to provide a uniform asphalt interlayer cross section for the UBOL.
The applied treatment aligns with one of the recommended treatments identified in the pavement
preservation framework.
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Michigan (U.S. 23) — Unbonded Concrete Overlay
Background

In 1999 and 2001, the Michigan Department of Transportation (MDOT) constructed 7-inch (180
mm) and 8-inch (200 mm) unbonded concrete overlays (UBCOL) respectively, on a 10.5-mi
(16.9 km) severely deteriorated stretch (2 segments) of U.S. 23 near Hartland, Michigan. At this
location, U.S. 23 is a four-lane divided highway with two 12-ft (3.7 m) wide lanes in each
direction.

Application of Preservation Feasibility Framework and Treatment Selection

Prior to the placement of the UBOLSs, intermittent repair of concrete joints, cracks, and patches
was performed to provide a suitable paving platform. The original jointed reinforced concrete
pavement (JRCP) had deteriorated to the point where rideability suffered and several asphalt
concrete overlays (ACOLs) had been placed on large sections of the corridor as stop-gap
measures. Table 3-19 applies the preservation treatment selection framework and treatment
selection based on the pavement condition prior to the 1999 and 2001 UBCOLs.

Table 3-19. Preservation feasibility framework and treatment selection applied to U.S. 23.

Evaluation Stage Outcome

e Assign Structural/Durability Condition: Level 2.

o Extensive transverse cracking, joint deterioration, patch
deterioration. Assume the concrete was structurally sound for the
current traffic, but not for future traffic.

1. Assess structural adequacy
and material durability
using figure 3-3.

¢ Functional Condition: does not apply
Per figure 3-4, functional assessment only applies to
Structural/Durability Condition Level 1.

2. Assess functional adequacy
using figure 3-4.

3. Assign overall condition e QOverall Condition: Level 2.
level using outcomes from | e Combine structural/durability assessment level and functional
Stages 1 & 2 above. assessment level (if applicable).
e BCOL with distress repaired, UBCOL with only most severe
4. Select preservation distress repaired, structural ACOL with only most severe distress
strategies from table 3-14. repaired or, ACOL with distress repaired.

e Based on Overall Condition: Level 2.

Discussion

Based on the CPEF, the following treatment options are feasible: (a) UBCOL with the most
severe structural distress repaired, (b) BCOL with all structural distress repaired, (c) structural
ACOL with the most severe structural distress repaired, or (d) ACOL with all structural distress
repaired. The UBCOLSs, constructed in 1999 and 2001, aligns with one of the recommended
treatments identified in the pavement preservation framework.
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lowa (U.S. 20) - Concrete Pavement Restoration

Background

In 1968, The lowa Department of Transportation (Ilowa DOT) built a 10-inch (254 mm)
undoweled JPCP with 20-ft (6.2 m) transverse joint spacings. The section received its first
rehabilitation in 2003 in the form of a 3.5-inch (89 mm) HMA overlay to address surface

roughness issues. In 2014, lowa DOT rehabilitated a 3.8 mi (6.1 km) stretch of U.S. 20
(eastbound lanes) in Blairsburg, approximately 60 mi (96 km) north of Des Moines, lowa.

Application of Preservation Feasibility Framework and Treatment Selection

The HMA overlay placed in 2003 developed severe joint reflection cracking that contributed to
increased roughness levels. Table 3-20 applies the preservation treatment selection framework
and treatment selection based on the pavement condition prior to the 2014 treatment.

Table 3-20. Preservation feasibility framework and treatment selection applied to U.S. 20.

Evaluation Stage Outcome

1. Assess structural adequacy |e Assign Structural/Durability Condition: Level 3.
and material durability e Severe reflection cracking and distressed HMA overlay. Assumed
using figure 3-3. not structurally adequate for current traffic.

2. Assess functional adequacy e Functional Condltlop: does not apply .
using figure 3-4. e Per figure 3-4, functional assessment only applies to
Structural/Durability Condition Level 1.

3. Assign overall condition e Overall Condition: Level 3.
level using outcomes from | e Combine structural/durability assessment level and functional
Stages 1 & 2 above. assessment level (if applicable).

e Major CPR with diamond grinding or an AC overlay after
structural CPR.
e Based on Overall Condition: Level 3.

4. Select preservation
strategies from table 3-14.

Discussion

Based on the CPEF, the following treatment options are feasible: (a) major CPR with diamond
grinding, or (b) an AC overlay after structural repair. lowa Department of Transportation
completely removed the HMA overlay to expose the original concrete pavement, followed by a
dowel bar retrofit (DBR) installation to restore transverse joint load transfer. The entire surface
was then diamond ground to produce a smooth riding surface. The applied treatment aligns with
one of the recommended treatments identified in the pavement preservation framework.
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Florida (U.S. 1) — Future Concrete Pavement Restoration of an Unbonded
Concrete Overlay

Background

In 1988, the Florida Department of Transportation (FDOT) constructed a variable thickness

[6 — 8 inch (152 to 203 mm)] unbonded concrete overlay (UBCOL) on a deteriorated 1.86-mi
(3-km) stretch of asphalt pavement on U.S. 1 in Edgewater. The original asphalt pavement
consisted of 5 inches (127 mm) of asphalt concrete placed over 8.5-inch (216 mm) of limerock
base and granular subgrade. Four inches (101 mm) of the original asphalt pavement was milled
and a 1-inch (25 mm) leveling course was placed prior to the UBCOL. FDOT considered a series
of different slab layouts, thicknesses, and dowel bars configurations as project variables that
were believed to potentially impact pavement performance. Some localized patching and other
maintenance activities have apparently been performed by FDOT maintenance teams.

Application of Preservation Feasibility Framework and Treatment Selection

As of 2015, IRI for many of the test sections remained below 100 inches/mi (1.58 m/km) but
some sections had values in the range of 150 — 175 inches/mi (2.37 — 2.76 m/km), approaching
FDOT’s rehabilitation/reconstruction threshold of 180 inches/mi (2.85 m/km). A 2018 field visit
revealed that the overall concrete was in fair to good condition, but some of the slabs exhibited
transverse cracking, corner breaks, and light to moderate joint faulting. Table 3-21 applies the
preservation treatment selection framework and treatment selection based on these UBCOL
conditions.

Table 3-21. Preservation feasibility framework and treatment selection applied to U.S. 1.

Evaluation Stage Outcome

e Assign Structural/Durability Condition: Level 3.

o Faulting along with cracking and corner breaks suggests that
sections of this project do not have adequate structural capacity for
current traffic.

1. Assess structural adequacy
and material durability
using figure 3-3.

¢ Functional Condition: does not apply.
Per figure 3-4, functional assessment only applies to
Structural/Durability Condition Level 1.

2. Assess functional adequacy
using figure 3-4.

3. Assign overall condition e Overall Condition: Level 3.
level using outcomes from | e Combine structural/durability assessment level and functional
Stages 1 & 2 above. assessment level (if applicable).

e Major CPR with diamond grinding or an AC overlay after
structural repair.
e Based on Overall Condition: Level 3.

4. Select preservation
strategies from table 3-14.

Discussion

Based on the CPEF, the following treatment options are feasible: be (a) major CPR with
diamond grinding, or (b) an AC overlay after structural repair. To date, FDOT has not performed
a preservation treatment on this UBCOL. However, since this was an experimental project,
FDOT may consider CPR and diamond grinding on sections of the project that are approaching
the 180 inches/mi (2.85 m/km) as a means to restore ride quality.
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Minnesota (I-35) — Planned Concrete Pavement Restoration
Background

In 2000, the Minnesota Department of Transportation (MnDOT) constructed its first high
performance concrete pavement (HPCP) project on a 1.15-mi (1.85-km) stretch of [-35W
between [-494 and State Highway 62 in Richfield, approximately 7 miles south of Minneapolis.
The project involved the reconstruction of an existing 4-lane divided highway to a 6-lane
highway using a 13.5-inch (343 mm) jointed plain concrete pavement (JPCP) with a design life
of 60 years. Based on an analysis conducted by MnDOT, a 35-year design would have required a
slab thickness of 12.5-inch (318 mm); the additional thickness provided resulted in almost twice
the projected service life.

Application of Preservation Feasibility Framework and Treatment Selection

A field visit during the summer of 2018 revealed the entire section still in generally good
condition, with isolated joint and corner deterioration, with temporary patching to address some
of these distresses. The joint sealant appeared to be missing or damaged at a few locations. Table
3-22 applies the preservation treatment selection framework and treatment selection based on the
pavement condition the 2019 pavement condition.

Table 3-22. Preservation feasibility framework and treatment selection applied to I-35.

Evaluation Stage Outcome

1. Assess structural adequacy |e Assign Structural/Durability Condition: Level 1.
and material durability e Structurally sound with joint seal damage at few locations, isolated
using figure 3-3. joint and corner deteriorations.

2. Assess functional adequacy | ¢ Functional Condition: A, B or C.
using figure 3-4. e Minor ride quality issues.

3. Assign overall condition ¢ Overall Condition: Level 1-A/B/C.
level using outcomes from | e Combine structural/durability assessment level and functional
Stages 1 & 2 above. assessment level (if applicable).

e Diamond grinding or grooving, next generation surfacing or a thin
AC overlay.
e Based on Overall Condition: Level 1-A/B/C.

4. Select preservation
strategies from table 3-14.

Discussion

Based on the pavement preservation framework, the recommendation would be to address
functional adequacy. If there are no friction or noise issues, no treatment and continuing
monitoring would be recommended. If friction is measured and exceeding the agency threshold a
diamond grinding or grooving, next generation surfacing or a thin AC overlay. If noise is the
only issue the recommended treatment would be a next generation surfacing or a thin AC
overlay. For 2020, MnDOT has planned minor CPR which includes joint repairs and diamond
grinding. The applied treatment aligns with one of the recommended treatments identified in the
pavement preservation framework.
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California (I-10) — Concrete Pavement Restoration
Background

In 1947, the California Department of Highways completed the construction of an 8-inch (200
mm) thick, un-doweled, jointed plain concrete pavement (JPCP) in San Bernardino County near
Ontario, CA. The original concrete section was approximately 10 mi (16 km) in length.
Transverse joint spacing was 15 ft (4.5 m) with tie bolt contact joints every 60 ft (18 m). After
70+ years of service, the original concrete lanes of I-10 remain in service and have received
several diamond grind treatments (1966, 1967, 1991, 1998, 2006, 2012, and 2016), grooving
(1976 and 1982) along with intermittent slab replacements (1991, 1993, 1998, 2001 and 2016).

Application of Preservation Feasibility Framework and Treatment Selection

In the early 1960s, the corridor began to experience excessive roughness from upward slab
curling and faulting. The roughness measurements performed with the California standard
profilograph for some sections were 25 inches/mi (1 m/km) (Caltrans allowable value was 7
inches/mi [0.3 m/km]). Table 3-23 applies the preservation treatment selection framework and
treatment selection based on the pavement condition prior to the 1966 and 1967 treatment.

Table 3-23. Preservation feasibility framework and treatment selection applied to I-10.

Evaluation Stage Outcome

1. Assess structural adequacy |e Assign Structural/Durability Condition: Level 3.
and material durability e Faulting was reported as one of the main causes of excessive
using figure 3-3. roughness. Assumed not structurally adequate for current traffic.

2. Assess functional adequacy e Functional Condltlor}: does not apply. .
using figure 3-4, o Per figure 3-4, functional assessment only applies to
Structural/Durability Condition Level 1.

3. Assign overall condition e Overall Condition: Level 3.
level using outcomes from | e Combine structural/durability assessment level and functional
Stages 1 & 2 above. assessment level (if applicable).

e Major CPR with diamond grinding or an AC overlay after
structural repair.
e Based on Overall Condition: Level 3.

4. Select preservation
strategies from table 3-14.

Discussion

Based on the CPEF, the following treatment options are feasible: (a) major CPR with diamond
grinding, or (b) an AC overlay after structural repair. In 1966 and 1967, Caltrans performed the
first diamond grinding in California and perhaps in the United States. This strategy partially
aligns with the recommended treatment since diamond grinding was performed on the project.
The reported faulting on the undoweled concrete pavement would require dowel bar retrofit, a
CPR strategy.
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Michigan (U.S. 41) — Concrete Pavement Restoration
Background

In 1960, the Michigan State Highway Department constructed a 9-inch (229 mm) thick jointed
reinforced concrete pavement (JRCP) on U.S. 41, southeast of Chassell, Michigan. The concrete
section was approximately 2.35 mi (3.78 km) long with a portion of the concrete constructed
over a thick granular fill through a low-lying wetland. The pavement consisted of two 12-ft (3.7
m) wide traffic lanes and included doweled transverse joints spaced at 100-ft (30.5 m) intervals.
This section of U.S. 41 remained in service with little repair for over 40 years (although evidence
suggests that some intermittent joint repairs were conducted, likely by MDOT regional
maintenance crews) and the first major treatment was applied in 2000. Additional full-depth
repair projects (with transverse crack and joint resealing) took place again in 2007 and 2017.

Application of Preservation Feasibility Framework and Treatment Selection

The road condition obtained from a 1998 video log showed high severity joint spalling and
deteriorated asphalt concrete patches. Table 3-24 applies the preservation treatment selection
framework based on the pavement condition prior to 2000.

Table 3-24. Preservation feasibility framework and treatment selection applied to U.S. 41.

Evaluation Stage Outcome

1. Assess structural adequacy |e Assign Structural/Durability Condition: Level 3.
and material durability e High severity joint spalling and deteriorated asphalt concrete
using figure 3-3. patches. Assume not structurally adequate for current traffic.

2. Assess functional adequacy e Functional Condltlor}: does not apply. .
using figure 3-4, o Per figure 3-4, functional assessment only applies to
Structural/Durability Condition Level 1.

3. Assign overall condition e Overall Condition: Level 3.
level using outcomes from | e Combine structural/durability assessment level and functional
Stages 1 & 2 above. assessment level (if applicable).

e Major CPR with diamond grinding or an AC overlay after
structural repair.
e Based on Overall Condition: Level 3.

4. Select preservation
strategies from table 3-14.

Discussion

Based on the CPEF, the following treatment options are feasible: (a) major CPR with diamond
grinding, or (b) an AC overlay after structural repair. In 2000, the Michigan Department of
Transportation performed a major CPR equivalent to the recommended treatment but without
diamond grinding. This included full-depth repairs at deteriorated joints and transverse cracks
along with joint resealing. The applied treatment partially aligns with one of the recommended
treatments identified in the pavement preservation framework. A diamond grind would be very
beneficial in restoring ride quality.

46



Strategies for Concrete Pavement Preservation—Vol. I: Final Report Chapter 3

Washington (I-5) — Concrete Pavement Restoration
Background

In 1969, the Washington State Highway Commission Department of Highways constructed an
8.5-inch (216 mm) thick jointed plain concrete pavement (JPCP) on I-5 east of Olympia, WA.
Transverse joints were not doweled, spaced at 15-ft (4.6 m) intervals on a 1:6 skew. The original
concrete section was 8.2 mi (13.2 km) long, of which 5.3 mi (8.6 km) remain in service. The
roadway consists of three 12-ft (3.6 m) lanes in each direction. Because of joint faulting and
rideability issues, WSDOT performed major concrete pavement restoration (CPR) on the outer
(truck) lane of this project in 1996 (northbound direction) and 1997 (southbound direction).
Another CPR was done in 2010 in the center lane from both directions.

Application of Preservation Feasibility Framework and Treatment Selection

Pavement condition survey prior to the 1996 and 1997 CPR showed faulting and transverse
cracking. An IRI of approximately 160 inches/mi (2.53 m/km) indicated fair rideability. Table
3-25 applies the preservation treatment selection framework based on the pavement condition
prior to the 1996 and 1997 treatments.

Table 3-25. Preservation feasibility framework and treatment selection applied to I-5.

Evaluation Stage Outcome

1. Assess structural adequacy |e Assign Structural/Durability Condition: Level 3.
and material durability e Faulting, transverse cracking and rideability issues. Assume not
using figure 3-3. structurally adequate for current traffic.

2. Assess functional adequacy e Functional Condltlor}: does not apply. .
using figure 3-4, o Per figure 3-4, functional assessment only applies to
Structural/Durability Condition Level 1.

3. Assign overall condition e Overall Condition: Level 3.
level using outcomes from | e Combine structural/durability assessment level and functional
Stages 1 & 2 above. assessment level (if applicable).

e Major CPR with diamond grinding or an AC overlay after
structural repair.
e Based on Overall Condition: Level 3.

4. Select preservation
strategies from table 3-14.

Discussion

Based on the CPEF, the following treatment options are feasible: (a) major CPR with diamond
grinding, or (b) an AC overlay after structural repair. In 1996 and 1997, Washington Department
of Transportation performed a major CPR, which included dowel bar retrofit, cross stitching of
cracks, slab replacement and partial-depth repairs, installation of subdrains, diamond grinding
and joint resealing. The treatment performed by the state agency aligns with the treatment
recommended in the preservation framework.
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Colorado (I-70) — Concrete Pavement Restoration
Background

The original pavement construction for this project, an 8-inches (200 mm) undoweled JPCP with
skewed joints on 4 inches (100 mm) of lean concrete base and 6 inches (150 mm) of aggregate
subbase, was completed in 1976. The generally good historical performance of this pavement
section can be inferred from the nearly 30 years of maintenance-free service provided since
initial construction until panel replacement, patching and grinding activities conducted in 2003-
2005. Extensive panel repairs and grinding were performed again in 2014.

Application of Preservation Feasibility Framework and Treatment Selection

Prior to the first major treatment, some distressed concrete panels were observed along with
surface wear (extreme rutting) on the wheel path due to studded tires used during the winter.
Table 3-26 applies the preservation treatment selection framework based on the pavement
condition prior to the 2005 treatment.

Table 3-26. Preservation feasibility framework and treatment selection applied to 1-70.

Evaluation Stage Outcome

e Assign Structural/Durability Condition: Level 3.

e Distressed concrete panels, extreme rutting in wheel path caused
by studded tires. Assume not structurally adequate for current
traffic.

1. Assess structural adequacy
and material durability
using figure 3-3.

. o Functional Condition: does not apply.
2. Assess functional adequacy . .
using fioure 3-4 o Per figure 3-4, functional assessment only applies to
glig ’ Structural/Durability Condition Level 1.

3. Assign overall condition e Overall Condition: Level 3.
level using outcomes from | e Combine structural/durability assessment level and functional
Stages 1 & 2 above. assessment level (if applicable).

e Major CPR with diamond grinding or an AC overlay after
structural repair.
e Based on Overall Condition: Level 3.

4. Select preservation
strategies from table 3-14.

Discussion

Based on the CPEF, the following treatment options are feasible: (a) major CPR with diamond
grinding, or (b) an AC overlay after structural repair. Between 2003 and 2005, CDOT performed
full depth and partial depth repairs, joint repair, dowel bar retrofit and finally a diamond grind
along the entire project to re-establish a uniform textured surface and to remove the surface wear
from the studded tires. The applied treatment aligns with one of the recommended treatments
identified in the pavement preservation framework.

Summary

Three broad preservation strategies, working in concert, can be used to help ensure the longevity
of concrete pavements. The first is to design and construct concrete pavements for long-life,
which requires the selection of volumetrically stable and durable materials, the selection of
design features that reduce load- and environmentally-induced stresses, and the construction of a
high-quality pavement. The second strategy involves the use of overlays, which have
traditionally been used to restore functionality and structural capacity to deteriorated concrete,
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but in this context, are applied to structurally sound concrete pavements as a way to extend
pavement life. The third strategy involves the application of CPR techniques, not in a reactive
manner, but instead applied to structurally sound concrete pavements as a means to maintain a
high level of serviceability.

The design and construction of long-life concrete pavements do not require any special or
exceptional measures but instead rely upon applying common techniques with diligence and
attentiveness. For long-life concrete pavements, the slab thickness is typically increased slightly
to enhance structural load-carrying capacity and to accommodate future grinding. Greater
attention is paid to the supporting layers, ensuring that they provide uniform support, are non-
erodible, and facilitate good drainage. Other design features are implemented to reduce stress,
including the use of doweled joints at transverse joints, relatively short joint spacing, and
widened slabs or tied shoulders to provide edge support. Concrete mixtures are proportioned to
be durable, should exhibit good volume stability under temperature and moisture variations, and
possess reduced permeability. Effective paving specifications and a quality assurance plan are
used to ensure high-quality construction.

This chapter also presented a framework to guide when and what type of pavement preservation
strategies can be used. The framework is divided into four steps. The first step is to perform a
structural assessment of the concrete pavement to evaluate the loading capacity for current and
future traffic as well as an evaluation of whether the pavement is under-going materials-related
distress. After the structural and material evaluation, a condition level from 0 to 4 is assigned (0
being a new pavement and 4 is a structurally failed pavement). The second step of the process, if
warranted from the first step, includes performing a functional assessment of the pavement to
assess rideability, noise and friction. Then a functional condition level from A (acceptable) to D
(unacceptable) is assigned. The third step determines the governing pavement condition (i.e.,
structural over functional), and the final step provides options for potential pavement
preservation treatments given the assigned pavement condition level.

Finally, the preservation feasibility framework and treatment selection were applied to 11 case
examples of pavement preservation from highways around the country. Recommended
treatments were identified and compared to the actual treatments applied by each agency.
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CHAPTER 4. CONCEPTS FOR STRATEGY SELECTION

Introduction

There are usually many preservation or rehabilitation strategy options for any pavement section
at any point in time, including different types of overlays, various combinations of repair and
restoration techniques, and “do nothing” (deferral of work to a later time or until reconstruction).
Each project-level strategy has associated costs, potential impact on pavement service life, and
other factors that may be considered in the selection process. The processes of developing and
evaluating alternative strategies, along with selecting the strategy for implementation, can be
difficult and even controversial.

Conventional strategy selection processes generally focus on minimizing agency costs over the
anticipated service life of the project (i.e., minimizing life-cycle costs) while adhering to initial
cost constraints. Alternative strategies are generally developed with a goal (or assumption) of
providing similar benefits (e.g., level and quality of service) over similar analysis periods. If all
monetarily quantifiable non-agency costs (e.g., user costs) and benefits (e.g., level and quality of
service) are similar among strategy options, the economic analysis can be performed with
consideration of only agency costs. Consideration of non-monetary factors (e.g., agency
preference, contractor experience, construction duration, work site safety, etc.) can be considered
directly or indirectly using decision matrices (FHWA 2013) or other techniques.

There are many potential sources of weakness in project-level strategy selection through
conventional economic analysis, including (but not limited to): the inability to accurately
consider strategy options with significantly different benefits and service life impacts; the effects
of inaccuracies in assumed timing, cost and effectiveness of future work activities on accuracy of
the analysis; the impact of using discount rates that fail to reflect future economic reality; and
inaccuracies in the estimation and treatment of salvage value and remaining service life value at
the end of the economic analysis period.

In addition, project-level economic analysis-based selection strategies can be difficult to
incorporate into network-level strategy selection efforts because agency budgets rarely provide
enough funding to apply the most cost-effective strategies to every project in the network.
Therefore, network-level allocation of resources may dictate that many projects adopt sub-
optimal (less cost-effective) strategies with lower initial costs (including “do nothing”), so that
limited network resources can be directed to the projects that provide the greatest overall benefit
to the network.

Network-level strategy selection should be considered an optimization problem that attempts to
maximize the benefit accrued to the overall network for any given level of funding by: 1)
determining which projects to include in the current work program, and 2) determining what
strategy to apply to each project in the work program. These goals must be accomplished with
consideration of constraints of available funding, safety requirements and minimum
serviceability limits for each project in the network. Prioritizing projects for inclusion in the
network program using a “worst first” strategy is tempting but often leads to higher network
maintenance costs and lower levels of network service.

In summary, conventional economic analysis-based project-level strategy selection presents
many weaknesses and is of limited use in achieving network-level optimization. There is a need
for improved techniques for project-level strategy selection that are less sensitive to unknowns
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(e.g., long-term discount rate, cost and timing for future work activities, etc.) and are more useful
in considering the relative costs and benefits of various options at both the project and network
levels. This chapter discusses available cost evaluation procedures and presents concepts and a
framework for improved project-level strategy selection.

Cost Evaluation Procedures (Economic Analysis)

The consideration of strategy costs, generally through some form of economic analysis, is an
essential part of strategy selection. Economic analysis provides a way of comparing the expected
benefits from a proposed investment (generally quantified in monetary terms) with the cost of
that investment, thereby providing an understanding of the value to be expected for the cost
incurred. Engineering economic analysis (EEA) applies these concepts and methods to
engineering problems to aid in developing decisions for a “best” or “preferred” course of action.
In pavement network applications, these decisions usually involve the identification of a
“preferred alternative” from candidate courses of action for the design, maintenance,
preservation, rehabilitation, or reconstruction of a particular project (Markow 2012).

Unlike private-sector investments, public-sector projects and services (such as the construction
and maintenance of streets and roads) typically do not generate income streams for owner-
agencies; the economic value of highway projects and services is generally considered in terms
of benefits to the public (e.g., reductions in congestion and travel time, etc.) or avoidance of
potential costs to either the agency or the users (e.g., reducing risks of crashes or preventing
deterioration of the facility).

Many pavement-related benefits and costs of the type described above are not directly
measurable in monetary units. Guidance in the assignment of monetary values to user costs,
traffic delay costs, accident and injury costs, etc. is increasingly available from many sources,
but some benefits and costs are not easily quantified (e.g., the value of relative levels of service
for any given traffic volume or composition). Therefore, economic analysis alone is often
insufficient for selecting project-level or network-level strategies and it is often necessary to also
consider (or integrate) these sorts of non-monetary factors into the strategy selection process.

There are many approaches to the consideration of project costs, each with specific strengths and
weaknesses. This section presents an overview of some of the most common and relevant
approaches to engineering economic analysis and pavement management strategy selection, and
specific strengths and concerns with each approach.

EEA - Discounted (LCCA-Based) Cash Flow Methods

Several methods have been developed for evaluating and comparing streams of monetized costs
and benefits over a given analysis period, including present worth of costs (PWC), net present
value (NPV), equivalent uniform annual cost or value (EUAC or EUAV), benefit-cost ratio
(B/C), and internal rate of return (IRR). The first three are most commonly used in analyses to
support pavement management decisions and are discussed in more detail below. All four
methods are based on life-cost analyses (LCCA)—an analysis of discounted cost and benefit
streams—and will produce consistent results (i.e., will result in selection of the same alternatives
or strategies) when applied correctly (Riggs and West 1986).
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It should be noted that many agencies have developed or adopted standardized monetary values
for user travel time, crash damages, environmental impacts, and other considerations for which
monetary values are not directly or easily obtained. The use of these values extends the
applicability of all the EEA methods described here.

Net Present Value (NPV) or Present Worth of Costs (PWC)

The Net Present Value (NPV) method discounts all projected costs and benefits to convert them
into present currency values (e.g., 2019 dollars) and sums them to produce a present worth of
costs (PWC), present worth of benefits (PWB), and/or net present value (NPV = PWB-PWC).
All alternatives being considered must be evaluated over the same analysis period (except as
described below) and the alternative with the highest NPV is the most economically favorable
alternative. If all alternatives being considered have similar benefits, the benefits can be excluded
from the analysis and PWC values can be compared to determine which alternative is the most
cost-effective (i.e., which has the lowest PWC).

The NPV or PWC approach is commonly used to select from among various pavement
preservation, maintenance, rehabilitation and/or reconstruction strategies that are believed to
provide comparable levels of performance or benefits to the project’s users.

If the alternatives have different analysis periods, the NPV or PWC values can be divided by
their respective analysis periods to determine equivalent uniform annual values or costs (EUAVs
or EUAC:s), which can then be compared to determine the most cost-effective alternative. The
use of EUAV or EUAC analyses implies that the projected costs and benefits are repeated in
subsequent analysis periods so that the computed EUAV or EUAC value is valid beyond the end
of the selected analysis period. Pittenger et al. (2011) suggest that EUAC analyses may be
particularly well-suited for evaluating pavement preservation strategies because preservation
techniques tend to be relatively short-term in nature and EUAC values are more easily related to
annual maintenance budgets than PWC values.

Another approach for computing NPV or PWC values when competing alternatives have
different analysis periods is to use the same analysis period for all candidate alternatives
(generally the shortest of those being considered) and to include the remaining value of each
alternative at the end of the analysis period (i.e., value of remaining service life) as a “benefit” or
“negative cost” at the end of the analysis period.

If benefits vary among the candidate alternatives (e.g., if they provide different levels of service),
then the alternatives cannot be compared solely based on costs, and the methods described above
may not be an appropriate means of comparison. If all benefits can be expressed monetarily, then
the benefits can be considered in the same analysis as the costs, discounted similarly, and a
decision can still be made based on the results of the analysis and the overall objective (e.g., to
maximize net benefits or minimize net costs). Another option for analyzing monetarily expressed
costs and benefits is benefit-cost analysis (BCA), which is described below.

NPV and EUAC analyses are direct options that will yield consistent and correct results for the
selection of pavement design, maintenance, preservation, and rehabilitation activities when
performed using reasonable inputs, especially for the costs and timing of all future activities and
the selection of the discount rate (which is discussed later in this chapter).
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Benefit-Cost Ratio (B/C)

In simplest terms, the benefit-cost ratio (B/C) approach involves computing a ratio of net overall
benefits to net overall costs and selecting alternatives (for project-level analyses) or projects (for
network-level analyses) with the highest computed ratios of benefits-to-costs. The variants of
this approach that are most commonly applied in pavement management applications are
described below.

B/C typically requires that all benefits and costs that differ between alternatives be expressed
monetarily. Costs and benefits that are common to all considered alternatives can be omitted
from the analysis, whether they can be monetized or not. For example, if all alternatives offer the
same level of serviceability for the same levels of traffic over the analysis period, then that
benefit can be excluded from the analyses and the analyses can proceed with consideration of all
other costs and benefits that can be expressed in monetary units.

The present worth of benefits (PWB, computed using conventional economic analysis
techniques) is divided by the present worth of costs (PWC) to obtain the simple benefit-cost
ratio. In the analyses of project-level alternatives, any alternative with B/C > 1 may be
considered acceptable and the option with the highest B/C is often preferred. In network-level
analyses, projects may be selected for programming based on the overall ranking of project B/C
values.

Unfortunately, this approach can lead to the selection of alternatives and strategies that are
incorrect and inconsistent with those developed using conventional NPV or EUAV analyses.
Consistent economic analysis results can be assured through a process called “incremental”
analysis (Riggs and West 1986). This process involves computing B/C for each competing
alternative, discarding those with B/C <1 (i.e., costs exceed benefits), ranking the remaining
alternatives from least costly to most costly, and then, beginning with the least cost alternative,
computing the incremental B/C ratios with the next higher cost alternative (i.e., compute AB/AC
as the change in benefits between the two alternatives divided by the change in cost between the
two alternatives). When AB/AC <1, the added costs outweigh the added benefits, and the higher
cost alternative is rejected. When AB/AC >1, the added benefits outweigh the added costs, and
the lower cost alternative is rejected in favor of the higher cost alternative. The process continues
with increasingly higher-cost alternatives until only one alternative remains. The remaining
alternative may or may not be the one with the highest simple B/C, but it will be consistent with
the one selected through the previously described PW or EUAV analyses.

Because of their relative simplicity, PWC and EUAC analyses are generally preferred over B/C
for project-level economic analyses.

Internal Rate of Return (IRR)

The discount rate that can be applied to a stream of benefits and costs to produce NPV =0 is
referred to as the internal rate of return (IRR). This value represents the theoretical effective rate
of return (based on the assumed and monetized benefits) based on the monetized costs invested
in the strategy over the analysis period. Simple IRR analyses select the alternative that provides
the highest IRR, but, like B/C, this type of analysis must be conducted incrementally to ensure
the selection of strategies that are correct and consistent with NPV and EUAV analyses. IRR is
rarely used in pavement management activities.
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Key Issues in Discounted Cash Flow Methods

There are several limitations to the use of discounted cash flow methods (i.e., life-cycle cost
analyses or LCCA) in pavement strategy selection that, if not understood and used correctly, can
provide false support for poor choices. The accurate estimation of life-cycle activity costs and
timing is the most important factor in conducting a good pavement LCCA (Hallin et al. 2011).
Additional important considerations are described below.

Discount Rate

The “real” discount rate, which represents the combined effects of interest and inflation rates, is
used to estimate the present value of all future costs (and benefits, if applicable). Higher discount
rates reduce the present value of future costs by a greater amount than do lower discount rates; a
zero discount rate values future costs the same as current costs; and negative discount rates
increase the present value of future costs above their future value.

The discount rate used in most LCCA is sometimes called the “real discount rate” and can be
defined as follows:

Nominal Discount Rate — Inflation Rate
1+ Inflation Rate Equation 5-1

"Real" Discount Rate =

where:
“Nominal” Discount Rate = the cost of funds (interest rate) or the potential return on an
investment forgone (opportunity cost); and

Inflation Rate = the rate of future increases in costs due to the erosion of
monetary value.

It is worth noting that this equation suggests that it is the difference between “interest” and
“inflation” that is most relevant and that the absolute values of these two parameters are
relatively unimportant!

The rate of inflation for the goods and services required to design, construct, and maintain
pavements may be significantly different from the official government rate of inflation for
consumers. For example, the National Park Service (citing U.S. Bureau of Labor Statistics data)
has noted that the U.S. Consumer Price Index (which measures the prices that consumers pay for
a “fixed basket” of goods and is the most common measure of inflation in the U.S.) rose 3
percent annually while the producer price index for highway and street construction (PPI-HSC)
had risen almost 10 percent annually (NPS 2009). The CPI has risen by 0.1 to 3.0 percent
annually since 2010 and rose by 1.9 percent in 2018 (US DOL BLS 2018); the BLS discontinued
the PPI-HSC metric in 2010, so more recent direct comparisons with the CPI are not readily
available. However, it still seems clear that the use of a discount rate that is based on market
interest rates and the rate of inflation of a standard consumer shopping basket is inappropriate for
economic analyses in the highway and heavy construction industries. Furthermore, the use of
“standard” general discount rates may lead to the selection of construction, rehabilitation,
maintenance, and preservation alternatives that are not the most cost-effective.
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In addition, Mack (2012) suggests that different materials and paving products (e.g., asphalt and
concrete paving materials) may undergo different rates of inflation and should, therefore, be
evaluated using different discount rates.

The traditional public-sector view of the discount rate is that it should reflect “social opportunity
costs”; in other words, the “interest” part of the equation should represent the potential return
(i.e., additional benefits to the public) that would have been realized by spending the funds in a
different sector of the economy (e.g., on public schools or social programs or other budget
items). It is very difficult to quantify the relative values of investing in one area of the public
sector versus any other, so most public sector economists use a generalized discount rate that is
based on the returns provided by government bonds (e.g., Treasury Bill yields) and forecast
overall inflation. In the U.S., these figures have historically resulted in the use of a discount rate
of between 3 and 4 percent, depending upon the length of the selected analysis period (although
recent discount rates computed in this manner would have been much lower, or even negative —
see OMB Circular A-94).

Possible fallacies in this view include the following:

e (Government agencies typically invest very little (if any) money at prevailing interest
rates; budgets are typically spent during the budget cycle and accrue no long-term
interest.

e Most highway funds come from taxes and tolls with some funding from the sale of bonds.
Therefore, the cost of money to public sector agencies is typically very low.

¢ In many instances, highway funds are “dedicated,” and savings produced by selecting one
design or rehabilitation alternative over another cannot be used for other purposes such as
education, social programs, etc. Therefore, there is no “cost of opportunity forgone.”

Therefore, for many highway agencies, “nominal discount” or “interest” rates approach zero.

The most accurate economic analysis results are obtained using a discount rate that reflects the
actual cost of funds to the agency (e.g., the average rate of return on portions of the income
stream that are invested, or the weighted average cost of money when bonding is used for
funding) and the actual rate of inflation for the appropriate segment of the economy (and the
appropriate geographic region of the country). If the “interest” portion of the discount rate (i.e.,
opportunity cost or cost of funds) is low and the rate of inflation for construction services is
relatively high (compared to the CPI), the real discount rate may approach zero (and may even
be negative). This concept may seem foreign, but it may be most appropriate, especially in an
economic environment where the cost of money is low (or zero).

The above discussion just scratches the surface of the issues and arguments that surround the
choice of an appropriate discount rate for EEA of pavement management activities. A thorough
understanding of the factors that influence discount rate is important, however, because selected
discount rate values can significantly impact the economic analysis and can result in the selection
of different competing alternatives.

End-of-Analysis (Residual) Value: Salvage Value vs. Remaining Service Life Value

As noted previously, it is often necessary (i.e., when performing NPV analyses on alternatives
with different analysis periods) to truncate an analysis period for one alternative to match the
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analysis period of another alternative. In such cases, one generally assigns a “remaining service
life” or “residual” value (generally a benefit or negative cost) to the pavement cost stream at end
of the shortened analysis period to capture the value of the remaining pavement life (see figure
4-1). If the pavement’s service life has been fully consumed at the end of the analysis period, one
can (and should) determine the “salvage” value of the materials that will be derived from the
pavement structure. If the existing pavement material will not be removed and replaced, the
“salvage value” may be computed as the value of the existing pavement as a support layer for an
overlay at the end of the analysis period (i.e., recycling or “repurposing” the pavement in place).

Expected Service Lives

Initial . -
Construction Activity Dne—>|‘—ActW|ty Two—>|

End le:E RSL

Analysis Period

Costs

Years
RSL Value

(Cost of Last Activity) x (RSL)
RSL Value = . . —
(Expected Service Life of Last Activity)

Figure 4-1. Illustration of determination of
remaining service life (residual) value (ACPA 2011).

These options are mutually exclusive for any given economic analysis; that is, no analysis should
include both a salvage value and a remaining service life value. Whichever end-of-analysis value
is selected (if any), it should reflect what the agency realistically expects will be done with the
pavement structure at the end of the analysis period. ACPA (2011) and West et al. (2012)
provide summaries of U.S. state highway agency practices concerning the inclusion of salvage
and remaining service life values in their LCCAs.

Salvage values may be properly applied as either a positive cash flow (benefit) at the end of the
current project analysis (e.g., when an agency retains the material for unspecified future use) or
as a reduction in cost at the beginning of the next project analysis. If different materials from the
same project are used in different ways, portions of the salvage value may be allocated to both
places.

User Cost Estimates

User costs originate primarily from vehicle operating costs, delay costs, and crash costs (Walls
and Smith 1998). The value of road users’ time is a subject of great debate. User delay costs are
generally computed in consideration of vehicle class, trip type (urban or rural), and trip purpose
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(business or personal). Details concerning the computation of user costs can be found in NCHRP
(2004), and software for computing these costs is a part of the FHWA RealCost LCCA program
(FHWA 2010) and the CA4PRS software (Caltrans 2011).

While there is no doubt that user costs should be considered in pavement decision-making
processes, LCCA of these costs is often computed and considered separately from LCCA of
agency costs because: 1) their quantification is subject to debate and uncertainty, 2) user costs
“do not debit agency budgets as do agency costs” (FHWA 2002), and 3) computed user costs on
some projects can drive the decision process to options that the agency cannot afford.

Deterministic LCCA vs. Probabilistic LCCA

The use of fixed values for all LCCA inputs (e.g., activity timing, costs, discount rate) to produce
a single output value is referred to as the deterministic approach to LCCA. While this approach
is relatively simple and requires few inputs, it fails to adequately account for either the variability
in actual initial costs and discount rates over time or the uncertainty in the timing and costs of
planned maintenance and rehabilitation activities. Furthermore, the output of a single value (i.e.,
PWC or EUAC) without some statement to qualify that value may imply a degree of certainty in
the conclusion that is inappropriate (FHWA 2010). Sensitivity analyses can provide a sense of
the accuracy of deterministic LCCA results.

The probabilistic approach to LCCA is more realistic in that it uses statistical descriptions of the
probable distribution of values for each input (e.g., a mean and standard deviation for each
normally distributed input value) to account for the input-associated variability that creates
uncertainty in the outputs of the analysis, which helps quantify the risk in any decisions that are
made based on the outputs. A distribution of output values is produced to provide users with
information for understanding the variability of the results and the confidence that can be placed
in the analysis.

Key Strengths of LCCA-Based Methods

e LCCA is widely accepted and recognized as a tool for aiding in making strategy selection
decisions.

e LCCA provides reasonable guidance in decision-making when all inputs are known with
reasonable certainty.

e PWC and EUAC analyses are direct, relatively simple, and provide consistent,
unambiguous results.

There are many well-developed LCCA tools available to facilitate the analyses, with the
FHWA'’s RealCost (FHWA 2010) being most prevalent (Rangaraju, Amirkhanian, and Guven
2008).

Key Disadvantages of LCCA-Based Methods

e LCCA-based methods cannot directly consider differences in benefits (or costs) that
cannot be accurately quantified monetarily. For example, at the project level, two
strategies that begin and end with the same level of serviceability may have very different
impacts on the traveling public if one serviceability curve is a smooth or linear change
over time and the other is a saw-tooth (because of frequent minor treatments). Similarly,
at the network level, LCCA alone cannot differentiate the relative benefits of two projects
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with identical costs and performance results when one carries a high-volume of
commercial traffic and the other carries a lower volume of mixed traffic. Other potential
decision factors that may be difficult to accurately monetize include user costs,
environmental impacts, value of crash/fatality avoidance, etc., although guidance in
quantifying and monetizing many of these factors can be found in publications from the
Federal Highway Administration (FHWA 2010) and the World Roads Association
(WRA-PIARC 2012).

e Deterministic LCCA inputs can be easily manipulated to obtain results that justify pre-
determined strategy selections.

e BCA and IRR analyses must be conducted using more complicated incremental analyses
to produce results that ensure the most cost-effective use of funds (and consistency with
PWC and EUAC methods).

e Minimizing LCC at the project level for all projects in the network Odoes not necessarily
result in network-level optimization, especially when funding needs outstrip available
budgets.

Cost-Effectiveness Analyses (CEA)

Cost-effectiveness analysis (CEA) is an evaluation technique that produces a cost-effectiveness
ratio (CER) that is obtained by dividing the effectiveness (E) of the treatment by the cost (C) of
the treatment. For example, the cost-effectiveness of road safety measures can be defined as the
number of accidents prevented per unit cost of implementing the measure. While not cited in
existing literature, it seems likely that the effectiveness of pavement preservation treatment
options could be expressed as the area under the predicted pavement performance curve (e.g.,
IRI versus time) for candidate treatments. The costs of each treatment and its effects (e.g., the
need for additional activity as a result of implementing the treatment) must be expressed in terms
of NPV or EUAV. CEA can be interpreted as units of effectiveness obtained for each unit of cost
incurred, so the higher the ratio, the more effective the treatment (WRA—PIARC 2012).

This type of analysis is most useful for comparing projects and strategies where the benefits are
not easily quantified in monetary terms (e.g., the value of crash avoidance, reductions in
fatalities, reductions in travel time, etc.), so it complements conventional EEA or LCCA and may
be used in addition to (or in lieu of) them.

CEA can be applied to evaluate a single benefit (as in the example above) or to evaluate and
balance several types of benefits in a single analysis using a concept called weighted cost-
effectiveness and a technique called Multi-Criteria Analysis (MCA). Details concerning the
calculation and use of CEA and MCA can be found in WRA—-PIARC (2012) and Markow (2012)
and are not repeated here because of their apparent limited applicability to the evaluation of
pavement preservation strategies (except as a supplemental factor to economic analysis in
decision-making).

Key Strengths of CEA

e Calculating CEA generally requires only a quantification (but not the monetary value) of
the general benefits of a measure or treatment and the cost of implementation. This is
typically much easier and subject to less debate than developing monetary estimates of
value for a full LCCA-based economic analyses.
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e Weighted CEA or MCA can be used to compare the overall cost-effectiveness of any
given strategy with respect to several non-monetized criteria (e.g., injury accidents
avoided, lives saved, travel time saved, etc.). The benefits of multiple criteria may accrue
over different analysis periods, requiring the use and summation of annualized costs
(similar to the development of EUAC) for each criterion to produce an overall cost-
effectiveness value.

e CEA offers the potential to highlight the safety effects of various treatments (e.g.,
diamond grinding versus resurfacing), compared to more comprehensive LCCA where
the apparent importance and impact of safety measures may be reduced relative to the
economic impact of other factors.

e CEA may be most appropriate for small projects, such as consideration of safety
improvement measures for local road projects.

Key Disadvantages of CEA

e [t can be difficult to estimate benefits over an appropriate unit of implementation where
the benefits do not accrue uniformly. For example, construction project limits may
include several intersections with different potentials for crashes and, therefore, different
potential improvements. Analyses could be conducted over the entire project or over
subprojects that represent individual intersection locations.

e Weighted CEA require the development of weighting factors, which are often established
subjectively and have an associated potential risk of bias.

e CEA can be used for ranking various treatments, but (unlike LCCA-based analyses)
cannot be used for determining whether a project should be undertaken or not.

e CEA alone generally disregards the effects of safety measures on mobility measures and
the environment, and these effects are often of sufficient importance to drive the
decision-making process.

Recent Concepts for Strategy Selection Based on EEA

Basic LCCA techniques (i.e., PWC, EUAC, B/C and IRR) can easily be used to identify
economically preferred project-level strategies and can also be used to offer insights into the
effects of network-level allocations of limited resources. These applications are described in
most economic analysis texts as well as in many pavement industry- and government-published
reports and documents. These approaches are assumed to be common practice and are not
repeated here.

The following sections describe other (more recently developed) concepts for pavement project-
level strategy selection and network-level activity programming.

Remaining Service Interval (RSI)

RSI is not an alternative approach to economic analysis. It is an approach for developing project
and network maintenance and rehabilitation strategies by focusing on when and what treatments
are needed to provide an acceptable level of service (LOS) over the analysis period at the lowest
life-cycle cost (LLCC)—typically, the lowest PWC or EUAC. It is based on the idea that
pavements are repairable systems that do not “die,” so the concept of a remaining service “life”
is inappropriate. RSI holds that pavements are better defined in terms of a string of time intervals
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to the next preservation, rehabilitation, and/or reconstruction activities, as shown in the inset
table for hypothetical “Pavement Section 1” in figure 4-2.

The structured sequence of preservation, rehabilitation, and reconstruction actions associated
with a specific pavement section is selected using pavement performance models and
conventional LCC considerations to provide acceptable levels of service over the analysis period

(life cycle) at the lowest life-cycle cost, which can be computed using the cash flow diagram
shown in the top portion of figure 4-2.

Reconstruction
*UO‘,’ Rehabilitation ,'
(@] Preservation Preservation Preservation Preservation }
| 1 1 | Remaining Value
1 1 1 1
[ | | [ | 1
'8 | 1 1 ] | I
c O | 1 1 1 1
1 I | 1 1 1
.g O 1 I 1 | I
- ] | I U I
'g 1 |
) Remaining ! ! 1
] Service Interval ' ' o = -
Preservatior 1 | Pavement Remaining Remaining Remaining
'E 1 1 | Section Service Interval  Service Interval ~ Service Interval
T} | [ 1 Preservation Rehabilitation Reconstruction
| 1
E : | | e 3,12,18,25 9 22
2 | Remaining : : 'I
L Service Interval —_
- | Renabilitation : 'I : '1 ;
| I | 1 1 I
I I | Remaining 1 1 1
- - Service Interval I 1
1 1 1 Reconstruction 1 1 1 1
E 1 | | 1 1 1 1
| 1 1 [ 1 | 1
g I 1 I | I I 1
| [ | [ | | |
Current Year 3 9 12 18 22 25 ):

Analysis Period (years)

Figure 4-2. Illustration of RSI concept (FHWA 2016).

For example, a demonstration of project-level RSI concepts was performed for a specific
pavement section in California by evaluating candidate treatment strategies using mechanistic-
empirical pavement analysis software (CalME) to predict pavement performance. If the predicted
performance met previously defined LOS requirements over the analysis period, the predicted
performance and associated activity costs were used as inputs to the LCC analysis. If predicted
performance failed to meet LOS requirements at any time during the analysis period, the
treatment types and/or timing were changed and reanalyzed. This process resulted in the
identification of acceptable treatment sequences and their costs and allowed quantification of

potential financial impacts of applying treatments too early or too late (or of applying less-
effective treatments).

Network-level applications of the RSI concept have been promoted as representing “the ideal
management system, where decision-making consider[s] the optimal treatment selection, not
based on thresholds, but based on identifying the optimal treatment type and timing while
maintaining an acceptable or above-acceptable LOS” (FHWA 2016). Network-level validation
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of RSI concepts has been performed using Maryland State Highway Administration models,
which resulted in preservation treatments generally being applied when pavements were in better
condition and rehabilitation treatments generally being applied when pavements were in worse
condition.

It is important to emphasize that the RSI concept does not provide alternative techniques for
assessing network health or for making budget allocation decisions.

Strengths

e RSI appears to offer a better approach for determining (“optimizing”) and
communicating future preservation, maintenance, rehabilitation and reconstruction needs
than using a single value parameter, such as remaining service life (RSL), which is
generally unrelated to the time until the next pavement treatment in an optimized strategy
(FHWA 2016).

e RSI offers a way to evaluate the potential service-level impacts of alternate budget
scenarios (network level) and alternate treatment strategies (project level).

e RSI concepts can help agencies move from “worst first” programming strategies to
LLCC-driven strategies, which should lead to lower annual network costs and more
consistent network conditions over the analysis period (FHWA 2016).

Weaknesses

e RSI relies on existing techniques for economic analysis (i.e., LCCA), which suffer from
sensitivity to selected discount rate, assumptions concerning projected activity costs, etc.
These issues can be addressed to some extent using stochastic (rather than deterministic)
LCCA.

e While RSI can be used to identify strategies with the LLCC for acceptable levels of
service, it does not (in its current forms and applications) appear to offer the ability to
maximize units of service purchased at any given LCC or funding level (i.e., it does not
consider the area under the performance-time curve in selecting the preferred strategy).

e Similarly, RSI does not (in its current forms and applications) appear to be able to
differentiate between the amounts of service provided by competing alternatives (i.e., it
does not consider the number and classification distribution of vehicles that use a given
facility that is subject to a strategy-specific performance-time curve).

DLMY (dollars/lane-mile/year, a.k.a. “Cost-of-Ownership” Analysis)

DLMY analyses treat pavement investment decisions as an optimization problem where the goal
1s to maintain a network of roads in the best possible acceptable condition considering limited
available funding. The item to be optimized (maximized) in this approach is the amount of
service or pavement performance provided for a given level of investment; the primary
constraints are the available resources—money—and the lower limits of acceptable performance
(e.g., limiting thresholds of acceptable ride quality, structural capacity, noise, safety, etc.).

The concept is based on work by Galehouse and Sorenson (2007), who noted that maintaining a
network of x lane-miles of roadway for 1 year requires the annual purchase of exactly x lane-
mile-years of service life (acquired through maintenance, preservation, and construction
investments) to maintain the network at the same service level. The purchase of additional
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service life increases the overall level of the network service, while shortfalls in annual service
life purchases decrease the overall network service level. Therefore, the objective of the DLMY
is to maximize the lane-mile-years of acceptable service that are “purchased” for any given
budget level or per dollar spent. Alternatively, the objective can be stated as the minimization of
the cost of acquiring each lane-mile-year of service (i.e., minimize the quantity “$/lane-mile-
service year”). Either objective is achieved by selecting strategies that “purchase” the greatest
amount of service for a given level of budget.

It is worth noting that the computation of DLMY described above is essentially an EUAC
analysis that has been normalized for project length and performed over an analysis period that is
assumed to include no other direct costs or other monetized events (which renders the concept of
discount rate irrelevant).

Galehouse and Sorenson (2007) provides an illustrative example of using DLMY concepts to
evaluate baseline network replenishment conditions (i.e., determining whether the current
allocation of funds to reconstruction, rehabilitation, and preservation activities is sufficient to
maintain the network status quo by providing a number of lane-mile-years of added service each
year that is equal to the number of lane-miles in the network). In this example, the baseline
allocation of activities in the hypothetical network falls 1654 lane-mi-years (2662 lane-km-years)
short of what is needed to maintain the network status quo. Nine lane-mi (14 lane-km) of
reconstruction work and 5 lane-mi (8 lane-km) of rehab work are removed from the program (at
a cost reduction of $6.1M and a reduction of 345 lane-mi-years [555 lane-km-years] of
serviceability) and are replaced with 31 lane-mi (50 lane-km) of concrete resealing, 16 lane-mi
(26 lane-km) of thin HMA overlay, 44 lane-mi (71 lane-km) of microsurfacing, 79 lane-mi (127
lane-km) of chip seal, and 506 lane-mi (814 lane-km) of crack sealing (at a cost increase of
$5.6M and an increase of 1999 lane-mi-years [3217 lane-km-years] of serviceability). The
revised work program adds enough lane-mile-years of service to maintain the overall network
status quo. The example demonstrates how DLMY can be used to rebalance network programs
to prevent deterioration of the overall network by deferring work on some of the pavements that
are already in poor condition in favor of preserving other pavements in good or better condition.

DLMY concepts can be used to guide network-level allocation of resources by identifying the
treatment that is currently the most cost-effective for each pavement section in the network (i.e.,
the treatment that returns the highest number of lane-mile-years of service for each unit
expenditure), ranking the pavement sections by treatment cost-effectiveness, and then fully
funding the projects from the top of the list downward until the budget is exhausted. In this
manner, network funds are allocated only to the projects that provide the greatest possible return
(service) on investment. Modifications to this approach would need to be made to ensure funding
of projects that are at or below minimum acceptable levels of safety, ride quality or other
triggering criteria.

Li, et al. (2017) report that Washington State has adopted a slight variation of this type of
approach to managing their asphalt pavement network and have found that “cost-effectiveness
[i.e., DLMY] is a very useful performance measure that can be used for making good pavement
management decisions.” The key performance measure used is Equivalent Uniform Annual Cost
(EUAC) per lane-mile (or $/lane-mile/year, DLMY). The use of EUAC suggests that future costs
may be considered over the service life or life extension provided by each strategy, and it
requires the selection of an appropriate discount rate. Li et al. (2017) report that Washington
State uses a discount rate of 0 percent to provide a simple indicator of annual costs of ownership
while a discount rate of 4 percent is used when comparing alternative strategies to consider the
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time value of money. “Acceptable” pavement performance thresholds are established for
pavement roughness, rutting, faulting, and friction, and an effort is made to identify strategies
that provide acceptable performance while maximizing service life additions within the allocated
budget (or, alternatively, to minimize the unit cost of service life additions). Annual cost savings
to WSDOT are estimated to approach $80M/year by 2025.

Similar principles have been adopted by at least a few roadway management agencies in other
countries (e.g., Scotland and the Shetland Islands) in developing Road Asset Management Plans
(RAMPs) to develop pavement life-cycle plans (i.e., preservation strategies) that help “to make
long-term predictions of network deterioration and maintenance needs” and allow them to
compare the impact of alternative life cycle plans and adopt the approach that delivers the
required service but also makes the best use of resources.” (Transport Scotland 2007).

Strengths

e DLMY offers a way to evaluate the potential service-level impacts of alternate budget
scenarios (network level) and alternate treatment strategies (project level).

e DLMY approaches can help agencies move from “worst-first” programming strategies to
strategies that greatly increase the “cost-effectiveness” of each monetary unit spent on
pavement reconstruction, rehabilitation, maintenance, and preservation while ensuring
that pre-determined minimum performance thresholds are met and overall network
conditions are maintained or improved. This will generally be accomplished by allowing
some pavements in poor condition to remain in poor condition in favor of maintaining
and preserving many more lane-miles of pavement in good or better condition.

e Inits simplest form (i.e., when based solely on initial strategy costs and design service
life or service life extension for each strategy with no consideration of future activities or
the time-value of money), DLMY may be best suited for developing and managing
pavement preservation strategies, which typically have relatively short performance life
expectations. The economic analysis of these types of activities using DLMY are unlikely
to be greatly affected by failing to address and consider downstream activities.

Weaknesses

e The DLMY approach promulgated by Galehouse and Sorenson (2007) considers only the
initial cost of each treatment, whether a 2-year pavement preservation technique or a
reconstruction with a 30-year expected service life. This implies that no additional work
is required to achieve the design service life or life extension of the treatment. While this
negates the need for discounting the cash flow (and eliminates the uncertainties
associated with selecting an appropriate discount rate and the timing and nature of future
maintenance and rehabilitation activities), it is probably not an appropriate assumption
for longer-term strategies (although it may be reasonable for short-term fixes like many
pavement preservation activities).

e When DLMY concepts are implemented with consideration of downstream activities
(e.g., consideration of periodic maintenance activities that are required to reach the
design service life for reconstruction options), they rely on existing techniques for
economic analysis (i.e., LCCA), which suffer from sensitivity to selected discount rate,
assumptions concerning projected activity costs, etc. These issues can be addressed to
some extent using stochastic (rather than deterministic) LCCA in the DLMY analysis.
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e As described by Galehouse and Sorensen (2007), DLMY does not offer the ability to
consider any other costs or benefits (e.g., user costs, reductions in traffic delay costs,
safety benefits, environmental impacts, etc.).

e The DLMY analysis does not reflect differences in the quality of service provided by any
given strategy (i.e., it assumes that the quality of 1 lane-mile-year of service life
extension obtained through a specific pavement preservation activity (say, joint resealing)
is the same as the quality of 1 lane-mile-year of service life extension obtained through
any other preservation activity (say, diamond grinding). In other words, the benefits
provided by any given increase in service life are assumed to be equal for any given
strategy applied to any given pavement in the network. This may not be generally true.

e DLMY techniques do not (in published theory or practice to date) appear to offer the
ability to maximize units of service purchased at any given LCC or funding level (i.e., it
does not consider the area under the performance-time curve in selecting the preferred
strategy).

e Similarly, DLMY does not (in its current forms and applications) appear to be able to
differentiate between the impact of improved service levels on competing projects given
the numbers and classification distributions of vehicles that use each facility.

e Currently described and documented DLMY techniques do not appear to consider
pavement category or function (e.g., urban interstate vs. rural local road) in establishing
priorities for resource allocation.

Strategy Selection Framework
Introduction

Conventional LCCA is a widely used tool for selecting pavement design, rehabilitation and
preservation alternatives, but LCCA results are only as good and useful as the inputs to the
analysis, especially with regard to assumptions concerning the cost and timing of future
maintenance and rehabilitation activities and the selection of the discount rate to be used in the
analysis. Some of the uncertainty associated with these analyses can be addressed using
probabilistic analyses (where each key input is assigned both a mean value and a variance) rather
than conventional deterministic analyses (with single-value inputs), but this approach is rarely
used in practice.

In addition, project-level economic analysis-based selection strategies can be difficult to
incorporate into network-level strategy selection efforts because agency budgets rarely provide
enough funding to apply the most cost-effective strategies to every project in the network.
Therefore, network-level allocation of resources may dictate that many projects adopt sub-
optimal (less cost-effective) strategies with lower initial costs (including “do nothing”), so that
limited network resources can be directed to the projects that provide the greatest overall benefit
to the network.

In summary, conventional economic analysis-based project-level strategy selection presents
many weaknesses and is of limited use in achieving network-level optimization. There is a need
for improved techniques for project-level strategy selection that are less sensitive to unknowns
(e.g., long-term discount rate, cost and timing for future work activities, etc.) and are more useful
in considering the relative costs and benefits of various options at both the project and network
levels.
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This section provides a basis for developing an improved basis for project-level strategy
selection that can also be used as a tool for network-level resource allocation. The framework
presented herein is developed based on findings from the eleven case studies and consideration
of the strengths and weaknesses of conventional strategy selection techniques described in the
previous section.

Study Findings

This project included the development of case studies documenting the application of pavement
preservation principles on eleven concrete pavement projects representing a variety of designs,
preservation approaches and environmental conditions throughout the U.S. The resulting case
studies are presented in Volume III of this report.

Each case study includes information concerning the original pavement design, applied
preservation and rehabilitation strategies, associated costs, and resulting performance.
Conventional life-cycle cost analyses (LCCA), performed over discount rates that vary from 0 to
5 percent, are also included. The projects were constructed between 1947 and 2000. The value of
money (e.g., a dollar) has changed greatly over this period, and it would be difficult to conduct
meaningful cost comparisons between projects using eleven different then-current currency
values. Therefore, for the purposes of making comparisons of costs between projects, the
economic analyses reported in the case studies were performed using then-current dollars as well
as 2019 dollars. Conversions between reported actual costs and equivalent 2019 costs were
performed using the National Highway Construction Cost Index (NHCCI) and other construction
sector cost index information, as described in detail in Appendix A of Volume III of this report.

Table A-1 in the Appendix to this volume of the report summarizes the LCCA for the eleven
case studies performed under this project. It also includes DLMY analyses for each activity in
each case study with service intervals defined using the following criteria:

e Original concrete pavement: service interval = time between initial construction and
concrete pavement reconstruction or placement of unbonded concrete overlay.

e Unbonded concrete overlay: service interval = time between overlay construction and
pavement reconstruction or placement of the next unbonded concrete overlay.

e Bonded concrete overlay: service interval = time between overlay construction and
concrete pavement reconstruction or placement of unbonded concrete overlay.

e Pavement preservation or rehabilitation: service interval = time between preservation or
rehabilitation activity and next preservation or rehabilitation activity of similar type.

The discussions that follow are based primarily on the case study reports and the economic
analyses presented in Volume 3 of this report. It must be noted that the eleven case studies for
this project were selected to provide a range of concrete pavement types (i.e., JPCP, CRCP,
bonded and unbonded concrete overlays, CPR projects, etc.), geographic locations,
environmental conditions, traffic levels and pavement functional classifications. They do not,
however, constitute a well-developed, factorial experimental design with replicates, which would
be useful for identifying outliers and determining the main and interaction effects of pavement
type, traffic, environment, etc. on pavement performance measures, service intervals or
economic efficiency. Therefore, trends and observations developed from the case studies should
be considered a starting point for additional research and further study.
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Value of Pursuing Long-Life Design Options/Strategies

The use of long-life options and strategies in pavement design is essential in maximizing the

effectiveness of pavement preservation and rehabilitation strategies and is immediately impactful
in reducing life-cycle costs. Strategies and design options for longer life (i.e., 50 or more years of
service without requiring major rehabilitation [Jackson, Puccinelli, and Mahoney 2014]) include:

e Structural design — slab thickness to resist fatigue and premature cracking for design
service life, adequate and durable load transfer systems, and a uniform and robust
foundation system.

e Drainage and water mitigation systems that limit the entry of water to the pavement
system (where it can cause or accelerate many distress mechanisms) and quickly remove
water that does enter the system.

e Use of durable materials that resist environmental effects (e.g., freezing and thawing,
oxidation, chemical attack, etc.) in all layers and components of the pavement system.

e Use of best practices and high-quality for constructing all pavement layers and
components, including for hauling and placement, compaction and consolidation, joint
layout and construction (or, for CRCP, the elimination of joints in favor of properly
designed and installed reinforcing), dowel alignment and lubrication, finishing, texturing,
curing, etc.

Pavements that include such long-life features are excellent candidates for preservation because
the basic elements of design, materials selection, and construction eliminate (or substantially
defer) major structural or materials failures, allowing the use of relatively non-invasive
preservation techniques to maintain pavement function and further delay the development of
structural deterioration. Long-life design and construction options often come with higher initial
costs, but life-cycle analyses often reveal that reduced future maintenance and rehabilitation
costs, as well as reductions in user costs (as indicated by increased rehabilitation intervals and
higher overall levels of service), can more than offset increased initial investments.

The case studies provide some examples of the following values of pursuing long-life design
options and strategies: 1) longer time to first major rehabilitation; 2) higher overall level of
service; and 3) lower life-cycle cost. The case studies that can be considered to feature elements
of long-life design are:

e Minnesota [-35W, which was designed and constructed with many long-life design
options to achieve 60 years of service.

e Texas US-281, built as a continuously reinforced concrete pavement (CRCP) in 1969.

e Several of the unbonded concrete overlay projects, which can be considered to have very
high-quality foundations.

Table 4-1 summarizes, for all eleven case study projects, the service time to first major rehab,
pavement performance and quality of service (as indicated by estimated average IRI), and
equivalent uniform annual costs per lane-mile, expressed in equivalent 2019 dollars. This
information provides measures and estimates of the values of long-life design options listed
above and allows comparisons with similar measures and estimates developed for the
conventional concrete pavements studied under this project.
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Table 4-1. Summary of Case Study Performances and Costs (3.5% Discount Rate).

. Time to Estnma?ed A'vg. IRI EUAC/lane-mie ($2019), 3.5% Discount Rate
Project . (in/mi)
. First
(Original . At .
Category Construction Major First Since Overlay, Initial
Rehab . Rehab, or Total . Rehab | %Rehab
Year) Major . Construction
(Years) Construction
Rehab
HPCP Mgéa)S)W 60 (est.) N/A 95 $39,981 $38,244 | $1,737 4%
CRCP
Bonded TX US-281 33 135 65 $68,150 $62,967 $5,183 8%
(1969)
Overlay
F([i 9U8§')1 40 (est.) N/A 75-115 $37,442 $37,442 $0 0%
- 0,
Unbonded IL&;?JS;?S) 31 (est.) N/A 70 $17,530 $15,893 $1,637 9%
Overlay (1999) 25 (est.) N/A 85 $17,271 $14,410 | $1,861 11%
I\(11C919_78)5 40 (est.) N/A 90 $32,913 $32,101 $812 2%
CA I-5 (1947) 51 172%* 75 $36,920 $33,981 $2,939 8%
C(?9I7_67)0 28 N/A N/A $20,880 $17,785 $3,095 15%
Conventional TA US-20
JPCP + (1968) 35 160 75 $38,895 $28,816 | $10,079 26%
Rehab MI US-41
- [
(1960) 30 130 120 $18,908 $16,851 $2,057 11%
WA [-5 (1969) 27 160 85 $18,418 $16,752 $1,666 9%

* - Data for 3" rehabilitation (data for 1* and 2™ rehabilitation unavailable)

The data in Table 4-1 indicates that there is practically no difference in the average time to first
major rehab for most of the cases with longer-life design features (33.8 years, 5 cases) and the
conventional JPCP plus rehabilitation cases (34.2 years, 5 cases), except for the Minnesota
HPCP project, which is expected to provide 60 years of service without major rehabilitation. It
must be noted that all times to rehab are known for the conventional JPCP cases and are
estimated for the unbonded overlay cases, so the difference could be greater than calculated here.
Project-specific information concerning the time to first rehab for the projects with long-life
design features is presented below.

e The Minnesota [-35W project is a JRCP that was designed and constructed with
additional thickness, stainless steel dowels, more durable concrete components and
mixture proportions, and other long-life features for a stated design service life of 60
years. Pavement ride quality has deteriorated only slightly during the first 20 years of
service and only minor repairs and periodic diamond grinding are anticipated through the
60-year analysis period (see full case study in Chapter 2 of Volume 3 of this report).

e The Texas US-281 CRCP project was likely designed with a 20-year service life (typical
for that period — original design reports are not available) but received no treatment for
33 years, after which time approximately 6 percent of the pavement was replaced with
full-depth repairs and a bonded concrete overlay was placed (see full case study in
Chapter 7 of Volume 3 of this report).

e The unbonded concrete overlay examples from Florida, Illinois, Michigan, and North
Carolina (described in Chapters 3 through 6 of Volume 3 of this report) all contain
various elements of long-life pavements, including strong, uniform foundation support
(through the original underlying concrete pavement structure). Their times and qualities
of service to first major rehabilitation are summarized below.
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— The Florida project has provided more than 30 years of service to date without
rehabilitation and only minor panel cracking and joint faulting. There are no major
rehabilitation plans before year 40.

— The Illinois CRCP overlay of CRCP underwent minor repairs (1% patching) after 19
years and is expected to provide at least 30 years of service before major
rehabilitation. Reported IRI values have been 80 or less throughout the entire service
period to date.

— The Michigan overlays on US-23 have provided 20 years of service to date while
providing excellent ride quality (IRI values generally between 70 and 90) without any
repairs, and none planned until at least year 25.

— The North Carolina project has undergone only minor repairs through more than 20
years of service. The initial overlay IRI was approximately 100 and increased with
time, likely due to the long joint spacing (because there was little distress); diamond
grinding in year 13 reduced IRI to less than 70, where it has remained. The pavement
has provided excellent performance, and major rehabilitation is not anticipated until
after at least 40 years of service.

Unfortunately, time to first major rehabilitation alone is not a good indicator of the potential
benefits of using long-life design concepts because it fails to reflect differences in pavement
management choices (e.g., to preserve the pavement at high levels of service quality that defer
major rehabilitation versus allowing the pavement to deteriorate with little maintenance effort
until major rehabilitation is required). It also does not reflect the quality of service provided
during the interval between construction and first major rehabilitation.

Table 4-1 summarizes estimated IRI values for the project case studies. The projects with one or
more long-life design and construction features (i.e., HPCP, CRCP and unbonded overlay
projects) are all 20-50 years old, are providing very good ride quality (IRI 65 — 115) and only
one has experienced a major rehabilitation (Texas US-281). By comparison, the three
conventional JPCP projects for which data are available typically exhibited IRI values of 130 —
160 at their time of first major rehab at an average age of only 31 years. This suggests that, while
the time to first major rehab is expected to be similar for all these projects (except for the HPCP
project), the quality of service provided is much higher for the projects with long-life design and
construction features.

The LCCA information in Table 4-1 presents EUAC/lane-mile ($2019) for initial construction and
maintenance/rehab/preservation expenses for all considered projects using the 3.5 percent
discount rate that is often considered representative of average economic conditions over the last
70 years (although it overestimates typical long-term discount rates for the last 10+ years). In
comparing annualized costs between different types of projects, it is apparent that annualized
rehabilitation costs are generally higher for the conventional JPCP projects ($1666 - $3095,
average = $2439 for all projects except [A US-20) than for the other projects ($812 — 1861,
average = $1511 for all projects except FL US-1 and TX US-281). Annualized rehabilitation
costs, expressed as a percent of total annualized costs, are also generally much lower for the
projects with long-life design and construction features (2 — 11 percent, averaging 7 percent)
than for the conventional JPCP projects (8 — 15 percent, averaging 11 percent).
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It is not unreasonable to assume that user costs and environmental impacts generally increase
with increased rehabilitation activity and associated agency costs. Since the projects with long-
life design features generally have lower annualized rehabilitation costs (and since the quality of
service provided before rehabilitation is generally higher), they are expected to have lower
associated user costs and environmental impacts as well.

The two projects excluded from the rehabilitation cost analyses above feature overlays rather
than CPR. The Iowa US-20 project was overlaid with asphalt concrete after 35 years (the first
major rehab for the project), and the overlay was removed only 11 years later when IRI was 160,
resulting in an annualized cost of $10,079. The Texas CRCP project was overlaid with bonded
concrete, which has been in place for 18 years and is expected to provide 30 years of high-
quality service with minor rehabilitation; the annualized cost of that overlay is estimated at
$5183. The annualized costs of these overlays are much higher than the typical annualized costs
of rehabilitation on the other projects.

In this study, unbonded concrete overlays are being treated as new construction on high-quality
foundation materials (i.e., the underlying pavement structure) because the underlying principles
of unbonded concrete overlay design treat them as new construction with very little dependence
on the strength and quality of the underlying pavement. However, their economic analysis could
also be considered as part of a larger analysis involving the original pavement structure, in which
case the values shown as annualized initial construction costs in Table 4-1 would instead be part
of the rehabilitation costs of the original pavement. These values range from $15,410 to $37,442
for the four unbonded overlay projects considered here. The annualized initial costs of the
Florida project ($37,442) are likely greatly exaggerated because that project is an experimental
project involving the construction of 18 different test sections of varying thickness and joint load
transfer system designs; therefore, they should not be considered in this manner. However, in
general, it is safe to that the annualized agency costs of placing any type of overlay that is not
considered “new pavement construction” appear to be much higher the costs of pavement
preservation and rehabilitation. A decision to use overlays rather than preservation and
rehabilitation may be justified based on the quality and duration of service, however.

It can also be seen in Table 4-1 that the annualized costs of initial construction for the Texas
CRCP and, to a less extent, the Minnesota HPCP are much higher than the typical annualized
initial construction costs for the other projects. The Minnesota DOT reported that the incremental
cost of constructing HPCP was 3.4% over the cost of conventional pavement, so most of the
added cost on that project must be related to project-specific and local factors. Reasons for the
unusually high annualized cost of the Texas CRCP (which is 2 — 4 times higher than most other
projects considered) are not known (beyond the cost of additional steel and associated
installation labor). In spite of these higher annualized initial construction costs, decisions to use
HPCP and CRCP, like overlays, may be driven by the quality and duration of service provided to
the first major rehab (33 — 60 years in these two cases).

The effects of varying discount rate on LCCA analyses can be significant, as discussed later in
this section. The biggest impact that they have on the analyses presented in Table 4-1 and
discussed above is that the proportion of total annualized costs attributable to rehab costs
increases greatly with reduced discount rate (up to 54 percent of total costs for the lowa project
at 0% discount rate, for example) and decreases with increased discount rates. The relative costs
and trends observed in comparing projects, as described above, do not change, however.
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Value of Pavement Preservation

The value of pavement preservation is apparent in the included case studies where minor
rehabilitation (preservation) was performed at a relatively young age to maintain the pavement at
a high level of service quality and to prevent distresses from progressing to critical levels. For
example, the North Carolina I-85 unbonded concrete overlay was only 13 years old when a
minor rehabilitation (0.03% partial-depth spall repairs, joint resealing, and diamond grinding)
was performed to improve ride quality and to reduce the impact of moisture and incompressible
infiltration on the development of future pavement distress. The site visit conducted 9 years later
found that the pavement was still in very good condition with excellent ride quality, indicating
that the preservation work was effective.

The value of pavement rehabilitation (if not considered preservation because of the later timing
of the work) in extending original pavement service life is also readily apparent in most of the
conventional JPCP projects. Given the original years of construction for these projects (1947 —
1976), it is likely that their original design service lives were all around 20 years, which was
typical for that era. All have been restored, generally after 20 or more years of service, to provide
acceptable levels of ride quality for at least 50 (and as much as 79) years of service at costs far
less (in constant dollars) than the original construction costs. The same is true for the Texas
CRCP project.

Impact of Preservation Timing

It is generally accepted that there is an “optimum” time for performing preservation treatments:
applying a treatment too late is believed to often result in increased repair quantities, reduced
level of effectiveness and reduced interval to the next required intervention, while applying a
treatment too early may not produce enough benefit to justify the cost of the treatment. For
example, diamond grinding is highly effective in improving pavement ride quality and surface
friction characteristics, but the benefits derived in a single pass are related to the initial texture
and roughness of the pavement surface (among other factors). If the pavement is too rough (e.g.,
high levels of faulting, slab curl, etc.), the improvement in ride quality gained through a single
pass of grinding equipment may not meet smoothness requirements and the process may take
longer and be more expensive than if the work was performed when the pavement was less
rough. Conversely, there may be little benefit in service quality or deferred intervention derived
from diamond grinding a new, well-constructed pavement with low IRI and good friction values.

The case studies considered in this project provide insight into the impact of preservation timing
on effectiveness of preservation and service interval (time to next intervention). Table 4-2
summarizes rehabilitation activities, pavement age at time of rehabilitation, resulting service
interval and DLMY (cost per lane-mile year of service derived) for each of the cases studies
under this project. The following observations can be made:

e California I-5 is the only project studied that has undergone multiple blanket grinding
operations. The first grind, performed after about 20 years, provided nearly 40 years of
service before a second blanket grind was performed at year 59. The second blanket grind
(which followed patching in years 43 and 54) provided only 10 years of service before
major patching and a third blanket grinding in year 69. The third grind is expected to also
provide 10 years of service.
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Table 4-2. Summary of Preservation Activities, Timing, Service Life and DLMY.

Pavement Age Service
. .. at Rehab/ .
Project Type State Activity . Life DLMY ($2019)
Construction
(Years) (Years)
HPCP MN JPCP 0 60 $15,900
0 63 25,287
CRCP Bonded X CRCP 52
Overlay Bonded Overlay 33 30 $13,318
CPR (Minor Patching) 47 6 $796
FL UBOL 0 40 $17,763
UBOL 0 41 $8,373
IL CPR 19 12 $1,573
Unbonded (Patch, Joint Seal)
Overlays MI UBOL 0 40 $8,277
(US-23)
UBOL 0 40 $34,714
NC CPR (Minor Patching, Diamond 13 15 $2,294
Grinding, Joint Reseal)
JPCP 0 73 $12,422
Diamond Grind 19.5 25 $1,409
Grooving 32 47 $473
CA CPR (Patching, Spot Grinding) 43 7 $1,090
CPR (Minor Patching) 54 15 $226
Diamond Grind 59 10 $4,548
CPR (Major Patch and Diamond Grind) 69 10 $26,441
JPCP 0 57 $7,660
(6[0) CPR (Patching) 28.5 9.5 $11,178
CPR (Patching and Grinding) 38 9 $6,504
JPCP+Rehab JPCP 0 56 $12,561
A Drainage 23 33 $7,447
HMA Resurfacing 35 11 $16,761
HMA Removal, DBR, Grinding 46 10 $38,561
JPCP 0 67 $6,469
MI CPR (Patching) 30 10 $2,969
(US-41) CPR (Patching and Resealing) 40 7 $5,677
CPR (Patching and Resealing) 47 10 $9,611
CPR (Patching and Resealing) 57 10 $9,611
WA JPCP 0 56 $7,302
CPR (DBR, Grinding, Cross Stitching) 27.5 13.5 $5,564

The first diamond grind provided the greatest service interval; the effectiveness of later
grinding activities was likely shortened by the placement of repairs. In addition, it is

possible (or even likely) that the pavement ride quality (even without patching) was much
lower 40 years after the first grind than it was 20 years after construction, such that a
single pass grinding operation would produce a smoother result for the first grind than for
the second. If the second grind had been done sooner, it may have improved the result of
the grind and resulted in a longer service interval for that grind while providing a higher
quality of ride throughout the interval (although it would have also decreased the
apparent service interval of the first grind).

The cost of the second blanket grind (in constant 2019 dollars) was nearly 30 percent
higher than that of the first grind, which may reflect the additional cost of grinding a
rougher pavement the second time. Dividing these costs by the number of lane-miles and
the provided service intervals produces the DLMY (dollars per lane-mile per year of
service) values shown in Table 4-2. The DLMY value for the second grind is about 4.5
times that of the first grind, which indicates that far less value was obtained from the
second grind than for the first grind.
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Patching was performed on more than one occasion on several projects. For California I-
5, patches placed at years 43, 54 and 69 have been assigned service lives of 7, 15 and 10
years, respectively. On Colorado I-70, patches placed in years 28-29 and 30 have been
assigned similar service lives of 9.5 and 9 years, respectively. On Michigan US-41,
patches have been constructed in years 30, 40, 47 and 57, with resulting assumed service
lives of 10, 7, 10, and 10 years, respectively. The service life shown for each patching
operation listed in Table 4-2 assumes or implies that patches placed in one operation are
replaced during the next patching operation; while it is possible (or even likely) that some
patches are replaced in the next patching operation, the assumption that all patches are
replaced is an assertion that cannot be proved or disproved for any of these projects and,
therefore, the service lives presented may be conservative.

No patches were placed before 28 — 43 years of service on these projects — well after their
assumed design service lives. With such late placements, service intervals are
consistently between 7 and 15 years with little correlation to age at placement.

The projects in Washington and Texas have only one patching operation each, but it is at
similar pavement ages (27-28 and 47 years, respectively) and the service life projections
(13-14 and 6 years, respectively) are based on end-of-pavement-life assumptions more
than repair longevity, so they provide no additional insight.

The unbonded overlay projects in Illinois and North Carolina experienced minor patching
at earlier ages - 19 and 13 years of service, respectively (although the North Carolina
patches were mainly partial-depth repairs). Their service lives are still expected to be
only 12 and 15 years, respectively.

In summary, the case studies considered under this project demonstrated no relationship
between pavement age at patching and patching service interval.

Four unbonded concrete overlays projects were included in this study, including one over
asphalt pavement (the Florida test sections), two over continuous reinforced concrete
pavement (in [llinois and North Carolina) and one over jointed concrete pavement (in
Michigan). Since unbonded concrete overlays are designed as new concrete pavements
over a high-quality foundation, one might expect that the performance of a properly
designed and constructed unbonded concrete overlay is not greatly influenced by the
timing of its placement because an underlying pavement in relatively poor condition still
provides stronger support than most constructed base layers; it is mainly the uniformity
of support provided by the old pavement that must be controlled (e.g., to eliminate
rocking slabs or soft areas of structure). Details concerning the condition of the
underlying pavements at time of overlay (as described in the detailed case study chapters
of Volume 3 of this report) are difficult to compare directly (especially given the three
different underlying pavement types). It seems likely that there were some differences in
pavement condition among the four projects, but all four overlays are performing
comparably, with expected service lives of 40 or more years. Therefore, it seems
reasonable to conclude that unbonded overlay performance is not sensitive to time of
placement provided the overlay is properly designed and constructed (using an
appropriate separation layer) and the underlying pavement is properly prepared to receive
the overlay (i.e., repaired as necessary to provide reasonably uniform support).
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Impact of Selected Discount Rate

Table 4-3 presents a summary of LCC analyses for the project case studies (arranged by project
type) for various discount rates between 0 and 5 percent. All costs are given as the present value
at time of construction, expressed in equivalent 2019 dollars, and have been normalized for
project length (i.e., $2019/lane-mile).

The tremendous impact of even small changes in discount rate on the present value of future
work is apparent, particularly for longer analysis periods. For example, the undiscounted value of
maintenance and rehab work that was performed on JPCP projects over the analysis period
ranged from $122k - $816k (n = $353k, 6 = $238k for the 6 projects), which amounted to 15 —
54 percent (u = 33%, 6 = 12%) of the total project costs. Discounting the costs of post-
construction maintenance and rehab work by as little as 2% annually reduced the present value
of this work by half or more (depending on the timing and cost of the work); discounting by
3.5% annually (a value representative of many highway agency economic analyses) reduced the
present value of future work by about 2/3, while the use of a 5 percent discount rate reduced the
present value of future work by 73 — 90 percent (to a range of 4 — 18 percent of total project
costs). Similar trends are apparent in the tabulated data for the bonded and unbonded overlay
projects.

It is clear that LCCA are highly sensitive to the selection of discount rate. This is especially
concerning for long-life and “perpetual” pavement systems, in which case the value of future work
becomes so small as to have no impact on pavement type and rehabilitation type selection, even
though these highly discounted amounts are very real when they must eventually be realized.

Table 4-3. Summary of Case Study LCCA for Various Discount Rates.

Long-Life HPCP: Minnesota I-35W LCCA: 60-year Analysis Period

Present Value per Lane-Mile in 2000 ($2019/lane-
Year Activity mile) EUAC ($2019/1ane-mile/year)
0% DR 2% DR 3.5% DR 5% DR 0.0% 2.0% 3.5% 5.0%
Total Project (Analysis Period
2000-2060) $1,120,708 | $1,029,223 $997,296 $979,898 | $18,678 | $29,609 | $39,980 $51,766
Maint & Rehab Activities $166,732 $75,247 $43,320 $25,922 | $2,779 | $2,165 | $1,737 $1,369
% Maint & Rehab $ 15% 7% 4% 3% 15% 7% 4% 3%

Bonded CRC Overlay: Texas US-281 LCCA: 63-year A

nalysis Period

Present Value per Lane-Mile in 1969 ($2019/lane-
Year Activity mile) EUAC ($2019/1ane-mile/year)
0%DR | 2%DR | 35%DR | 5%DR | 00% | 2.0% | 3.5% 5.0%
Total Pm]f;é;_‘z‘aglzy)“s Period | o> 008,596 | $1,806,738 | $1,724.230 | $1,674.269 | $31,882 | $50.694 | $68,150 |  $87.773
Maint & Rehab Activities $415,505 | $213,648 | $131,140 $81,178 | $6,595 | $5,995 | $5.,183 $4.256
% Maint & Rehab $ 21% 12% 8% 5% 21% 12% 8% 5%

Florida US-1 LCCA: 40-year Analysis Period

Present Value per Lane-Mile in 1988 ($2019/lane-
Year Activity mile) EUAC ($2019/1ane-mile/year)
0% DR 2% DR 3.5% DR 5% DR 0.0% 2.0% 3.5% 5.0%
Total Project (Analysis Period | 799 579 | 799,579 |  $799,579 | $799,579 | $19,989 | $29,229 | $37.442 | 546,598

1988-2028)

Maint & Rehab Activities

% Maint & Rehab $
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Table 4-3. Summary of Case Study LCCA for Various Discount Rates (continued).

Illinois I-74 LCCA: 41-year Analysis Period

Present Value per Lane-Mile in 1995 ($2019/lane-

Year Activity mile) EUAC ($2019/l1ane-mile/year)
0% DR 2% DR | 35%DR | 5% DR 0.0% 20% | 35% | 5.0%
Total Pr"f;gt 5(318216%5“ Period $436,386 |  $396,416 | $378,653 | $367,110 | $10,644 | $14,260 | $17,531 | $21,227
Maint & Rehab Activities $93,101 $53,130 $35,368 $23.825 | $2.271 | $1.911 | $1.637 | $1.378
% Maint & Rehab $ 21% 13% 9% 6% 21% 13% 9% 6%

Michigan US-23 LCCA: 40-year Analysis Period

Present Value per Lane-Mile in 1999 ($2019/lane-

Year Activity mile) EUAC ($2019/l1ane-mile/year)
0% DR 2%DR | 35%DR | 5%DR 0.0% 20% | 35% | 5.0%
Total Prmf;;;_‘;gglgy;ls Period $423,006 |  $386,333 | $368,828 | $356,821 | $10,575 | $14,123 | $17,271 | $20,795
Maint & Rehab Activities $93,920 $57,247 $39,742 $27,735 | $2,348 | $2,093 | $1,861 | $1,616
% Maint & Rehab $ 22% 15% 1% 8% 22% 15% 11% 8%

North Carolina I-85 LCCA: 40-year Analysis Period

Present Value per Lane-Mile in 1997 ($2019/lane-

Year Activity mile) EUAC ($2019/1ane-mile/year)
0% DR 2% DR 3.5% DR 5% DR 0.0% 2.0% 3.5% 5.0%
Total Prmf;;;_‘;gggy;ls Period 1 41 457,400 | $1.434.942 | $1,423.711 | $1.415,601 | $36,435 | $52.455 | $66.669 | $82,499
Maint & Rehab Activities $68,833 $46,373 $35,141 $27,031 $1,721 $1,695 $1,646 $1,575
% Maint & Rehab $ 5% 3% 2% 2% 5% 3% 2% 2%
California I-10 LCCA: 79-year Analysis Period
Present Value per Lane-Mile in 1947
Year Activity ($2019/lane-rr;11§2/ EUAC ($2019/1ane-mile/year)
0% DR 2% DR ]')Ro 5% DR 0.0% 2.0% 3.5% 5.0%
Total Pr"ﬂ%ﬁ%ﬁ?gf“ Period | ¢1 401,100 | $1,070,612 | $985,202 | $947,776 | $17,735 | $27,077 | $36,920 $48,414
Maint & Rehab Activities $494,319 $163,831 $78,421 $40,995 $6,257 $4,143 $2,939 $2,094
% Maint & Rehab $ 35% 15% 8% 4% 35% 15% 8% 4%
Colorado I-70 LCCA: 57-year Analysis Period
Present Value per Lane-Mile in 1976
Year Activity ($2019/lane—n;115ez/ EUAC ($2019/1ane-mile/year)
0% DR 2% DR ]')Ro 5% DR 0.0% 2.0% 3.5% 5.0%
Total Projlegc;égg%y)“s Period | 697805 | $563,913 | $512,628 | $482,859 | $12,243 | $16,670 | $20.881 $25,738
Maint & Rehab Activities $261,188 $127,277 $75,992 $46,223 $4,582 $3,762 $3,095 $2,464
% Maint & Rehab $ 37% 23% 15% 10% 37% 23% 15% 10%
Iowa US-20 LCCA: 56-year Analysis Period
Present Value per Lane-Mile in 1968
Year Activity ($2019/lane-n;115ez/ EUAC ($2019/lane-mile/year)
0% DR 2% DR i)Ro 5% DR 0.0% 2.0% 3.5% 5.0%
Total Project (Analysis Period
1968-2024) $1,519,440 | $1,106,659 | $949,419 | $857,756 | $27,133 | $33,030 | $38,895 $45,873
Maint & Rehab Activities $816,047 $403,265 | $246,025 | $154,363 | $14,572 | $12,036 | $10,079 $8,255
% Maint & Rehab $ 54% 36% 26% 18% 54% 36% 26% 18%
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Table 4-3. Summary of Case Study LCCA for Various Discount Rates (continued).

Michigan US-41 LCCA: 67-year Analysis Period

Year

Present Value per Lane-Mile in 1960
Activity ($2019/1ane-mile) EUAC ($2019/1ane-mile/year)

0% DR 2% DR | 3.5% DR | 5% DR 0.0% 2.0% 3.5% 5.0%

Total Project (Analysis Period

1960-2027) $692,894 | $536,094 | $486,348 | $461,472 | $10,342 | $14,594 | $18,909 | $23,986
Maint & Rehab Activities $259,459 | $102,659 $52,913 $28,038 | $3,873 | $2,795 | $2,057 | $1,457
% Maint & Rehab $ 37% 19% 11% 6% 37% 19% 11% 6%

Washington I-5 LCCA: 56-year Analysis Period

Year

Present Value per Lane-Mile in 1969

Activity ($2019/1ane-mile) EUAC ($2019/1ane-mile/year)
0% DR 2%DR | 3.5%DR | 5% DR 0.0% 2.0% 3.5% 5.0%

Total Project (Analysis Period

1969-2025) $530,980 | $473,368 | $449,576 | $434,938 | $9.482 | $14,128 | $18,418 | $23,261
Maint & Rehab Activities $122,075 | $64,462 | $40,671 | $26,032 | $2,180 | $1,924 | $1,666 | $1,392
% Maint & Rehab $ 23% 14% 9% 6% 23% 14% 9% 6%

Summary of Current Strategy Selection Strengths and Weaknesses

The key strengths and weaknesses of the various current techniques for strategy selection
discussed in the preceding section are summarized below:

Strengths

For LCCA-based techniques:

Widely accepted as tools for making strategy selection decisions.
Provide reasonable guidance when inputs are known with reasonable certainty.

PWC and EUAC analyses are direct, relatively simple and provide consistent,
unambiguous results.

For CEA:

Requires only a quantification of benefits (not necessarily a monetary value) and cost
of implementation.

Weighting techniques and annualized costs can be used to compare overall cost-
effectiveness of any given strategy with respect to several non-monetized benefits
that accrue over different analysis periods.

Offers the potential to highlight safety and sustainability impacts of various
treatments, which are difficult to incorporate in LCCA.

For RSI:

Provides an approach for determining and communicating future preservation,
maintenance, rehabilitation, and construction needs.

Offers a way to evaluate potential service-level impacts of alternate budget levels
(network-level use) and alternate treatment strategies (project-level use).

Useful in helping agencies move from “worst first” programming to lowest life-cycle
cost strategies.
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e DLMY:

In simplest form, avoids most of the pitfalls of conventional LCCA, including
consideration of discount rate, and the cost and timing of future activities.

Offers a way to evaluate potential service-level impacts of alternate budget levels
(network-level use) and alternate treatment strategies (project-level use).

Useful in helping agencies move from “worst first” programming to lowest life-cycle
cost strategies.

Weaknesses:

e For LCCA-based techniques:

The inability to accurately consider strategy options with significantly different
benefits and service life impacts.

The effects of inaccuracies in assumed timing, cost and effectiveness of future work
activities on accuracy of the analysis.

The impact of using discount rates that fail to reflect future economic reality.

Inaccuracies in the estimation and treatment of salvage value and remaining service
life value at the end of the economic analysis period.

e For CEA-based techniques:

Difficulties in quantifying benefits that accrue nonuniformly along the project length
or over time.

The subjective development of weighting factors in multi-objective analyses.

Useful for ranking treatments but cannot be used for determining whether or not a
project should be undertaken.

e For RSI:

Relies on existing economic analysis techniques; and therefore, suffers from
sensitivities to discount rate, projected activity costs, activity timing, etc.

Identifies acceptable strategies but does not (in current forms) appear to allow
optimization (i.e., maximization of service units purchased for any given funding
level).

Does not appear to be useful for making budget allocation decisions at the network
level.

e For DLMY:

Considers only initial activity costs and assumes no future costs to achieve treatment
service life, which may be reasonable for short-term fixes, like pavement
preservation, but is likely not appropriate for longer-term strategies.

When implemented with consideration of downstream activities, DLMY relies on
current LCCA techniques and, therefore, suffers from sensitivity to projected activity
costs and timing, discount rate, etc.

As currently described, DLMY does not consider costs or benefits other than agency
costs (e.g., user costs, safety benefits, environmental impacts, etc.).
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— Does not currently reflect differences in quality of service offered by different
treatments (e.g., patching alone versus patching with diamond grinding, both of
which may be assumed to extend service life by, say, 15 years, but would provide
different ride qualities over that service interval).

— When used as a tool for network-level resource allocation, does not currently consider
the impact of improved service levels on the numbers and types of vehicles using
each facility (i.e., increases in lane-mile-years of service are treated equally for all
pavement segments, regardless of traffic volumes and classifications using the
facilities.

General Framework
Project-Level Analyses

Summary of Considerations and Requirements

Current life-cycle cost analysis (LCCA) techniques are highly sensitive to assumptions
concerning the timing and costs of activities, the selected discount rate, and other factors. The
degree of certainty in estimating these factors (especially the timing and costs of maintenance,
rehabilitation, and reconstruction activities) decreases the further ahead they must be forecast or
predicted because policies and budgets can change in significant and unforeseeable ways, even
over relatively short periods of time. Such variability calls into question the value of seriously
considering such speculative long-term analyses when determining immediate and short-term
policies.

Analyses that place more emphasis on shorter-term time frames offer the potential for simpler,
more transparent evaluations that avoid many of the pitfalls associated with forecasting highly
variable activity costs and timings. If the consideration of future events can be eliminated, the
need for a discount rate is also eliminated, which removes another source of uncertainty from the
analysis.

Another weakness of using current LCCA techniques for selecting a preferred project treatment
from a pool of candidate treatments is that it the analysis generally assumes or infers that all
feasible candidate treatments provide equal (or at least comparable) benefits in terms of both the
duration and quality of service (e.g., they all provide x years of service before the next service
intervention and all provide similar performance metrics, such as IRI and surface friction, over
the service interval). Different candidate treatments likely address project needs in different
ways, so it is unreasonable to assume that they all provide identical performance results.
Alternatively, it is often desirable to be able to consider candidate treatments that intentionally
provide different performance results (e.g., a lower-cost, short-term fix versus a higher-cost
longer-term fix). While strategies with different service lives can be handled in conventional
LCCA by using equivalent uniform annual cost (EUAC) analyses or by adjusting the cost stream
using remaining service life (RSL) values, there are inherent assumptions in using EUAC and
RSL values (e.g., the linear depreciation manner in which the RSL is typically estimated and the
implication of repeated strategy applications in EUAC comparisons of strategies with different
service intervals).

It would be useful if the strategy selection techniques used for project-level analyses were also
more directly and immediately useful for network-level asset allocation and optimization.
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Framework Recommendations — Project Level

The first step is to develop candidate preservation and repair strategies that are feasible for the
project being considered — each strategy proposed must at least adequately address the
immediate or impending functional and structural needs of the project. “Do nothing” is a
candidate strategy for any project that is not at or below critical performance or safety thresholds
or for which work is mandated by policy or other driving factors; in other words, “do nothing” is
not an option for any project that must be addressed immediately and for which further deferral
of action is not an option.

Preliminary strategy selection should be performed based on the cost-effectiveness of the
candidate strategies (i.e., which strategy provides the most benefit per unit of cost or, conversely,
which minimizes the cost per unit of benefit). Greatest emphasis should be placed on costs and
benefits that are known with the most certainty (i.e., near-term benefits and costs). It may be
appropriate to eliminate consideration of long-term costs and benefits from preliminary strategy
selection processes to eliminate uncertainties in estimating the timing and magnitude of those
costs and benefits, as well as the consideration of discount rates. Preliminary strategy selections
can be verified with consideration of long-term costs and benefits in later stages of evaluation.

Determination of strategy cost-effectiveness is essentially a benefit-cost analysis in which an
agency-defined metric is used to characterize the benefits or returns on investment of agency
funds in the project. In conventional LCCA, it is assumed or implied that all candidate strategies
provide similar benefits or function; with similar benefits, the resulting analysis devolves into
determining which strategy provides those benefits at the lowest cost (i.e., minimizing the
cost/benefit ratio). Consideration of other factors in the decision process, some of which could be
considered costs and benefits that are not easily or indisputably quantified (e.g., user costs,
sustainability, etc.), is done separately using a formal weighted decision factor process (as
described in NHI’s Value Engineering course (FHWA 2013) or on an informal basis.

The Cost-Effectiveness references cited earlier in this chapter (WRA-PIARC 2012 and Markow
2012) provide additional guidance and insight on the characterization, non-monetary
quantification, and direct consideration of benefit metrics such value of crash avoidance,
reductions in travel time (a user benefit or reduction in user cost), etc., in cost-effectiveness
analysis (CEA). They also discuss concepts for balancing several types of benefits in a single
analysis using weighted calculations and Multi-Criteria analysis.

The DLMY approach promulgated by Galehouse and Sorenson (2007) can also be considered to
be a specialized version of a CEA or benefit-cost analysis in which the benefit is defined as lane-
mile-years of service, costs comprise only agency costs, and the analysis period extends only
through the duration of time until the next similar rehabilitation or preservation application (or
until the end of section service life, whichever comes first). The project-level objective (absent
any project- or network-level financial constraints) is to select the preservation strategy that
maximizes the return on investment (i.e., provides the greatest increase in lane-mile-years of
service per dollar or other unit of investment).

Galehouse and Sorensen demonstrate the potential usefulness of this metric ($/lane-mile-year of
service) in allocating limited resources at the network level through an example in which the
total number of lane-mile-years of service purchased is increased by shifting funding allocations
from more expensive long-life strategies (applied to relatively few lane-miles of pavement) to
less expensive short- and mid-term strategies (applied to much greater lengths of pavement).
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This demonstrates one way to use CEA-type analyses at both the project and network levels and
provide a basis for developing a framework for strategy selection under this project.

The above discussion supports the following requirements, features, and components of a
developed, comprehensive pavement preservation strategy selection framework:

e The process should be based primarily on analyses of the cost-effectiveness of competing
treatments.

e The primary objective (meaning, in this use, the measure or indicator to be maximized or
minimized in an optimization problem) should be related to the rate at which agency
funds are expended to maintain the project (and network). The DLMY objective, “$/lane-
mile-year,” is a reasonable objective that can be estimated easily (and simplicity and
transparency are attractive qualities in strategy selection). This objective could be more
generically expressed (with all due sensitivity to users of other forms of currency and
other systems of measurement) as “Agency Cost/Pavement Unit/Time Unit,” although
the acronym ACPUTU doesn’t roll off the tongue as nicely as does DLMY.

e There is also value in the simplicity, transparency and elimination of input variability that
comes with performing strategy selections by considering mainly (or even only) costs and
benefits that are known or can be foreseen with reasonable certainty. This supports the
idea of performing DLMY analyses for strategy selection over the period of service
provided by the applied strategy. This service interval will vary for different strategies
and likely varies with the time of application for some strategies (e.g., diamond grinding).

e Additional objectives functions, such as measures of user costs, sustainability, reduction
of crash frequency and severity, etc., can eventually be considered through Multi-Criteria
Analysis, as described previously. Single objective analysis should be considered a good
starting point before proceeding to more complex analyses.

e One deficiency of the DLMY approach is that the value of one lane-mile-year of service
can vary dramatically with the quality of service (e.g., a year of service with IRI = 150
versus a year of service with IRI = 65) and with the volume and composition of traffic
carried (e.g., a year of service on a rural road carrying 200 vehicles per day of local
traffic versus a year of service on an urban interstate highway with 140,000 vehicles per
day, including 20 percent heavy commercial vehicles). It is important that consideration
be given to weighting the DLMY objective function to account for quality of service
provided and number and/or type of vehicles serviced. This could be referred to as a
“traffic and service-weighted DLMY.”

e Agency-specific service intervals should be developed for each preservation or
rehabilitation activity based. Guidance on selection of service interval values should
reflect the possible impacts of pavement age at time of repair, traffic
volume/composition, and environmental conditions (i.e., moisture, freezing, use of
deicing chemicals, etc.).

e Service intervals for each construction, preservation or rehabilitation technique or should
be defined as follows:

— New Construction — the time between initial construction and planned (or actual)
reconstruction or placement of an unbonded concrete overlay.
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— Unbonded Concrete Overlay (UBOL) — the time between UBOL placement and
pavement reconstruction or placement of the next UBOL.

— Bonded Concrete Overlay on Concrete (BCOC) — the time between overlay
placement and planned (or actual) pavement reconstruction or placement of an
unbonded concrete overlay.

— Asphalt Overlay — the time between overlay placement and pavement reconstruction,
mill and overlay with asphalt, or placement of unbonded concrete overlay.

— Grinding, Grooving, Patching, Joint Sealing and other Pavement Preservation and
Rehabilitation Techniques — the time between placement/construction of the specific
technique until the next rehabilitation of similar type/function or until it is no longer
effective, even if it hasn’t been repeated (e.g., for joint resealing that eventually fails
and the joints are not resealed immediately, the end of the service interval is defined
by the time of sealant failure, not when resealing is eventually performed). Note that
the assigned serviceable interval of a technique is not shortened by pavement
reconstruction or placement of an overlay before the end of the interval; a debit for
the unused portion of the service interval can be taken during the DLMY analysis
(similar to the use of remaining service life value in LCCA).

— Strategies that include multiple techniques (e.g., full-depth repairs and diamond
grinding) are split into component processes, each of which has its own associated
service interval and may be different and vary (e.g., 10 years for full-depth repairs
and 15 years for diamond grinding for one project versus 15 years for full-depth
repairs and 20 years for diamond grinding on another project).

e Assuming that the only project-level optimization objective is to maximize the value of
service units (i.e., lane-mile-years of service, modified to account for quality of service
and/or volume/composition of traffic, if appropriate) obtained per dollar (or other
currency unit), DLMY (or “traffic and service-weighted DLMY”) values should be
determined for each feasible or responsive preservation or rehabilitation activity being
considered.

e It must be recognized that CEA and DLMY are both special versions of benefit-cost
analysis (B/C) and are, therefore, subject to the same caveats. One of the most important
of these is that the strategy with the highest B/C ratio (or, in this case, the highest ratio of
lane-mile-years of service per dollar) is not necessarily the most effective use of available
funds. All options must be ranked from lowest cost to highest cost and, starting with the
lowest cost option, an incremental B/C analysis must be done to determine whether the
value of the additional benefit gained is worth the additional expenditure of the higher
cost alternative (i.e., AB/AC > 1 for monetized benefits and costs). If so, the lower cost
alternative is rejected; if not, the higher-cost alternative is rejected. For the alternative
that remains, incremental benefits and costs are computed with the next higher cost
option. The process continues until all alternatives have been considered and only one
remains. It is often, but not always, the option that had the highest overall benefit/cost
ratio (or the lowest DLMY value) to begin with. This process ensures consistent strategy
selections with those of net present cost (NPC) or equivalent uniform annual value
(EUAV) when all costs and benefits can be monetized.

e Conventional deterministic LCCA techniques (e.g., NPV or EUAC) can be used to
evaluate the longer-term implications of the selected strategy. However, there may be
many possible sources of inconsistency and uncertainty in the conventional LCCA,
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including the inability to easily quantify differences in quality of service provided,
uncertainty in the timing and cost of future maintenance and rehabilitation activities,
assumptions concerning the discount rate, etc. Sensitivity analyses of these variables can
be performed when performing a deterministic LCCA; the use of stochastic
(probabilistic) LCCA is also an option for checking the validity of the DLMY -based
strategy selection. However, if consideration of future maintenance and rehabilitation
options based on local experience is a part of the development of the DLMY strategy
options, then it is not likely the selected strategy will be contradicted by an LCCA
conducted over a longer analysis period using increasingly uncertain inputs.

Framework Recommendations — Network Level

Galehouse and Sorenson (2007) provides a simplified example application of DLMY principles
for determining whether a particular allocation of network funding will result in an overall
increase or decrease in network condition by comparing the number of lane-mile-years of service
purchased to the number of lane-mile-years of service consumed each year. It also demonstrates
how the reallocation of network funding can be used to increase the quantity of lane-mile-years
of service purchased to ensure that overall network service life doesn’t decrease. It does not,
however, provide guidance or a framework for optimizing the allocation of network resources to
maximize the benefits (lane-mile-years of service gained) for a given level of funding.

The framework concepts and recommendations for project-level strategy selection are generally
applicable to the use of the same measures of cost-effectiveness (i.e., DLMY or “traffic- and/or
service-weighted DLMY) at the network level, with a few additional considerations, as described
below.

e At the network level, agencies must recognize that the problem is a multi-objective
optimization problem where the goal is to maximize network performance (using an
agency-defined indicator/metric — presumably DLMY, possibly weighted or modified to
reflect quality of service and composition/volume of traffic) while simultaneously
reducing life-cycle costs. This must usually be accomplished subject to:

— Budget constraints (as there is rarely enough budget to perform the optimum project-
level activity for all projects or roadway segments in the network).

— Minimum service or performance constraints that force the inclusion of some
roadway projects or segments into the program in any given year due to policy
requirements (e.g., IRI trigger at 150 in/mi, friction number trigger at 0.20, overall
pavement condition index trigger at 40, etc.), regardless of whether their inclusion
represents an optimal expenditure of resources.

— Any other condition or policy that drives resource allocation and/or strategy selection
for one or more projects in the network.

e For any given level of network funding first allocate money to the projects that must be
included in the program by policy or other requirements (e.g., projects whose inclusion is
triggered automatically by ride quality or safety deficiencies or other conditions).

— Funding should be hard-allocated for these projects according to the lowest-cost
feasible strategy option for each project. Sufficient funding should be reserved for
possible upgrading all of these projects to their most cost-effective strategy options.
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e After reserving funds for the most cost-effective treatments for all of the projects that
must be included in the program due to policy and other requirements, allocate the
remaining budget to the remaining network projects with the most cost-effective
strategies (as determined using the project-level optimization process described
previously).

— Rank all non-mandatory projects with their optimal strategy option from most cost-
effective to least cost-effective and allocate the remaining budget in top-down order
until there is insufficient budget to allocate to the next project on the list.

e The remaining budget to be allocated is now the difference between the budget required
to use the most cost-effective strategies and the least-cost strategies for the mandatory
projects. Starting with the lowest-cost mandatory project, perform incremental benefit-
cost analysis to determine whether it is more cost effective to invest additional funding in
the next lowest cost strategy for the same mandatory project or in the most cost-effective
strategy for the next project on the nonmandatory project list.

— If the mandatory project upgrade is selected, identify the mandatory project that now
has the lowest cost (it could be the same project or a different one) and repeat the
process.

— If the nonmandatory project is chosen, repeat the incremental analysis using the
project upgrade increment for the same lowest initial cost mandatory project and
compare with the cost-effectiveness of the most cost-effective strategy for the next
nonmandatory project on the list.

e Continue this incremental analysis process, comparing the relative cost-effectiveness of
upgrading the mandatory project strategies with implementing the most cost-effective
strategies for nonmandatory projects until the budget is completely allocated.

e Other network-level optimization techniques can be used to validate the results of the
approach described here. Differences in the optimization approaches and techniques and
their impacts on the optimization results should be fully considered in the event of
different results.

Application to Case Studies

DLMY analyses were performed for each construction, preservation, and rehabilitation activity,
as well as for the overall project strategy, for each of the eleven case studies included in this
project. This information is presented in Table 4-4, along with corresponding EUAC/lane-mile
values over a range of discount rates project. Cells without highlighting present activities that
have taken place and costs that have been incurred and are based on construction records or
informed estimates. Cells highlighted in yellow represent activities and costs that are presumed
or estimated for the future. Cells highlighted in green present summations and calculations of the
yellow and unhighlighted cells. All monetary values in these tables are expressed in terms of
equivalent 2019 dollars. This was done to facilitate more meaningful comparisons between
projects and to help identify patterns and trends in the costs when considering projects that were
constructed and maintained over a period of nearly 80 years.

The tabulated EUAC/lane-mile values are conceptually similar to the DLMY values in that both
metrics have the same units (i.e., $/lane-mile/year). However, the DLMY values for each work
activity are computed over the service period for that activity while the EUAC/lane-mile values
are developed by first determining a discounted net present value (at the time of construction, t =
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0) for each activity, and then determining the equivalent annual expenditure over the entire
analysis period for that activity (again considering the discount rate). DLMY analysis uses no
discount rate because the only cash flows are assumed to take place at the beginning of the
activity analysis period, so no discounting is needed. The different treatment of discount rate (at
least for non-zero EUAC/lane-mile values) and the difference in analysis period account for the
differences observed in comparing DLMY values with EUAC/lane-mile values for a selected
discount rate.

When the assumed discount rate is 0 percent, the two sets of values are closest — identical, in
fact, for the initial project construction cost because the discount rate and analysis period are the
same for DLMY and EUAC/lane-mile analyses in both cases. Even assuming 0 percent discount
rate, EUAC/lane-mile values are lower than DLMY values because they reflect an equivalent
stream of payments over a longer analysis period; the longer the project analysis period, the
greater the difference between the DLMY values and the EUAC/lane-mile values. As the
assumed discount rate increases, the differences between the columns increase rapidly.

Table 4-4. Summary of Case Study DLMY Analyses.

Minnesota I-35W DLMY Analysis Period: 6.9 lane-miles

- Service Cost Cost DLMY EUAC ($2019/lane-mile/year)
Year Activity Interval Incurred, Incurred, ($2019) Y . . Y
(Years) Sthen-current $2019 2019 0.0% 2.0% 3.5% 5.0%
2000 | HPCP Construction 60 $3,690,000 | $6,582,435 $15,900 | $15,900 | $27,444 | $38,244 | $50,397
CPR (Minor
2020 | Paiching, 15 $181,179 | $164,350 | $1,588 $397 $461 $480 | $474
Diamond Grinding,
and SPP)
CPR (Minor
2035 | patching, 15 $362,358 | $328,700 |  $3,176 $794 $685 $573 $456
Diamond Grinding,
and SPP)
CPR (Minor
2050 | Patching, — 10 $724,716 $657,400 |  $9,528 |  $1,588 | $1,018 $684 $439
Diamond Grinding,
and SPP)
Total Project (Analysis Period
2000-2060) 60 $7,732,885 $30,191 $18,678 | $29,609 | $39,980 | $51,766
Maint & Rehab Activities $1,150,450 | $14,291 $2,779 | $2,165 | $1,737 | $1,369
% Maint & Rehab $ 15% 47% 15% 7% 4% 3%
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Table 4-4. Summary of Case Study DLMY Analyses (continued).

Texas US-281 DLMY Analysis: 22.2 lane-miles

- Service Cost Cost Incurred, | DLMY EUAC ($2019/1ane-mile/year)
Year Activity Interval Incurred, $ ($2019) " Y . .
(Years) | Stencorren 2019 2019 0.0% | 2.0% | 35% | 5.0%
1969 CRCP Construction 63 $4,215,617 $35,299,695 $25,287 $25,287 $44,700 $62,967 | $83,517
2002 CPR (FDR) 30 $707,689 $1,242.784 $1,870 $890 $819 $712 $588
2002 CRC Bondeq 30 $2,838,026 $4,983,905 $7,498 $3,570 $3,283 $2,857 $2,357
Overlay Paving
2002 Ict;lzsgomer Bid 30 $1,495,155 $2,625,667 $3,950 $1,881 $1,730 $1,505 | $1,242
2016 CPR (FDR) 6 $100,000 $105,855 $796 $76 $53 $37 $25
2022 CPR (FDR) 10 $29,684 $248,557 $1,122 $178 $110 $72 $44
Total Project (Analysis Period 63 $44,506,462 | $40,522 | $31,882 | $50,694 | $68,150 | $87,773
1969-2032)
Maint & Rehab Activities $9,206,767 $15,235 $6,595 $5,995 $5,183 $4,256
% Maint & Rehab $ 21% 38% 21% 12% 8% 5%
Florida US-1 DLMY Analysis: 0.6 lane-miles
Service Cost Cost .
Year Activity Interval Incurred, | Incurred, ?;;M;( EUAC ($2019/1ane-mile/year)
(Years) Sthen-current $2019 2019, 0.0% 2.0% 3.5% 5.0%
1988 | UBOL Construction 40 $186,400 |  $454,161 | $19,989 | $19,989 | $29,229 | $37,442 $46,598
Total Project (Analysis Period
1988-2028) 40 $454,161 $19,989 | $19,989 | $29,229 | $37,442 $46,598
Maint & Rehab Activities $0 $0
% Maint & Rehab $ 0% 0%
Illinois 1-74 DLMY Analysis: 31.8 lane-miles
Service Cost Cost .
Year Activity Interval Incurred, | Incurred, ?;;M;{ - EUAS ($2019/lz‘1)ne-mlle/year) -
(Years) Sthen-current $2019 209, 0.0% 2.0% 3.5% 5.0%
1995 UBOL Construction 41 $5,117,028 | $10,902,740 $8,373 $8,373 | $12,349 | $15,893 $19,850
2014 | CPR (Paiching, Jt 12 $573,401 |  $599.356 | $1,573 | 8460 |  $466 |  $454 $432
Sealing)
2026 CPR (Patching, DG) 10 $2,245,844 $2,357,526 $7,423 $1,810 $1,445 $1,183 $946
Total Project (Analysis Period 41 $13,859,622 | $17,368 | $10,644 | $14,260 | $17,531 $21,227
1995-2036)
Maint & Rehab Activities $2,956,882 |  $8,996 | $2.271 | $1,911 | $1.637 $1,378
% Maint & Rehab $ 21% 52% 21% 13% 9% 6%
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Table 4-4. Summary of Case Study DLMY Analyses (continued).

Michigan US-23 DLMY Analysis: 42.6 lane-miles

Service

Cost

Year Activity Interval CO;t Incurred, Incurred, ]z; M;( OEUAC ($20019/lane-1;111e/ ear) .
(Years) then-current $2019 2019 0.0% | 2.0% | 3.5% 5.0%
1999 | UBOL Construction 40 $7,367,678 | $14,019,081 $8,227 | $8,227 | $12,030 | $15,410 | $19,179
2024 | CPR (Assumed) 15 $231,988 | $4,000,976 |  $6,261 | $2,348 | $2,093 | $1,861 | $1,616
Total Project (Analysis Period
1999-2039) 40 $18,020,057 | $14,488 | $10,575 | $14,123 | $17,271 | $20,795
Maint & Rehab Activities $4,000,976 |  $6,261 | $2.348 | $2,093 | $1,861 | $1,616
% Maint & Rehab $ 22% 43% 22% 15% 11% 8%
North Carolina I-85 DLMY Analysis: 20.3 lane-miles
Service Cost .
Year Activity Interval Co;t Incurred, Incurred, ?;M;{ OEUAC ($2°019/lane-rl:ule/ ear) -
(Years) then-current $2019 2019 0.0% | 2.0% | 3.5% 5.0%
1997 | UBOL Construction 40 $14,201,695 | $28,243,504 | $34,714 | $34,714 | $50,760 | $65,023 | $80,923
2010 | CPR (Patching, DG, 15 $351,997 $700,030 | $2,294 $860 $973 | $1,030 |  $1,064
Jt Reseal)
2025 | CPR (assumed based 12 $351,997 $700,030 |  $2,868 $860 $723 $615 $512
on 2010)
Total Project (Analysis Period 40 $29,643,565 | $39,877 | $36,435 | $52,455 | $66,669 | $82,499
1997-2037)
Maint & Rehab Activities $1,400,060 |  $5,162 | $1,721 | $1,695 | $1,646 | $1,575
% Maint & Rehab $ 5% 13% 5% 3% 2% 2%
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Table 4-4. Summary of Case Study DLMY Analyses (continued).

California I-10 DLMY Analysis: 20 lane-miles

Service

Cost

Cost

Year Activity Interval Incurred, Incurred, ]z;‘ M;{ OEUAC ($20019/lane-1(:111e/ ear) "
(Years) Sthen-current $2019 2019 0.0% 2.0% 3.5% 5.0%
1947 | JPCP Construction 79 $ 1,387,000 | $18,135,626 | $11,478 | $11,478 | $22,934 | $33,981 $46,320
1966 CPR (DG) 25 $ 48,091 $475,564 $951 $301 $413 $463 $481
1967 | CPR (DG) 25 $ 24,193 $229,017 $458 $145 $195 $216 $220
1976 | CPR (Grooving) 50 $ 70,320 $324,408 $324 $205 $231 $224 $201
1982 | CPR (Grooving) 44 $ 44,826 $131,554 $149 $83 $83 $74 $61
1991 | CPR(Slab 7 S 63,169 | $152,622 |  $1,090 $97 $81 $63 $46
replacement, DG)
1993 CPR (Slab 5 $ 7,656 $18,361 $184 $12 $9 $7 $5
replacement)
199g | CPR(Slab 8 $ 1,050,995 | $2,151,100 | $13,444 | $1,361 $991 $697 $456
replacement, DG)
2001 | CPR(Slab 15 $ 37,810 $67,820 $226 $43 $29 $20 $12
replacement)
2006 | CPR (DG) 10 $ 794,420 $909,564 $4,548 $576 $358 $224 $131
2012 | CPR (DG) 4 $ 125,919 $138,195 $1,727 $87 $48 $28 $15
2016 CPR (Slab 10 $ 4,995,694 | $5,288,176 | $26,441 $3,347 | $1,705 $923 $466
replacement, DG)
Total Project (Analysis Period 79 $28,022,008 | $61,022 | $17,735 | $27,077 | $36,920 | $48.414
1947-2026)
Maint & Rehab Activities $9,886,382 | $49,543 | $6,257 | $4,143 | $2,939 |  $2,094
% Maint & Rehab $ 35% 81% 35% 15% 8% 4%
Colorado 1-70 DLMY Analysis: 42 lane-miles
Service Cost Cost .
Year Activity Interval Incurred, Incurred, IZ;J M;{ OEUAC ($20019/lane—1:11e/ ear) .
(Years) Sthen-current $2019 2019 0.0% 2.0% 3.5% 5.0%
1976 | JPCP Construction 57 $3,975,175 $18,338,737 $7,660 | $7,660 | $12,908 | $17,785 | $23,274
2004 | CPR (Patching) 10 $1,239,469 $1,963,192 $4,674 $820 $794 $727 $636
2005 | CPR (Patching, DG) 9 $1,855,548 $2,458,543 $6,504 | $1,027 $974 $879 $758
2014 | CPR (Patching, DG) 19 $3,132,306 $3,274,090 $4,103 | $1,368 | $1,086 $859 $651
2023 | CPR (Patching, DG) 10 $3,132,306 $3,274,090 $7,795 | $1,368 $909 $630 $419
Total Project (Analysis Period 57 $29,308,653 | $30,737 | $12,243 | $16,670 | $20,881 | $25,738
1976-2033)
Maint & Rehab Activities $10,969,916 | $23,077 | $4,582 | $3,762 | $3,095 $2,464
% Maint & Rehab $ 37% 75% 37% 23% 15% 10%
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Table 4-4. Summary of Case Study DLMY Analyses (continued).

Iowa US-20 DLMY Analysis: 7.6 lane-miles

- Service Cost Cost DLMY EUAC ($2019/lane-mile/year)
Year Activity Interval Incurred, Incurred, ($2019) . . Y "
(Years) Sthen-current $2019 2019 0.0% 2.0% 3.5% 5.0%
1968 | JPCP Construction 56 584$290 $5,345,790 $12,561 | $12,561 | $20,994 | $28,816 | $37,618
Drainage $
1991 Maintenance 33 772.986 $1,867,603 $7,447 | $4,388 | $4,651 $4,563 $4,279
3.5" HMA $
2003 Resurfacing 11 809,602 $1,403,724 $16,791 $3,298 | $2,756 | $2,270 | $1,791
HMA Removal and
2014 CPR 10 $ $2,930,631 $38,561 $6,886 | $4,628 | $3,246 | $2,186
(DBR, Diamond 2,803,720 e ’ ’ ’ i ’
Grinding)
Total Project (Analysis Period
1968-2024) >6 $11,547,746 §75,359 $27,133 | $33,030 | $38,895 | $45,873
Maint & Rehab Activities $6,201,957 $62,798 | $14,572 | $12,036 | $10,079 | $8,255
% Maint & Rehab $ 54% 83% 54% 36% 26% 18%
Michigan US-41 DLMY Analysis: 4.7 lane-miles
Service Cost Cost .
Year Activity Interval Incurred, Incurred, ?;JM;( EUAC ($2019/1ane-mile/year)
(Years) Sthen-current $2019 2019 0.0% 2.0% 3.5% 5.0%
1960 | JPCP Construction 67 $181,900 $2,037,143 $6,469 | $6,469 | $11,799 | $16,851 | $22,529
1990 | CPR (Full-depth 10 $58,300 $139,560 |  $2,969 |  $443 |  $446 |  $411 |  $357
repairs)
CPR (Full-depth
2000 | repairs, 7 $104,700 $186,770 $5,677 $593 $490 $390 $293
joint reseal)
CPR (Full-depth
2007 | repairs, 10 $396,810 $451,705 $9,611 $1,434 | $1,032 $742 $504
joint reseal)
CPR (Full-depth
2017 | repairs, 10 $420,511 $441,422 $9,392 | $1,402 $827 $514 $303
joint reseal)
Total Project (Analysis Period
1960-2027) 67 $3,256,600 $34,118 $10,342 | $14,594 | $18,909 | $23,986
Maint & Rehab Activities $1,219,457 $27,649 | $3,873 $2,795 | $2,057 | $1,457
% Maint & Rehab $ 37% 81% 37% 19% 11% 6%
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Table 4-4. Summary of Case Study DLMY Analyses (continued).

Washington I-5 DLMY Analysis: 49.2 lane-miles
- Service Cost Cost DLMY EUAC ($2019/lane-mile/year)
Year Activity Interval Incurred, Incurred,
(Years) Sthen-current $2019 ($2019) 0.0% 2.0% 3.5% 5.0%
1969 | JPCP Construction 56 $2,402,584 | $20,118,167 $7,302 | $7,302 | $12,204 | $16,752 | $21,868
CPR (Northbound
1996 | lanes, 14 $909,354 | $1,964,944 | $2,853 | $713 | $698 |  $646 $572
DBR, patching,
DG, stitching)
CPR (Southbound
1997 | lanes, 13 $871,968 | $1,734,119 | $2,711 | $629 |  $604 |  $551 $481
DBR, patching,
DG, stitching)
2010 | CPR (DBR, patching 15 $1,888,895 | $2,307,006 | $3,126 | $837 | S621 | $469 |  $339
DG, stitching)
Total Project (Analysis Period
1969-2025) 36 $26,124236 | $15,992 $9,482 | $14,128 | $18,418 | $23,261
Maint & Rehab Activities $6,006,069 $8,690 | $2,180 | $1,924 | $1,666 $1,392
% Maint & Rehab $ 23% 54% 23% 14% 9% 6%

The case study tabulations presented in Table 4-4 clearly show the impact of discount rate on the
value of future activities in a long analysis period. The impact is most apparent in for the
California I-5 project, which features a 79-year analysis period during which all maintenance and
rehabilitation work was performed 29 or more years after construction. The sum of all post-
construction expenditures for this project, in constant 2019 dollars, is $9.9M ($6,257/lane-
mile/year at 0 percent discount) — approximately 35 percent of the original construction cost of
$28.0M ($17,735/1ane-mile/year at 0 percent discount). At a 3.5 percent discount rate (which is
representative of the long-term historical discount rate used for long-term economic analysis),
the total of value of all post-construction work is reduced to $2,939/lane-mile/year — only about 8
percent of the annualized original construction cost of $36,920/lane-mile/year! The biggest
rehabilitation event in the analysis period is the CPR work performed in year 69 at a cost of
$5.3M, which is about 29 percent of the original project cost. When discounted at 5 percent, this
CPR event is considered with a weight of only about 1 percent of the original project cost and
has practically no impact on an LCCA-based strategy selection process. Similar examples (but
less dramatic) can be found in many of the included case studies.

In comparison, DLMY values provide a “real-time” feel to the impact of future work activities in
terms of both their economic impact (in nondiscounted monetary units) and in terms of their
cost-effectiveness (by considering both their cost and impact on performance over just the
interval of time for which they are considered to be impactful).
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Summary

Conventional economic analysis-based project-level strategy selection presents many
weaknesses (including sensitivity to uncertainties in the cost and time of future work activities)
and is of limited use in achieving network-level optimization. Additionally, the results of these
analyses are sensitive to the selected discount rate, which may approach zero for highway
agencies because of their tax-based funding sources and lack of “opportunity cost,” but is
typically assumed to be much higher. There is a need for improved techniques for project-level
strategy selection that are less sensitive to unknowns (e.g., long-term discount rate, cost, and
timing for future work activities, etc.) and are more useful in considering the relative costs and
benefits of various options at both the project and network levels.

Cost-effectiveness analysis and DLMY (dollars per lane-mile per year analysis) offer concepts
and approaches that are useful for developing alternate approaches to both project-level strategy
selection and network level asset allocation. Since these are both variations on conventional
benefit-cost analysis, it is necessary to use incremental benefit-cost analysis concepts (rather than
to simply make choices based on maximum benefit-cost ratio) to ensure the selection of
strategies that are consistent with those that result from conventional net present value (NPV)
and equivalent uniform annual value (EUAV) analyses.

The cost and performance data obtained from eleven case studies were used to inform the
development of the proposed strategy selection and network resource allocation frameworks. The
value of pursuing long-life design options and strategies was demonstrated using data from a
long-life pavement project, a CRCP project with a bonded CRCP overlay, and unbonded overlay
projects. These projects generally provided high-quality service (i.e., good ride quality) with
minimal maintenance for 20 or more years, at which time only minor restoration work was
required at relatively low cost in most cases.

The value of early age pavement preservation in maintaining high-quality service and deferring
more serious repairs was demonstrated on one unbonded overlay project, while the value of
pavement rehabilitation at later ages for extending overall pavement service life (up to almost 80
years) was demonstrated on several conventional jointed concrete pavement projects. The impact
of preservation timing was apparent for diamond grinding, but activity timing appeared to have
little impact on expected or observed service life for full-depth repairs and unbonded concrete
overlays. These findings were used in the development of guidance concerning the selection of
preservation and rehabilitation service intervals that are used in the proposed strategy selection
framework.

A strategy selection framework has been developed based on cost-effectiveness and DLMY
analysis concepts. The primary measure to be optimized is agency cost per pavement unit per
time unit (i.e., minimize dollars per lane-mile per year of service or, conversely, maximize lane-
mile-years of service obtained for each dollar spent). This performance measure can be enhanced
by weighting it for the quality of service provided (recognizing that two strategies that provide
the same extension of service life may provide different ride quality levels over the time
interval). Weighting can also be performed to account for different volumes and/or compositions
of traffic on different projects — an important consideration for network-level allocations.

A network-level resource allocation framework was developed to make use of the cost-
effectiveness measures that are the basis of the strategy selection framework. The goal is to
maximize network performance (as indicated by the weighted or modified DLMY metric) in
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consideration of budget constraints and the need to include certain projects that must be included
in the program because of performance triggers, policies or any other condition or requirement.
Funding is allocated to these “must-do” projects first at the minimum feasible funding level, with
sufficient additional funding reserved for funding them all for their most cost-effective strategies.
The balance of the budget is then assigned to non-mandatory projects in order of decreasing cost-
effectiveness. Incremental cost-effectiveness analyses are then used to allocate the reserved
funds to higher levels of funding for the “must-do” projects or to the most cost-effective
treatments for previously unfunded nonmandatory projects.
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CHAPTER 5. SUMMARY

Designing Pavements For Preservation

The fundamental shift in the pavement preservation approach documented in this study revolves
around the premise that concrete pavement preservation begins with the initial design of the
concrete pavement structure. The objective is to design and construct long-life concrete
pavements that are structurally adequate and largely distress-free over their service lives and then
apply preservation strategies that maintain pavement functionality without compromising the
structural capacity of the underlying pavement structure. In other words, design the pavement to
perform instead of designing the pavement for a certain level of distress.

It is recognized that a vast majority of in-service concrete pavements have not been designed as
long-life concrete pavements; thus, they may require a different approach for preserving and
extending the service lives through a combination of overlays and CPR treatments. In some
cases, complete removal and replacement of the existing pavement structure may be the most
economical and environmentally sustainable solution from a life-cycle perspective.

Three broad preservation strategies, working in concert, can be used to help ensure the longevity
of concrete pavements. The first is to design and construct concrete pavements for long-life,
which requires the selection of volumetrically stable and durable materials, the selection of
design features that reduce load- and environmentally-induced stresses, and the construction of a
high-quality pavement. The second strategy involves the use of overlays, which have
traditionally been used to restore functionality and structural capacity to deteriorated concrete,
but in this context, are applied to structurally sound concrete pavements as a way to extend
pavement life. The third strategy involves the application of CPR techniques, not in a reactive
manner, but instead applied to structurally sound concrete pavements as a means to maintain a
high level of serviceability.

Concrete Pavement Evaluation Framework

The process to determine whether a concrete pavement is a feasible candidate for preservation
includes a rigorous assessment that evaluates the following:

e Structural adequacy — determine existing structural condition and long-term structural
capacity based on past and anticipated future traffic.

e Materials durability — identify durability-related distress(es) and assess its impact on
long-term performance.

¢ Functional adequacy — assess ride quality, surface friction, and tire-pavement noise. Note
that geometric considerations are outside the scope of this assessment and should be done
separately.

The first step is to perform a structural assessment of the concrete pavement to evaluate the loading
capacity for current and future traffic as well as an evaluation of whether the pavement is under-
going materials-related distress. After the structural and material evaluation, a condition level from
0 to 4 is assigned (0 being a new pavement and 4 is a structurally failed pavement). The second
step of the process, if warranted from the first step, includes performing a functional assessment of
the pavement to assess rideability, noise and friction. Then a functional condition level from A
(acceptable) to D (unacceptable) is assigned. The third step determines the governing pavement
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condition (i.e., structural over functional), and the final step provides options for potential
pavement preservation treatments given the assigned pavement condition level.

Strategy Selection Framework

Cost-effectiveness analysis and DLMY (dollars per lane-mile per year analysis) offer concepts
and approaches that are useful for developing alternate approaches to both project-level strategy
selection and network level asset allocation. Since these are both variations on conventional
benefit-cost analysis, it is necessary to use incremental benefit-cost analysis concepts (rather than
to simply make choices based on maximum benefit-cost ratio) to ensure the selection of
strategies that are consistent with those that result from conventional net present value (NPV)
and equivalent uniform annual value (EUAV) analyses.

A strategy selection framework based on cost-effectiveness and DLMY analysis concepts has
been developed under this study. The primary measure to be optimized is agency cost per
pavement unit per time unit (i.e., minimize dollars per lane-mile per year of service or,
conversely, maximize lane-mile-years of service obtained for each dollar spent). This
performance measure can be enhanced by weighting it for the quality of service provided
(recognizing that two strategies that provide the same extension of service life may provide
different ride quality levels over the time interval). Weighting can also be performed to account
for different volumes and/or compositions of traffic on different projects — an important
consideration for network-level allocations.

A network-level resource allocation framework was developed to make use of the cost-
effectiveness measures that are the basis of the strategy selection framework. The goal is to
maximize network performance (as indicated by the weighted or modified DLMY metric) in
consideration of budget constraints and the need to include certain projects that must be included
in the program because of performance triggers, policies or any other condition or requirement.
Funding is allocated to these “must-do” projects first at the minimum feasible funding level, with
sufficient additional funding reserved for funding them all for their most cost-effective strategies.
The balance of the budget is then assigned to non-mandatory projects in order of decreasing cost-
effectiveness. Incremental cost-effectiveness analyses are then used to allocate the reserved
funds to higher levels of funding for the “must-do” projects or to the most cost-effective
treatments for previously unfunded nonmandatory projects.
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