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PART 3—DESIGN ANALYSIS

CHAPTER 7
PCC REHABILITATION DESIGN OF EXISTING PAVEMENTS

3.7.1 INTRODUCTION

This chapter describes the mechanistic-empirical design procedures for rehabilitation of existing
flexible, rigid, and composite pavements with portland cement concrete (PCC). Lane additions
and widening of narrow lanes are also considered. Note that many aspects of rehabilitation
design are similar to new design, and this chapter often references PART 3, Chapter 4 to avoid
duplication. For this reason, the designer should become familiar with PART 3, Chapter 4 prior
to using this chapter for design of rehabilitation of existing pavements with PCC.

3.7.1.1 Background

PCC can be used to remedy functional or structural deficiencies of all types of existing
pavements. It is important for the designer to consider several aspects, including the type of
deterioration present, before determining the appropriate rehabilitation strategy to adopt. Several
different rehabilitation strategies using PCC can be applied to existing pavements to extend their
useful service life. These range from the combination of repair and preventive treatments such
as full-depth repair and diamond grinding of existing jointed plain concrete pavement (JPCP) to
the placement of unbonded JPCP or continuously reinforced concrete pavement (CRCP)
overlays over existing flexible, composite, or rigid pavements, to the placement of bonded PCC
overlays over existing JPCP or CRCP, to the reconstruction (including adding additional lanes)
of existing pavements with JPCP or CRCP as described in PART 3, Chapter 5 of this Guide.
These strategies are commonly used to remedy functional, structural, or other inadequacies.

3.7.1.2 Scope
This chapter presents detailed design procedures for the following PCC rehabilitation strategies:

e Design of concrete pavement restoration (CPR) for JPCP.

e Design of unbonded JPCP or CRCP overlays over existing rigid and composite
pavements.

e Design of bonded PCC overlays over existing JPCP or CRCP.

e Design of conventional JPCP or CRCP overlays over existing flexible pavements.

In addition, general guidelines are provided for design of additional traffic lanes. However, the
detailed design is provided in PART 3, Chapter 4. The design of ultra-thin concrete overlays of
existing asphalt pavements is not covered in this Guide. The American Concrete Pavement
Association (ACPA) Technical Bulletin TBO09P, Guidelines for Concrete Overlays over
Existing Asphalt Pavements, provides guidance for this design (1). Throughout this chapter,
bonded PCC over existing JPCP or CRCP overlays are generally described as bonded JPCP and
CRCP overlays. Also, conventional JPCP or CRCP overlays over existing flexible pavements
are described as JPCP or CRCP overlays over existing flexible pavements.
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3.7.1.3 Organization

The mechanistic-empirical design of rehabilitated pavements requires an iterative, hands-on
approach by the designer. The designer must select a proposed trial rehabilitation design and
then analyze the design in detail to determine whether it meets the applicable performance
criteria (i.e., joint faulting and slab cracking for JPCP, punchouts for CRCP, and smoothness for
both JPCP and CRCP) established by the designer. If a particular trial rehabilitation design does
not meet the performance criteria, the design is modified and reanalyzed until it meets the
criteria. The designs that meet the applicable performance criteria are then considered feasible
from a structural and functional viewpoint and can be further considered for other evaluations,
such as life cycle cost analysis (LCCA).

This chapter first provides an overview of the rehabilitation with PCC design process. It then
describes in detail the design procedure for rehabilitation with JPCP, followed by the design
procedure for rehabilitation with CRCP. Note that rehabilitation with JPCP or CRCP describes
the topmost layer of the rehabilitated pavement and not necessarily the type of existing pavement
to be rehabilitated. Also included in this chapter are sensitivity analyses for factors that affect
JPCP and CRCP overlay design and recommendations for modifications of design if a particular
trial design does not meet the agency performance criteria. Following this introduction are the
following sections:

e Section 3.7.2—Overview of rehabilitation with PCC design process.

e Section 3.7.3—Rehabilitation design requirements.

e Section 3.7.4—Rehabilitation design of JPCP, including sensitivity analysis and
recommendations for design modifications to meet agency performance criteria.

e Section 3.7.5—Rehabilitation design of CRCP, including sensitivity analysis and
recommendations for design modifications to meet agency performance criteria.

e Section 3.7.6—Additional considerations for rehabilitation design with PCC.

The design procedures described in this chapter can utilize recycled materials. The use of
recycled materials in rehabilitation is acceptable so far as the material properties can be
characterized by the parameters used in design and the recycled material meets durability
requirements.

3.7.2 OVERVIEW OF REHABILITATION DESIGN PROCESS

Figure 3.7.1 shows the flow of the PCC rehabilitation design process presented in this Guide.
Actual structural design of feasible rehabilitation strategies is step 6 of the following pavement
rehabilitation procedure:

e Steps 1-4: Evaluation of the existing pavement (PART 2, Chapter 5).
0 Step 1: Determine existing pavement condition.
0 Step 2: Determine causes and mechanism of distress.
o0 Step 3: Define problems and inadequacies of existing pavement.
0 Step 4: Identify possible constraints.
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Figure 3.7.1. Overall PCC rehabilitation design process.



Step 5: Rehabilitation strategy selection (PART 3, Chapter 5).

Step 6: Rehabilitation design (PART 3, Chapter 7).

Step 7: Perform life cycle cost analysis (as desired).

Step 8: Determine non-monetary factors that influence rehabilitation (as desired).
Step 9: Determine preferred rehabilitation strategy (as desired).

Figure 3.7.2 presents a summary of the specific activities that constitute rehabilitation design and
that are presented in this chapter. Figures 3.7.1 and 3.7.2 show a general commonality in the
design of a rehabilitation strategy. There are, however, some important differences in
rehabilitation design for different strategies.
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Figure 3.7.2. Overall design process for major PCC rehabilitation strategies.
3.7.2.1 Concrete Pavement Restoration (CPR) of JPCP

Several non-overlay rehabilitation treatments are utilized on existing JPCP to restore both
functionality and structural capacity. In this Guide, a total package of rehabilitation treatments,
CPR, is considered to restore a deteriorated JPCP to adequate levels of functionality and to
restore the pavement’s load carrying capacity.

Some of the commonly used treatments are presented in table 3.7.1. The performance of the
individual CPR treatments listed is directly related to:

e Adequacy of preliminary assessment of condition and identification of needed treatments
to repair and prevent further deterioration.

e Timing of the CPR work (or condition of existing pavement when applied).

e Quality of construction and materials.
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Table 3.7.1. Candidate repair and preventive treatments for existing JPCP (2-11).

Distress Repair Treatments Preventive Treatments
Reseal joints

Restore joint load transfer
Subdrainage

Edge support (tied PCC shoulder)
Reseal joints

Restore load transfer
Subdrainage

Retrofit tied PCC shoulder
Restore load transfer

Bonded and unbonded PCC overlays
Thick HMA overlays

Jointed concrete pavement
pumping (and low joint load —
transfer efficiency)

Jointed concrete pavement Diamond grinding
joint faulting Structural overlay

Full-depth PCC repair
Slab replacement
Replace/recycle lane

Jointed concrete pavement
slab cracking

Jointed concrete pavement Full-depth PCC repair

Clean and reseal joints

joint or crack spalling Partial-depth repair
PCC disintegration (e.g., D- . . .
cracking and alkali-silica Full-depth repair Thick hot mix AC overlay

Unbonded PCC overlay

reaction [ASR])

Properly designed and constructed CPR should reduce pavement deterioration and prolong
pavement life. One study of projects across the U.S. built in the 1980°s showed that CPR
projects (with diamond grinding for JPCP) resulted in an average life extension of 13 years if
adequate maintenance is applied (2, 3). The data showed that over 90 percent of the CPR
projects lasted 10 years or more.

Performance also depends on the types of treatments applied. If only repair treatments are
applied to existing distress, the mechanism causing the distress will continue its destructive work
immediately when the pavement is opened to traffic, resulting in premature rehabilitation
failures. Therefore, after each distress type has been repaired with an appropriate CPR
treatment, one or more preventive treatments must be applied to provide a cost-effective
rehabilitation strategy and ensure adequate performance.

For pavements with multiple distresses, the most suitable combination of repair and preventive
treatments must be applied, as shown in table 3.7.1. The design and construction procedures of
individual CPR treatments are described in detail in several publications, including references 4—
10:

e TB002P—Guidelines for full-depth repair.

e TBO003P—Guidelines for partial-depth repair.

e TBO008P—Diamond grinding and CPR 2000.

e TBO012P—1Joint and crack sealing repair for concrete pavements (including cross-
stitching).

e TBO018P—Slab stabilization for concrete pavements.

e TBO020P—Concrete pavement restoration guide.

e Concrete Pavement Rehabilitation—Guide for Diamond Grinding.
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Guidelines are presented in this Guide for the performance evaluation of selected CPR treatment
designs to determine their effectiveness as a pavement rehabilitation strategy. CPR is not
applicable to rigid pavements that have significant material durability problems, structural
deficiency, or other severe deterioration. Note that the design of existing rigid pavements
subjected to CPR is limited to JPCP. Also, CPR in this context is defined as diamond grinding
and any combination of repair treatments such as full-depth repair and load transfer restoration.

3.7.2.2 Overlay Rehabilitation Options

Bonded PCC Overlay of Existing JPCP or CRCP

Bonded PCC overlays over existing JPCP or CRCP involve the placement of a thin concrete
layer atop the prepared existing JPCP or CRCP surface to form a permanent monolithic PCC
section. Achieving a long-term bond is essential for good performance. Thus, the existing PCC
slab must be in sound condition to help ensure good bonding and little reflection cracking. A
detailed discussion on how to achieve good bonding between the overlay and existing PCC is
presented in section 3.7.6. The monolithic section improves load carrying capacity by reducing
the critical structural responses—top and bottom tensile stress in the longitudinal direction for
JPCP cracking and slab edge corner deflections at the joint for JPCP faulting. For CRCP, the
critical structural response—tensile bending stress in the transverse direction between two
closely spaced transverse cracks—is also reduced.

The critical longitudinal and transverse tensile stresses and slab edge corner deflections are
reduced when a monolithic slab is formed by the overlay and existing pavement PCC, resulting
in less damage per load application and, consequently, a substantial increase in load capacity. It
also provides a new surface for improved rideability and friction resistance (12, 13).

Unbonded JPCP/CRCP Overlay of Existing Rigid Pavement

Unbonded concrete overlays range from thin (6 to 8 in) to thick (9 to 12 in) concrete layers
placed on top of any of the following (with an appropriate separation layer):

e Existing intact concrete pavement (JPCP, JRCP, or CRCP).
e EXisting composite (AC/PCC) pavement.
e Fractured PCC pavement (crack and seat, break and seat, or rubblized PCC).

Unbonded JPCP or CRCP overlays can be a cost-effective rehabilitation alternative for badly
deteriorated rigid or composite pavements. Unbonded overlays with an adequate AC separator
layer behave structurally as if built on a strong non-erodible base course (14, 15). Unbonded
overlays (over intact PCC slab) do not require much pre-overlay repair because of a separator
layer placed between the overlay and existing pavement. The separator layer (sometimes called
a debonding layer or stress relief layer) is usually a thin hot mix asphalt concrete layer 1 to 2 in
thick. The purpose of the separator layer is to separate the existing and overlay concrete layers
so that they may respond independently of each other when subjected to axle loads and
temperature cycles. The separator layer also prevents distresses in the existing pavement from
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reflecting through the overlay. Guidance is provided in this chapter for the design of unbonded
concrete overlays over existing rigid pavements (14, 15).

Concrete Overlay of Existing Flexible Pavement

Conventional concrete overlays (CCOL) and ultra-thin concrete overlays (UTCOL) can be
applied to existing flexible pavements. Conventional PCC overlays consist of a thin to thick
concrete layer (typically 5 in or more) placed over an existing flexible pavement. When
subjected to axle loads, the overlaid pavement behaves just like a new concrete pavement (with a
hot mix asphalt concrete [AC]) base course with varying levels of deterioration). Conventional
concrete overlays are generally effective when applied to existing flexible pavements, and they
have been used successfully on Interstate highways, State primary and secondary roads, and
intersections (16, 17). It is strongly desirable to have bond between the PCC and the AC layer to
reduce erosion, maximize structural benefits, and properly form the longitudinal and transverse
joints.

A conventional concrete overlay over an existing flexible pavement offers several advantages.
First, it requires minimal pre-overlay repair because of slabs ability to bridge deterioration.
Second, the existing asphalt makes a good base course with the same advantages of other
stabilized base materials—reduced potential for pumping, faulting, loss of support, adequate
friction with slab, and punchouts.

Ultra-thin concrete overlays over existing flexible pavements refer to a thin PCC overlay (2 to 4
in thick) placed over an existing flexible pavement. In addition to being thinner, two other
factors differentiate UTCOL from CCOL (1, 16, 17, 18):

e There must be a full bond between the ultra-thin concrete overlay layer and the top of the
existing asphalt bound layer.

e They have very short joint spacing—2 to 6 ft compared to a typical joint spacing of 12 to
18 ft for conventional concrete overlays.

Bonding of the concrete overlay to the asphalt pavement creates a composite section in which the
load is shared between the concrete and existing asphalt. The shorter joint spacing allows the
slabs to deflect more and bend less, reducing bending stresses in the overlay slabs. UTCOL is
applied only where a substantial thickness of AC exists in good condition. UTCOL is a potential
application for normal traffic loads on residential streets and low-volume roads. Other
applications include lower truck volume AC-surfaced intersections where rutting and
washboarding is a problem and AC-surfaced parking areas.

Procedures are provided in this chapter for the design of conventional concrete overlays over
existing flexible pavements. Procedures for the mechanistic design of ultra-thin concrete
overlays over existing flexible pavements are included in the APCA Bulletins RP-273P and EB-
210P (16, 17).
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Reconstruction

When pavement deteriorates to the point where the typical rehabilitation strategies are no longer
cost-effective, or when the geometrics must be changed, the most feasible rehabilitation strategy
may be reconstruction with hot mix AC or PCC. Reconstruction involves removing some or all
of the pavement structure and replacing it. The design of reconstructed pavements is similar to
that for new pavements; therefore, the design guidelines presented in PART 3, Chapter 4 should
be applied. The addition of a traffic lane or the widening of narrow PCC slabs is presented in
section 3.7.6 of this chapter.

3.7.3 DESIGN INPUTS FOR PCC REHABILITATION DESIGN

Input data used for the design of rehabilitation with PCC presented in this chapter are
summarized in table 3.7.2 and categorized as follows:

General information.

Site/project identification.

Analysis parameters.

Traffic.

Climate.

Pavement structure.

Pavement design features.

o Drainage and surface properties.

o Layer definition and material properties.
e Rehabilitation.

Several of these inputs are identical to those used for new pavement design, presented in PART
3, Chapter 4, and are not repeated here. However, there are variations in how some these inputs
are selected for use in rehabilitation design. The focus of this section is to summarize all the
inputs required for the design of rehabilitation with PCC using the Design Guide approach with
appropriate commentary on how they relate to the design process. For many design features,
materials, and climatic inputs, the designer can choose any of three methods or levels of inputs
that range from actual testing and measurements (e.g., laboratory testing of concrete strength, on
site traffic measurements, and pavement coring) to regional or statewide default values (typical
values based on historical testing results in a region).

A detailed description of the three input levels is described in PART 1, Chapter 1 and PART 2,
Chapters 1 through 5. Detailed descriptions for several of these inputs were presented in
previous chapters of the Guide as indicated below:

Part 2, Chapter 1: Subgrade/Foundation Inputs.

Part 2, Chapter 2: Material Characterization.

Part 2, Chapter 3: Environmental Effects.

Part 2, Chapter 4: Traffic Loadings.

Part 2, Chapter 5: Evaluation of Existing Pavements for Rehabilitation.
Part 3, Chapter 1: Subdrainage.
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Table 3.7.2. Design inputs and requirements for rehabilitation design with PCC.

General Description

Variable

Rehabilitation Type

Existing JPCP
subjected to CPR

JPCP
Overlays

CRCP
Overlays®

General information

Project name and description

»

»

»

Design life, years

»

Existing pavement construction date

»

RN

Yiv

Pavement overlay construction date

Pavement restoration construction date

Traffic opening date

Type of rehabilitation strategy

Site/project
identification

Location of the project

Project identification

Functional class

Analysis parameters

Analysis type (deterministic or probabilistic)

Initial smoothness (after rehabilitation)

Performance criteria

Climate

Hourly profiles of temperature distribution through PCC slab

tARIRIRIRIRIRIRIRIR

IRIEIEIEIEIMETE:

tARIRIRIRIRIRIRIR

Hourly temperature and moisture profiles (including frost depth
calculations) through the other pavement layers

Y

Y

Y

Zero stress temperature for JPCP and CRCP overlay design

Monthly or semi-monthly (during frozen or recently frozen
periods) predictions of layer moduli for asphalt, unbound
base/subbase, and subgrade layers

Mean annual freezing index, number of wet days, number of air
freeze-thaw cycles

Y

Y

Mean monthly relative humidity.

Traffic

AADTT, percent trucks, vehicle speed, and others

Traffic volume adjustment factors

Axle load adjustment factors

1ARARARAR

1ARARARAR:

1ARARARAR

Wheel location, traffic wander, and others

1. PCC bonded overlays of existing JPCP and JPCP overlays of existing flexible pavements.
2. PCC bonded overlays of existing CRCP and CRCP overlays of existing flexible pavements.
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Table 3.7.2. Design requirements for rehabilitation design with PCC, continued.

General Description

Variable

Rehabilitation Type

Existing JPCP
subjected to CPR

JPCP
Overlays

CRCP
Overlays®

Drainage and surface
properties

Pavement surface layer (PCC) shortwave absorptivity

Y

Y

»

Potential for infiltration

Pavement cross slope

Length of drainage path

Layer definition
and material
properties

Layer number, description, and material type

Layer thickness

Elastic modulus

Flexural, compressive, and tensile strength

Ultimate shrinkage

Unit weight, Poisson’s ratio

Coefficient of thermal expansion

ARIRIRIRIRIRIRIRERER

tARARARIRIRIRIRIRIRIR

RIRIRIRIRIRIRIRERER

Thermal conductivity, heat capacity, etc.

Design features

Permanent curl/warp (effective temperature difference) in PCC
slab due to construction curling and moisture warping

Y

Y

Y

Transverse joint spacing (average or random)

Transverse joint sealant type

Dowel diameter and spacing

Edge support (tied PCC, widened lane, slab width, etc.)

YNy

Yy Y|y

Lane-shoulder joint load transfer efficiency (LTE) (for tied
PCC shoulders)

Y

Y

Slab width (for widened slabs)

Y

Y

Number of years after which PCC/base interface is unbonded
Npong (for JPCP with a stabilized base)

Base erodibility index

Total longitudinal steel cross-sectional area as percent of PCC
slab cross-sectional area

Y

Diameter of longitudinal reinforcing steel

Depth of steel placement from pavement surface

PCC slab/base friction coefficient*

Crack spacing (mean and standard deviation)

Y Y| Y|y
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Table 3.7.2. Design requirements for rehabilitation design with PCC, continued.

Rehabilitation Type

General Description Variable Existing JPCP JPCP CRCP
subjected to CPR Overlays' | Overlays®
Existing distress—percent slabs with transverse cracks plus -
previously replaced slabs
Rehabilitation Percent of slabs with repairs after restoration -
Foundation support—modulus of subgrade reaction -
Month modulus of subgrade reaction was measured -




e Part 3, Chapter 2: Shoulders.
e Part 3, Chapter 4: Design of New and Reconstructed Rigid Pavements.

This chapter does not repeat the detailed descriptions of the required inputs. It is recommended
that the chapters listed above be referenced for a more comprehensive description of the inputs
required.

3.7.3.1 General Information
General information is described in table 3.7.3. The data range in simplicity from project name
to rehabilitation strategy type—a key input parameter since most of the subsequent input data

depends on it. For JPCP rehabilitation without overlays and rehabilitation with JPCP or CRCP
overlays, the Guide presents PCC rehabilitation strategies for consideration.

Table 3.7.3. General information required for PCC rehabilitation strategy design.

Input Variable Description/Source of Information
Project name and description e  User input
Design life e Expected rehabilitation design life
Existing pavement e Month in which existing pavement was constructed
construction date e Year in which existing pavement was constructed
Pavement overlay e Month in which PCC overlay construction is expected
construction date e Year in which PCC overlay construction is expected

e Month in which existing PCC restoration is expected
e Year in which existing PCC is restoration is expected
e Expected month in which rehabilitated pavement will be opened to
traffic
e  Expected year in which rehabilitated pavement will be opened to
traffic
e JPCP rehabilitation without overlays
1. Existing JPCP subjected to CPR®
e Rehabilitation with JPCP or CRCP overlays
1. Existing JPCP, JRCP, CRCP, or composite overlaid with
unbonded JPCP overlay
2. Existing JPCP, JRCP, CRCP, or composite overlaid with
unbonded CRCP overlay
3. Existing JPCP and CRCP overlaid with bonded PCC overlay
4. Existing flexible pavement overlaid with JPCP overlay
5. Existing flexible pavement overlaid with CRCP overlay

Pavement restoration date?

Traffic opening date

Type of rehabilitation strategy

1. Applicable to PCC overlays only.

2. Applicable to existing JPCP subjected to CPR only.

3. CPR is defined as diamond grinding with a combination of CPR treatments such as full-depth patching, load transfer
restoration, shoulder replacement, and lane widening.
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3.7.3.2 Site/Project Identification

These set of inputs identify the following features with regard to the project being designed:
e Location of the project.
e Project identification — Project 1D, Section ID, begin and end mile posts, and traffic
direction.

3.7.3.3 Analysis Parameters

Initial Smoothness

Recommendations for initial smoothness (measured as International Roughness Index, IRI) are
similar to new construction for JPCP and CRCP overlays. They depend greatly on the project
smoothness specifications. The estimate of initial smoothness for restored JPCP (for this design
procedure restoration must always include diamond grinding) depends on the diamond grinding
specifications. It may, however, need to be adjusted upward if a significant amount of
settlements or heaves exist, as this cannot be easily rectified through diamond grinding alone.
Local leveling such as slab jacking or thin localized overlays may be needed.

Performance Criteria

Performance criteria are definitions of the maximum amounts of individual distress or
smoothness acceptable to the highway agency at a given reliability level. Performance indicators
used for rehabilitation design are as follows:

e Transverse joint faulting, transverse cracking and smoothness (IRI) for existing JPCP
subjected to CPR or JPCP overlays.
e Crack width, crack LTE, punchouts and smoothness for CRCP overlays.

Performance criteria are a user input and depend on local design and rehabilitation policies. The
designer can select one, two, or all three of these performance criteria available to evaluate a
design and make modifications if necessary. See PART 3, Chapter 4 for detailed
recommendations.

3.7.3.4 Traffic

Traffic data is one of the key data elements required for the analysis and design of rehabilitated
pavement structures. The design procedures for all the different types of rehabilitation with PCC
are based on future traffic estimates. Estimates of load spectra for single, tandem, tridem, and
quad axles are used to characterize traffic for rehabilitation with PCC design. This load spectra
includes the counts of number of axles within a series of load groups in a given time interval.
Each load group covers a specified load interval for a specific axle. Detailed guidance on traffic
inputs required for rehabilitation design is presented in PART 2, Chapter 4. Further information
on traffic inputs is provided in PART 3, Chapter 4 relative to PCC pavements. Traffic inputs for
rehabilitation design are identical to those for new design.
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3.7.3.5 Climate

Environmental conditions have a significant effect on the performance of PCC rehabilitated
pavements. The interaction of the climatic factors with pavement materials and loading is fairly
complex. Factors such as precipitation, temperature, freeze-thaw cycles, and depth to water table
affect pavement and subgrade temperature and moisture content, which, in turn, directly affect
the load-carrying capacity of the pavement layers and ultimately pavement performance. In the
Design Guide approach, the temperature and moisture profiles in the pavement structure and
subgrade are determined using the Enhanced Integrated Climatic Model (EICM). The EICM
software is linked to the Design Guide software as an independent module through interfaces and
design inputs. Detailed guidance on environmental inputs required for pavement design is
presented in PART 2, Chapter 3. Further information specifically for rigid pavements is given in
PART 3, Chapter 4.

3.7.3.6 Pavement Structure

The rehabilitated pavement structure can be characterized into three categories namely;
pavement design features, drainage and surface properties, and layer definition and material
properties. These are all key input requirements. The information used to characterize the
pavement structure is categorized as follows:

e Pavement design features.
o Permanent curling/warping.
0 Joint spacing, etc.
o0 Presence of dowels, dowel diameter, and dowel spacing.
e Drainage and surface properties.
o Pavement surface layer (PCC) shortwave absorptivity.
o Potential for infiltration.
o Pavement cross slope.
o Length of drainage path.
e Layer definition and material properties.
Layer number, description, and material type.
Layer thickness.
Elastic modulus.
Flexural, compressive, and tensile strength.
Ultimate shrinkage.
Unit weight.
Poisson’s ratio.
Coefficient of thermal expansion of PCC.
Thermal conductivity.
Heat capacity, etc.
PCC zero stress temperature.

OO0OO0OO0O0O0O0O0O0O0O0

Detailed descriptions of the data required are presented in the following sections.
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Pavement Design Features

Table 3.7.4 lists the information required for characterizing both JPCP and CRCP rehabilitation
design features. A comprehensive description of the design information required is described in
the following sections.

Table 3.7.4. General design information required for trial design.

Pavement Type Input Data Description Source of Information

Permanent curl/warp effective temperature difference in
PCC slab due to construction curling and moisture warping

Transverse joint spacing (average or random)

Transverse joint sealant type (for JPCP)

Dowel diameter and spacing (for doweled JPCP)
Edge support (tied PCC, widened lane, slab width, etc.) Part 3, Chapter 4
Lane-shoulder joint load transfer efficiency (LTE) (for tied
PCC shoulders)*

Slab width (for widened slabs)*

Number of years after which PCC—stabilized base
interface changes from bonded to unbonded interface,
Npong (for stabilized base JPCP)*?

Base erodibility index*

JPCP

Permanent curl/warp effective temperature difference in
PCC slab due to construction curling and moisture warping
Total longitudinal steel cross-sectional area as percent of
PCC slab cross-sectional area (for CRCP)

Diameter of longitudinal reinforcing steel (CRCP) Part 3, Chapter 4
Depth of steel placement from pavement surface (for
CRCP)

Base erodibility index"

PCC slab/base friction coefficient*

Crack spacing (mean and standard deviation)

CRCP

YFor overlay design use the recommendations presented in Part 3, Chapter 4 directly, for CPR assume long-term values where
relevant.

2For unbonded JPCP or CRCP over existing rigid pavements, bonded PCC over existing JPCP, and restored JPCP the PCC/base
bond is nonexistent and hence Nyong = 0. For JPCP and CRCP overlays over existing flexible pavements Nbond is a user input
and typically ranges from 0 to 10 years.

JPCP Design Features

Permanent Curl/Warp Effective Temperature Difference

The permanent curl temperature difference that occurs during construction (at the time of PCC
zero stress temperature) is combined with the permanent negative moisture difference (from top-

of-slab shrinkage, expressed as an equivalent temperature difference) and called “permanent
curl/warp.” This parameter is discussed in detail in PART 3, Chapter 4.
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Joint Design

Joint Spacing. The joint spacing significantly affects transverse cracking and, to a lesser degree,
joint faulting. Field studies have shown that the longer the joint spacing, the greater the potential
for the JPCP to experience transverse cracking and joint faulting.

For restored JPCP and bonded PCC over JPCP overlays the joint spacing of the existing
pavement is assumed using information obtained during pavement evaluation as outlined in
PART 2, Chapter 5. For unbonded JPCP overlays joint spacing is that of the overlay and may be
different from that of the existing pavements, as presented in table 3.7.5. A detailed discussion
on joint spacing selection applicable to both new and unbonded JPCP overlays design is
presented in PART 3, Chapter 4. Note that joint spacing may be uniform or random.

Dowel Diameter and Dowel Spacing. Dowel diameter and dowel spacing are critical design
inputs. For restored JPCP and bonded PCC over JPCP overlays, the existing dowel diameter and
spacing are normally input. This information is obtained during pavement evaluation as outlined
in PART 2, Chapter 5. It is noted, however, that existing non-doweled pavements may be
retrofitted with dowels as part of restoration or prior to the placement of a bonded overlay. In
such situations, the diameter and spacing of the dowels used in retrofitting is used as inputs. Itis
also noted that when an existing doweled pavement has significant amounts of joint faulting
(e.g., average more than 0.15 in) the dowels may be fairly ineffective and the design of the
restoration JPCP should assume that no dowels exist.

For unbonded JPCP overlays and JPCP over existing HMA pavements, as the required slab
thickness increases (due to heavier traffic to control slab cracking), an increase in dowel
diameter is required to control joint faulting. Note that increasing slab thickness without a
corresponding increase in dowel diameter may result in a small increase in predicted joint
faulting due to a reduction in effective area of the bar relative to slab thickness.

Note that even though some agencies recommend the use of three to four closely spaced dowels
in the wheel path as part of LTE the design procedure presented in this Guide considers only
uniform dowel spacing across the transverse joint in the analysis. Dowels may not be required
for unbonded JPCP overlays (because the overlay JPCP and existing JPCP joints are
mismatched). However, if required to reduce the amount of transverse joint faulting, the
recommendations provided in PART 3, Chapter 4 for new JPCP design are applicable.

3.7.16



LT'LE

Table 3.7.5. Summary of key aspects of joint design for JPCP overlays (adapted after 15).

Rehabilitation Description
Key Issues
Strategy
Joint spacing is a direct input to M-E design procedures. Unbonded JPCP overlays are subject to
Joint spacing | greater curling stresses because of the very stiff support provided by the existing pavement. Therefore,
JPCP overlays generally require shorter joint spacing than conventional jointed concrete pavements.
The transverse joints in unbonded concrete overlays are nearly deliberately mismatched with
. those in the underlying pavement (figure 3.7.3). A minimum offset distance of 3 ft between
Joint . S .
mismatching the joints in the overlay and the underlying joints or cracks is usually recommended (15, 16,
Unbonded JPCP 18). By placing the joint in the overlay after the joint in the underlying pavement a sleeper

overlay over existing
concrete pavement
(with separation layer)

slab effect is provided that further improves load transfer across the joints.

Load transfer

Load transfer can be provided by both the underlying pavement and dowels. Load transfer at the
transverse joints in unbonded concrete overlays can be enhanced greatly by deliberately mismatching
them from those in the underlying pavement and in most cases tend to make faulting less of a problem
for unbonded concrete overlays.

Dowels may be needed, however, to provide additional long-term high load transfer for pavements
where significantly heavy traffic loads are expected (15, 19, 20, 21, 22). To decrease the susceptibility
of the dowels to corrosion (in regions where the use of deicing salts are common), epoxy coated,
stainless steel coated or metallic sleeved dowels are recommended.

Joint Sealant

Joint sealant recommendations are similar to conventional pavements.

Bonded PCC overlay
over existing JPCP

Joint spacing

The joint system in the existing pavement dictates jointing system in a bonded overlay. The joint type
and location in the existing pavement should be matched in the overlay (13, 18).

Joint width and
depth

The width of the joint must be wider than that in the existing pavement and sawed completely through
the bonded overlay plus 0.5 in. Also, the timing of joint sawing is critical to prevent premature and
erratic reflective cracking.

Load transfer

Load transfer devices are normally not used in bonded overlay joints unless the overlay in thick (> 6
in)

JPCP overlay over
existing flexible
pavement

The design of joints for conventional concrete overlays of existing flexible pavements is similar to that
for new JPCP as described in Part 3, Chapter 4 of this Guide.




Figure 3.7.3. Joint mismatching of unbonded concrete overlays (15).

Sealant Type. Sealant type is used to estimate joint spalling (hence, smoothness). The sealant
options available are liquid, silicone, and preformed. For restored JPCP, the sealant type is
either that in the joints (if it is in good condition) or the sealant used for resealing the joints as
part of restoration. For both bonded PCC over JPCP overlays and unbonded JPCP overlays, the
appropriate sealant type (liquid, silicone, or preformed) is that specified.

It must be noted that the type of sealant used could also affect the amount of surface infiltration
into the pavement system, which is a user input.

Edge Support
Key design features that define edge support include the following:

e Shoulder type such as the use of tied PCC shoulders or hot mix AC shoulder.
e Erodibility of the underlying base materials.
e The use of widened slab or otherwise.

These are considered directly in the design process and are discussed below. Note that for
widened slab (JPCP transverse cracking analysis) the applicable critical edge support is the
centerline (lane to lane) joint, which is fixed in the analysis at a long-term load transfer
efficiency (LTE) of 50 percent. Cracks will initiate from this lane to lane joint.

Shoulder Type. Existing JPCP and JPCP overlays can be designed successfully with a variety of
shoulder types and designs. The shoulder type selected in design affects both construction cost
and pavement performance. The following options are available:

e Untied shoulders (e.g., hot mix AC, PCC, granular, or other shoulder types).

e Tied PCC shoulders.
e Widened slabs.
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If tied concrete shoulders are used with the JPCP overlay, the long-term LTE between the lane
and shoulder needs to be input. The LTE is defined as the ratio of deflections of the unloaded
and loaded slabs. Typical long-term LTE values for JPCP range from:

e 50 to 70 percent—for monolithically constructed tied-PCC shoulder.
e 30 to 50 percent—for separate lane and tied PCC shoulder construction.

Other shoulder types provide relatively little long-term LTE. For the lane-to-lane (centerline)
joint, LTE depends on whether it is tied or untied and the amount of aggregate interlock present.
For this design procedure, lane-to-lane long-term LTE is set at 50 percent (assumes a tied
longitudinal joint). The amount of moisture infiltration into the pavement structure is also
directly related to the shoulder type, as discussed in PART 3, Chapter 4.

For existing JPCP subjected to restoration, the shoulder type typically remains the same as that
of the existing pavement as determined during pavement evaluation. However, if the shoulder is
replaced or retrofitted with a tied PCC shoulder, then the new shoulder type must be input for the
design.

Base Erodibility. The potential for base or subbase erosion (layer directly beneath the PCC
layer) has a significant impact on PCC slab support and on the initiation and propagation of
pavement distress. Different base types have different long-term erodibility behavior and are
classified accordingly:

Class 1—extremely erosion resistant materials.
Class 2—very erosion resistant materials.
Class 3—erosion resistant materials.

Class 4—fairly erodible materials.

Class 5—highly erodible materials.

Rigorous definitions of the material types that qualify under these various categories are
provided in PART 2, Chapter 2. For restored JPCP and bonded PCC over existing JPCP, the
base layer is considered as the layer immediately underlying the existing PCC layer. For
unbonded JPCP overlays, the separator layer is considered the base layer except in situations
where separator layers are not used (or is a thin fabric material), in which case the existing PCC
layer is considered the base layer.

PCC-Base Interface Properties
The interface between the base and PCC slab can be modeled as follows:

e Completely bonded (for a specified user input time period).
e Completely unbonded.

The bonding condition of the PCC and base impacts the structural responses in the PCC slabs

and therefore affects the distress prediction. Bonded layers typically produce lower strains than
unbonded layers. Asphalt, cement-stabilized, and other stabilized layers are more likely to be
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bonded to the slab, at least initially. However, even for these layers, interface bonding gets
weakened with time due to the effect of traffic and moisture, and the pavement behaves like an
unbonded system, particularly around the edges.

The design procedure therefore allows users to define when a bonded PCC slab/base interface is
expected to become unbonded. Typical values for this input, Nyong, (the number of months
before the interface becomes unbonded) are provided below:

e If the slab is to be analyzed as bonded to the stabilized base throughout the design life,
Npond = design life (applicable to JPCP/CRCP overlays of existing flexible pavements
only).

e |f the slab is to be analyzed as unbonded from the stabilized base throughout the design
life, Npong = O (applicable to unbonded and bonded overlays and JPCP restoration).

e If the slab is to be analyzed as debonding from stabilized base after N years, Npong = N.
Typical estimates values for N ranges from 1 to 10 years (applicable to JPCP/CRCP
overlays over existing flexible pavements only).

Subsurface Drainage Features

The current state of the art indicates that restored JPCP, existing JPCP overlaid with bonded
PCC, and unbonded JPCP over existing pavements can be retrofitted with subsurface drainage
facilities to improve upon pavement performance. This is especially true for pavements
subjected to moisture damage. The facilities available, however, are limited to egdedrains,
outlets, side ditches, and other supporting structures.

PART 3, Chapter 1 describes a systematic approach for drainage considerations for rehabilitated
pavements. PART 2, Chapter 5 and PART 3, Chapter 5 also describe a systematic approach for
determining the adequacy of existing drainage facilities prior to rehabilitation and feasible
rehabilitation alternatives for existing pavements with moisture-induced damage. The following
steps summarize the detailed discussion presented in these chapters:

Assess the need for subsurface drainage.

If drainage is required, select viable drainage alternatives.

Perform hydraulic design of the drainage components.

Prepare pavement cross-section with appropriate drainage details for structural design.
Perform structural design.

SAEIE R

CRCP Design Features
CRCP is used in rehabilitation as an unbonded overlay or where a bonded PCC overlay is placed

on top of an existing CRCP. Refer to PART 3, Chapter 4 for a detailed coverage of inputs and
outputs.
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Shoulder Type

Refer to an earlier for the discussion on shoulder type selection for JPCP. Widened slabs are not
directly considered for CRCP. An indirect approach to considering widened slabs, if desired, is
presented in Part 3, Chapter 4.

Permanent Curl/Warp Effective Temperature Difference

Refer to an earlier section for the discussion on permanent curl/warp effective temperature
difference selection.

Steel Reinforcement

Typically, the 0.625-in and 0.75-in diameter deformed bars are used for longitudinal
reinforcement in CRCP. The choice of these bar diameters for the typical CRCP slab with a
thickness ranging from 7 to 12 in results in a percent steel content ranging from 0.6 to 0.75.
Typically, depth of concrete above the longitudinal steel bars ranges from 3.5-in to mid-depth.
This value is a design input and has an effect on crack width (higher steel tighter cracks).

Base Properties

Erodibility Index. Refer to an earlier section for the discussion on base erodibility index
selection. A hot mix AC separator layer of high quality would normally be given a rating of 1
for an unbonded overlay.

PCC Slab/Base Friction. The friction between the CRCP overlay slab and underlying layer
plays an important role in the development of proper crack spacing. For most situations, a
moderate level of PCC slab/underlying layer friction is required. Some States use materials such
as polyethylene sheeting as bond breakers to reduce PCC slab/underlying layer friction. This is
not recommended since many State highway agencies have reported rideability and construction
problems when CRCP was constructed on polyethylene sheeting. For this Guide, the CRC
overlay slab/underlying layer friction is characterized by a factor (F) ranging from 1 to 20.
Guidance on the selection of the CRC overlay slab/underlying layer friction is provided in PART
3, Chapter 4. A value of approximately 7.5 is recommended for an AC separator layer.

Crack Spacing

User Input (Mean Crack Spacing). The design procedure allows designers to input directly
estimates of mean crack spacing. For unbonded CRCP overlays over existing pavements, the
crack spacing properties required may be estimated based on local experience assuming that
similar designs exist in the area. For bonded PCC over existing CRCP, the mean crack spacing
is the same as that of the existing pavement. An estimate must be obtained as part of a pavement
evaluation and distress survey as described in PART 2, Chapter 5.

Estimate from Model. The design procedure also allows designers to estimate mean crack
spacing using empirical models. This is the recommended approach as this prediction procedure
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has shown good results. Designers have the option to modify the model coefficients based on
local experience. A description of the model is presented in PART 3, Chapter 4. The friction
coefficient has a major effect on crack spacing and also on crack width.

Drainage and Surface Properties

Information required under this category includes:

Pavement surface layer (PCC) shortwave absorptivity.
Potential for infiltration.

Pavement cross slope.

Length of drainage path.

A description of the input data is presented in PART 3, Chapter 4.

Layer Definition and Material Properties

Layer Number and Description

Figures 3.7.4 through 3.7.7 present the typical structure of a restored JPCP, bonded PCC over
JPCP or CRCP, and JPCP/CRCP overlays. A description of the structures is presented in the
following sections. For this Guide, pavement layers are assigned numbers beginning with 1 as
the topmost layer.

QO$O - o' Q‘ O¢-°* Existing
Y S o e . T PCC Pavement
<
= 1 = (1 Eﬁ Eﬁ E?Iﬂ = M= Base/subbase_1
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Subgrade

Figure 3.7.4. Typical structure of an existing JPCP subjected to CPR.
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JPCP/CRCP overlay
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Figure 3.7.5. Typical structure of an unbonded concrete overlay over an existing rigid
pavement.
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Figure 3.7.6. Typical structure of a bonded concrete overlay over an existing rigid pavement.
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Figure 3.7.7. Typical structure of a concrete overlay over an existing hot mix AC pavement.

The maximum number of layers that can be analyzed by the analysis module is 20. This refers to
the total number of sub-layers within the pavement structure, including any sub-layering done
internally by the program. Additional information has been presented in Part 3, Chapter 4.

JPCP Restoration (CPR)

Figure 3.7.4 shows an example of the structure of a restored JPCP and has the following
component layers:

e Layer 1—the existing JPCP surface (to be restored).

e Layer 2—a stabilized or unstabilized base/subbase (if it exists, it is considered the base in
design structural and non structural analysis).

e Layer n-1—a stabilized or unstabilized subbase (if it exists).

e Layer n—the subgrade/bedrock.

Unbonded JPCP/CRCP Overlay over Existing PCC Pavement

Figure 3.7.5 shows an example of an unbonded JPCP or CRCP overlay over an existing rigid
pavement. It has the following layers:

e Layer 1—JPCP or CRCP overlay.

e Layer 2—Separator layer (typically new hot mix AC layer but could also be the existing
hot mix AC overlay of a composite AC/PCC pavement. It is considered the base in
structural and non-structural analysis).

e Layer 3—the existing PCC pavement (considered the base in structural analysis only
unless there is no separator layer where it is considered the base in all types of analysis).

e Layer 4—a stabilized or unstabilized subbase.

e Layer n-1—a stabilized or unstabilized subbase.

e Layer n—the subgrade/bedrock.
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Bonded PCC Overlay over Existing JPCP/CRCP

Figure 3.7.6 shows an example of a bonded PCC overlay over an existing JPCP or CRCP. It has
the following layers:

e Layer 1—PCC overlay (bonded to the existing JPCP/CRCP layer).

e Layer 2—Existing JPCP/CRCP layer.

e Layer 3—a stabilized or unstabilized subbase (considered the base in structural and non
structural analysis).

e Layer n-1—a stabilized or unstabilized subbase.

e Layer n—the subgrade/bedrock.

JPCP/CRCP Overlay over Existing Flexible Pavement

Figure 3.7.7 shows the structure of a JPCP or CRCP overlay over an existing flexible pavement.
It has the following layers:

e Layer 1—the new JPCP/CRCP overlay.

e Layer 2—the hot mix AC layer of the existing flexible pavement (considered the base in
structural and non structural analysis).

e Layer 3—a stabilized or unstabilized base/subbase.

e Layer n-1—a stabilized or unstabilized subbase.

e Layer n—the subgrade/bedrock.

If bedrock is present within 10 ft of the pavement surface, it will influence the structural response of pavement
layers and needs to be considered. Information required for characterizing the bedrock and procedures for doing so
is presented in this chapter and in PART 2, Chapters 2 and 5 and PART 3, Chapter 4. However, in most design
situations, the effect of bedrock is negligible since it is located deep below the pavement structure (if present at all)
and does not need to be included in analysis. Note that the design procedure allows designers to define

up to 10 layers, including the subgrade/bedrock.

Layer Material Type

A detailed description of the layer material types are presented in this section. The material
described includes:

JPC or CRC (PCC) slab.

Asphalt-stabilized materials.

Chemically stabilized materials (e.g., lime, cement, flyash mixtures).

Unbound materials (e.g., AASHTO or Unified classifications of subgrade soils, crushed
stone, crushed gravel, and bedrock).

Generally, paving materials are characterized using different kind of properties obtained through
laboratory and field testing. PART 2, Chapter 2 of this guide provides a detailed description of
the types of tests used in material characterization and the significance of each test
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recommended. The relevant test standards and guidelines are also presented as part of the
discussion.

Layer Material Properties

Layer material properties are categorized according the layer material type. The following is a
description of the information required for layer material characterization.

PCC Materials (Typically, Surface Layer)
For rehabilitated pavements with PCC, the topmost layer is constructed with PCC as follows:

e EXxisting JPCP surface layer subjected to CPR.
e Bonded PCC overlays over an existing JPCP or CRCP.
e Unbonded JPCP or CRCP overlay over an existing flexible or rigid pavement.

The information required for characterizing the PCC surface layer material is summarized in
tables 3.7.6 through 3.7.9. The layer properties listed in the tables may be obtained through
laboratory and field testing or from historical records as described in PART 2, Chapters 2 and 5
and in PART 3, Chapter 4.

Base/Subbase/Subgrade/Bedrock (Foundation) Layers
For rehabilitated pavements, the foundation layers are defined as any of the following:

e Existing PCC layer (for unbonded JPCP or CRCP overlays).

e Existing hot mix AC layer (for JPCP or CRCP overlays).

e New or existing separator layer (for unbonded JPCP or CRCP overlays or existing composite
or rigid pavements).

e All other existing layers stabilized or unstabilized underlying the existing PCC surface layer
(underlying PCC/existing PCC for bonded overlays) down to the subgrade/bedrock.

e Existing subgrade/bedrock.

The information required for characterizing base, subbase, subgrade/bedrock material properties
and layer thicknesses is summarized in tables 3.7.10 through 3.7.3.16. The information required
is obtained through coring and testing of the existing pavement during pavement evaluation as
described in PART 2, Chapters 2 and 5 for Level 1 data. Level 3 data is obtained for agency
records.
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Table 3.7.6. CPR or overlay concrete (layer 1) thermal properties and general data required for trial design.

Hierarchical Level

Category Input Data 1 > 3
Lo Obtained from coring and laboratory testing (CPR) Estimate from historical
Unit weight . N/A agency or published data
Laboratory testing (overlays) (all)
General : —
. s Obtained from coring and laboratory testing (CPR) Estimate from hlstorlcal
Poisson’s ratio . N/A agency or published data
Laboratory testing (overlays) (all)
Coefficient of Obtained from coring and laboratory testing (CPR) E)satls?;tgn Mix Esélrzzatz:roumbl?;rsmg%rgz:tla
thermal expansion | Laboratory testing (overlays) . gency orp
constituents) | (all)
Estimate from historical
Thermal | Thermal 1 .
properties | conductivity N/A N/A ?SIT?cy or published data
Estimate from historical
Heat capacity N/A N/A agency or published data

@ll)

INo widely acceptable test procedure available.

Table 3.7.7. CPR or overlay concrete (layer 1) mix properties required for trial design.

Category

Hierarchical Level

Input Data 1 > 3
Ultimate shrinkage (at 40 Laboratory testing (applicable | Estimate (from Estimate from historical
percent humidity) only for overlays) correlation equation) | agency or published data (all)
Reversible shrinkage (percent N/A N/A Estimate from historical
of ultimate shrinkage) agency or published data (all)
Time to develop 50 percent Determine from laboratory test N/A Estimate from historical
of ultimate shrinkage data agency or published data (all)
Mix Cement type

Cement content

Water-to-cement ratio

Coarse aggregate type

Concrete zero-stress
temperature’

Curing method

Hierarchical levels not applicable. Data obtained from agency mix specifications (for
overlays) and from historical agency data (for CPR)

IThe design software allows designers to estimate PCC zero-stress temperature from models using PCC mix properties and construction monthly temperature.
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Table 3.7.8. CPR or overlay (layer 1) thickness data required for trial design.
Parameter: Rehabilitation Level of Description
Strategy Input
e Inputs are obtained through nondestructive testing such as GPR as
described in Part 2, Chapter 5
1 e Inputs are obtained through coring the slab and measuring layer thicknesses
CPR as described in Part 2, Chapters 2 and 5
e  Minimum thickness for the existing PCC layer for JPCP and CRCP are 6-
and 7-in, respectively
Layer 3 Inputs are obtained from as-constructed plans (minimum thickness for existing
thickness JPCP and CRCP PCC layer are 6- and 7-in, respectively)
A trial overlay thickness must be assumed (typically from 2 to 5 in) and used in
Bonded overlays® 1,23 design (minimum combined thickness for the exiting PCC layer and overlay for
JPCP and CRCP are 6- and 7-in, respectively)
Unbonded A trial overlay thickness must be assumed (minimum thickness for JPCP and
overlays and 1,2,3 .
PCC/IAC CRCP overlays are 7-in)

Overlay and existing PCC are combined to form a composite PCC layer for design analysis.




Table 3.7.9. CPR and overlay concrete (layer 1) strength data required for trial design.

6C°L'E

Parameter: Rehabilitation Level of Description
Strategy Input
Inputs are obtained through cutting beams from the slab and testing samples for long-
1 term elastic modulus, flexural strength, and tensile strength as described in Part 2,
Chapters 2 and 5. The data is assumed to be the long-term strength and is therefore
constant throughout rehabilitation design life
Inputs are obtained through coring the slab and testing cored samples for long-term
Restoration 2 compressive strength_as described in Part 2, Chapters 2 an_d 5 (models are used to
(CPR)? convert the compressive strength to flexural strength, tensile strength, and elastic
modulus
Inputs are 28-day compressive strength or 28-day flexural strength obtained from
historical records or estimated. If the 28-day PCC elastic modulus is available from
3 historical records it can also be input along with either of the strength parameters
referenced above otherwise it is computed from standard correlation (see PART 2,
PCC Chapter 2)
strength Bonded overlays
(layer 1) of existing PCC 1,23 Utilize the recommendations for unbonded overlays.
(Overlay)
Bonded overlays
of existing PCC 1,2,3 Utilize the recommendations for restoration.
(Existing PCC)
e 7-,14-, 28-, 90-day elastic modulus (JPCP and CRCP), flexural strength (JPCP
1 and CRCP) and tensile strength (CRCP)
e  20-yr to 28-day strength ratio for elastic modulus (JPCP and CRCP), flexural
Unli)onded d strength (JPCP and CRCP) and tensile strength (CRCP)
ovséé)//;\acn 2 e 7-,14-, 28-, 90-day compressive strength (JPCP and CRCP)
e  20-yr to 28-day strength ratio (JPCP and CRCP)
3 e 28-day flexural strength and elastic modulus
e 28-day compressive strength and elastic modulus

ILevel 1 Ec can also be obtained by backcalculation (using FWD deflection data and layer thicknesses) and multiplying by 0.8 to convert from dynamic to
static for existing pavements subjected to CPR.
2For restored pavements, PCC strength at the time of restoration is used in design. The PCC strength throughout CPR design life is assumed constant.



Table 3.7.10. Existing HMAC dynamic modulus (E*) estimation at various hierarchical input
levels for rehabilitation design.

Material Group Type Input Description
Category Design | Level
1 o Not applicable to PCC
2 o Not applicable to PCC
o Use typical estimates of mix modulus prediction equation (mix
volumetric, gradation and binder type) to develop undamaged master
curve with aging for site layer.
. o Using results of distress/condition survey, obtain estimate for
Asphalt Materials Rehab pavement rating (excellent, good, fair, poor, very poor)
(existing layers) 3 e Use a typical tabular correlation relating pavement rating to pavement

layer damage value, d;.
In sigmoidal function, & is minimum value and o is specified range
from minimum. Define new range parameter o’ to be:
o’ =(1-dj) a
Develop field damaged master curve using o’ rather than o

A detailed description of Level 3 HMAC dynamic modulus (E’) estimation is presented in PART 2, Chapter 2.

3.7.30




1€L°€

Table 3.7.11. Data required for characterizing existing PCC slab and chemically stabilized layers.

Hierarchical Level

1
Input Data 1 > 3
Unit weight Obtained from coring and testing N/A Estimate from historical
agency data
Estimate from historical
Poisson’s ratio Obtained from coring and testing N/A agency data (see Part 2,

Chapter 2)

Existing PCC slab
design elastic modulus
(applicable in
situations where the
existing intact PCC
slab is considered the
base)?

The test elastic modulus E+gst is obtained from (1) coring the intact slab and
laboratory testing for elastic modulus or (2) by backcalculation (using FWD
deflection data from intact slab and layer thicknesses) and multiplying by 0.8
to convert from dynamic to static modulus. The design existing PCC slab
elastic modulus is determined as follows:

Egase/pesion = Cep*Erest

where Eqgsy iS the static elastic modulus obtained from coring and laboratory
testing or backcalculation of uncracked intact slab concrete and Cgp is a
factor based on the overall PCC condition as follows:

e  Cgp=0.421t0 0.75 for existing pavement in overall “good” structural
condition.

e  Cgp =0.22 to 0.42 for existing pavement in “moderate” condition.

e  Cgp =0.042to 0.22 for existing pavement in “severe” condition

Pavement condition is defined in table 3.7.12. A maximum Egase/pesien Of 3

million psi is recommended due to existing joints even if few cracks exist.

Egase/pesign Obtained from coring
and testing for compressive strength.
The compressive strength value is
converted into elastic modulus as
outlined in Part 2, Chapter 2. The
design elastic modulus is obtained as
described for level 1

Egase/DESIGN estimated from
historical agency data and
local experience for the
existing project under design

Rubblized PCC
(applicable in
situations where the
existing intact PCC
slab is considered the
base)?

N/A

N/A

Esasemesien typically
ranges from 50,000 to
150,000 psi. It could also be
estimated from historical
agency data and local
experience

Chemically stabilized
materials elastic
modulus

Obtained from coring and testing for elastic modulus as outlined in Part 2,
Chapter 2

Obtained from coring and testing for
compressive strength. The
compressive strength value is
converted into elastic modulus as
outlined in Part 2, Chapter 2.

Estimated from historical
agency data and local
experience

Thermal conductivity

N/A

N/A

Estimate from historical data

Heat capacity

N/A

N/A

Estimate from historical data

IDetailed descriptions of test procedure used t obtain the input data required are presented in PART 2, Chapter 2.
Note that the Cgp factors and the factor (0.8) for converting dynamic to static Epcc are those recommended in this Guide. Designer may modify these factors since the
modified modulus is the input parameter required by the design software.



Table 3.7.12. Description of existing PCC pavement condition.
Existing Pavement Structural Condition
Type Good Moderate Severe Rubblized
JPCP (percent slabs <10 10 t0 50 > 50 or crack Rubblized
cracked)! and seat
JRCP (percent area > 25 percent or .
deteriorated)® <5 51025 break and seat Rubblized
CRCP (percent area <3 31010 > 10 Rubblized

deteriorated)®

Percent slabs cracked with all severities and types of cracks plus any repairs.
%percent area including repairs or patches, deteriorated joints, and deteriorated cracks (deteriorated joints and

cracks converted to repair areas).

3percent area includes repairs, patches, and localized failures and punchouts converted to repair areas.
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Table 3.7.13. Information required for characterizing pavement effective dynamic (not traditional static) modulus of subgrade
reaction for rehabilitation design.

Input Data | Hierarchical Level Description
Modulus of There is no laboratory testing procedure for resilient modulus available for level 1 for rigid pavements. Level
subgrade 1 modulus of subgrade reaction is determined by backcalculating the effective modulus of subgrade reaction
reaction (for the existing pavement) using FWD deflection test data as outlined in PART 2, Chapter 5 on the existing
(dynamic slab.
from FWD
back- 1 For backcalculation, the input is deflections, which are then used to backcalculate modulus of subgrade
calculation, reaction using any appropriate layer moduli backcalculation algorithm. The mean project backcalculated
approx. twice modulus of subgrade reaction obtained after backcalculation for a given month is the input required by the
static) Design Guide software. Moduli of subgrade reaction values for the remaining months of the year are

determined by letting the EICM compute seasonal adjustment factors (for those months) and using the
seasonal adjustment factors to estimate modulus of subgrade reaction for the remaining months.

Determine the resilient modulus of each foundation layer underlying the PCC surface (e.g., base, subbases and
subgrade) by running field tests for DCP (for a given month) or laboratory analysis of bulk samples obtained
from the existing pavement for CBR, R-Value, or AASHTO soil classification and transforming them into
resilient modulus through models/correlations. 2

2 The seasonal resilient modulus is determined by: (1) Enter the resilient modulus at optimum water content and
let the EICM do the seasonal adjustments, (2) Entering 12 resilient moduli (one for each month) or (3) Enter 1
representative resilient modulus and this will be used throughout the year.

The resilient moduli are then transformed into an effective modulus of subgrade reaction value using
procedures outlines in PART 3, Chapter 4.

Regional or typical values are assumed from historical agency data for design. Seasonal values are
determined as follows: (1) Enter the resilient modulus at optimum water content and let the EICM do the
seasonal adjustments or (2) Enter 1 representative resilient modulus to be used for all seasons.

The resilient moduli are then transformed into an effective modulus of subgrade reaction value using
procedures outlines in PART 3, Chapter 4.

YProcedures used to obtain unbound granular material, subgrade soil, and bedrock layer material moduli are presented in table 3.7.14. Hot mix AC and chemically stabilized
material layer moduli can be estimated using procedures outlined in tables 3.7.10 and 3.7.11.

2 Level 2 requires testing of a soil sample using some test such as CBR or R-value and then estimating the layer resilient modulus using a prediction equation. Level 3 requires
estimation using a correlation from soil classification such as AASHTO or UCS. A guide for selecting an appropriate Level 3 resilient modulus is provided in PART 2, Chapter 2.
Note that whenever a granular subgrade exists, the recommended resilient modulus is fairly high and if this subgrade layer is not truly infinite in depth, will result in overestimation
of the subgrade support and a very high backcalculated k value (see section titled “Computation of Effective k-value™). If the stiffer granular layer is relatively thin (e.g., less than
5 to 10 ft) then a reduction in the selected subgrade resilient modulus is warranted.
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Table 3.7.14. Information required for characterizing unbound granular materials, subgrade soils, and bedrock resilient modulus.

Input
Data

Hierarchical Level

1

2

3

Resilient
modulus

There is no laboratory testing procedure
for resilient modulus available for level 1
rigid pavements. Level 1 rigid pavement
rehabilitation parameter is deflection data
obtained from FWD testing and used for
backcalculation of modulus of subgrade
reaction (Table 3.7.13)

Data is obtained by running field tests for
DCP (for a given month) or laboratory
testing of bulk samples obtained from the
existing pavement for CBR, R-Value, and
AASHTO soil classification. Resilient
modulus is then estimated using
models/correlations with the test values as
input.

The seasonal resilient moduli are
determined by: (1) Entering the resilient
modulus at optimum water content and let
the EICM do the seasonal adjustments,
(2) Enter 12 resilient moduli (one for each
month), or (3) Enter 1 representative
resilient modulus and this will be used
throughout the year.

Regional or typical values
are assumed from
historical agency data for
design. Seasonal values
are determined as follows:
(1) Enter the resilient
modulus at optimum
water content and let the
EICM do the seasonal
adjustments, (2) Enter 1
representative resilient
modulus value to be used
for all seasons (no
moisture content is
required)
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Table 3.7.15. Description of sources of layer thickness data required for trial design.

Parameter Hierarchical Description
Level of Input P
e Inputs are obtained through nondestructive testing such as
B GPR as described in PART 2, Chapter 5
ase, . . .
subbase 1 e Inputs are obtained through coring the layer and measuring
layer the thickness as described in PART 2, Chapters 2 and 5
thickness 3 Inputs are obtained by estimating layer thickness from as-
constructed plans

Applicable to hot mix AC or asphalt stabilized, PCC or chemically stabilized, and unbound base or subbase layers.

Table 3.7.16. Additional information required for unbound granular material, unbound soil material,
subgrade,/bedrock (used in EICM)

Input Hierarchical Level
1 2 3

Plasticity index Obtained through laboratory testing of bulk samples N/A Estimate from historical agency data
Percent passing No. 200 sieve Obtained through laboratory testing of bulk samples N/A Estimate from historical agency data
Percent passing No. 4 sieve Obtained through laboratory testing of bulk samples N/A Estimate from historical agency data
ss'df)\éi;c;zenjg{e\p;;hiS?ng:irr?sgt(onG?)e Obtained through laboratory testing of bulk samples N/A Estimate from historical agency data
Dry thermal conductivity Obtained through testing of bulk samples N/A Estimate from historical agency data
Dry heat capacity Obtained through testing of bulk samples N/A Estimate from historical agency data
Unbound granular/soil material

characterilstic curve parameters (a, b, | Obtained through laboratory testing of bulk samples N/A Estimate from historical agency data
¢, and hr)

A detailed discussion on how to obtain unbound granular/soil material characteristic curve parameters and their significance has been presented in PART 2, Chapter 3.



3.7.3.7 Rehabilitation

Estimate of Past Damage (for JPCP Subjected to CPR)

For JPCP subjected to CPR, an estimate of past fatigue damage is required. An estimate of past
damage is used with estimates of future damage to predict future cracking. Required inputs for
determining past fatigue damage are as follows:

1. Before restoration, percent slabs with transverse cracks plus percent previously
repaired/replaced slabs.

2. After restoration, total percent repaired/replaced slabs (note, the difference between [2] and
[1] is the percent of slabs that are still cracked after restoration).

Not that the types of cracking referred to are those due to fatigue. Also, repairs and replacement
refers to full-depth repair and slab replacement only. The percentage of previously repaired and
replaced slabs is used to account for past slab repairs/replacements when predicting future
cracking.

Estimating Past Fatigue Damage

Figure 3.7.8 shows a schematic of the relationship between fatigue-related cracking (top-down
and bottom-up cracking) and fatigue damage. This relationship was calibrated using data from
the Long Term Pavement Performance (LTPP) program and other sources and is used to estimate
past fatigue damage (prior to restoration) for any given JPCP once the amount of transverse
cracking (percent slabs cracked) prior to rehabilitation is quantified (PART 2, Chapter 5). Using
the fatigue damage/cracking relationships developed and calibrated for this Guide, the default
initial damage values presented in table 3.7.17 are recommended for design.

A

Calibrated Slab Cracking Model

Percent Slabs Cracked

v

»
»

Estimate of current Fatigue
fatigue damage Damage

Figure 3.7.8. Schematic of calibrated distress model showing the relationship between fatigue-
related damage and field distress.
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Table 3.7.17. Recommended total fatigue damage used in design analysis (estimated from
calibrated slab fatigue damage and cracking relationship).

Distress (Percent Slabs Total Fatigue Damage
Cracked)
0 0.100 to0 0.250
10 0.270
20 0.438
30 0.604
40 0.786
50 1.000

The estimated total fatigue damage is used internally in the design software to estimate the
proportion of total fatigue damage due to bottom-up and top-down cracking as follows:

1. Determine future fatigue damage estimates (total, top-down, and bottom-up fatigue
damage).

2. Compute the percentage of total fatigue damage due to top-down and bottom-up damage
mechanism (e.g., 45 percent top-down and 55 percent bottom-up fatigue damage).

3. Use the computed percentage to divide past total fatigue damage (shown in table 3.7.17)
into the amounts due to top-down and bottom-up mechanism.

The effect of existing PCC pavement past damage on bonded PCC over existing JPCP/CRCP is
negligible and therefore not considered in design. For unbonded JPCP or CRCP overlays over
existing rigid pavement, PCC damage in existing slab is considered as outlined in tables 3.7.11
and 3.7.12, while for JPCP or CRCP overlays over existing flexible pavement hot mix AC
damage is considered as outlined in table 3.7.10.

Dynamic Modulus of Subgrade Reaction

As presented in table 3.7.13, pavement foundation strength is estimated using an effective
dynamic modulus of subgrade reaction value. The effective modulus of subgrade reaction is
estimated by computing the monthly resilient/elastic moduli of each layer, including the bedrock
(if the depth to bedrock if less than 10 ft), and subsequently converting them into a single
effective dynamic modulus of subgrade reaction (dynamic k-value). The effective dynamic
modulus of subgrade reaction, therefore, essentially represents the compressibility of underlying
layers (i.e., unbound base, subbase, and subgrade layers) upon which the upper bound layers and
existing hot mix AC or PCC layer is constructed. For reference, the dynamic k-value is
approximately twice the traditional static k-value. Below is a brief description of the procedure
for converting the layer moduli to an effective dynamic modulus of subgrade reaction.

Conversion of Base, Subbase, and Subgrade Layers Resilient Moduli into Single Effective
Dynamic Modulus of Subgrade Reaction (k-value)

A comprehensive discussion is presented in PART 3, Chapter 4 on the conversion of base,
subbase, and subgrade moduli into a single effective dynamic modulus of subgrade reaction.
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For rehabilitation design, because the dynamic modulus of subgrade reaction is backcalculated
from the PCC surface deflections, the result is an “effective” dynamic k-value that represents the
compressibility of all layers beneath the PCC slab. Note that for rehabilitation with PCC, the
PCC slab is defined based on the rehabilitation strategy adopted as follows:

e For restored JPCP, the PCC slab is defined as the existing PCC surface layer.
e For unbonded JPCP/CRCP over existing rigid pavement, the PCC slab is defined as the

overlay PCC slab.

e For bonded PCC over JPCP/CRCP, the PCC slab is the composite overlay/existing PCC
layer.

e For JPCP/CRCP overlay over existing flexible pavements, the PCC slab is defined as the
overlay PCC slab.

Also, if the pavement is constructed in a region with a bedrock layer that is close to the surface
(< 10 ft), then the bedrock is entered as a stiff layer (high elastic modulus) beneath the subgrade
soil layer (becomes the subgrade). The PCC surface deflections calculated using JULEA reflects
the presence of the bedrock layer and, consequently, the bedrock layer is reflected in the
calculated effective modulus of subgrade reaction.

The effective dynamic k-value of the subgrade would be calculated by the EICM for each season
(month) throughout the year and utilized directly to compute critical stresses and deflections in
the incremental damage accumulation over the design life of the pavement. Its value is affected
greatly by factors such as water table depth, depth to bedrock, and frost depth penetration. All of
these are considered in the EICM.

3.7.4 JPCP REHABILITATION DESIGN

This section describes the application of design procedures to evaluate rehabilitated JPCP trial
designs for adequacy. JPCP rehabilitation design in this Guide is limited to the following:

Restoration with CPR treatments (including diamond grinding) of existing JPCP.
Unbonded JPCP over existing rigid pavement of any type or composite pavement.
Bonded PCC over existing JPCP.

JPCP overlay over existing flexible pavements.

Pavements designed using these procedures are expected to carry significant levels of traffic.
3.7.4.1 Performance Criteria

Performance criteria are definitions of the maximum amounts of individual distress or
smoothness acceptable to the highway agency at a given reliability level. Performance indicators

used for JPCP rehabilitation design are as follows:

e Transverse joint faulting.
e Transverse cracking.
e Smoothness (measured using IRI).
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Performance criteria are a user input and depend on local agency design standards as described
in section 3.7.3 of this chapter.

3.7.4.2 Design Reliability

Deterministic analysis (which utilizes all mean input values) entails predicting the key
performance indicators (pavement distresses and smoothness) at 50 percent reliability. In
probabilistic analysis, the performance of the pavement in terms of the key performance
indicators can be obtained at any desired level of reliability. Design reliability is described in
section 3.7.3 of this chapter, PART 3, Chapter 4, and PART 1, Chapter 1.

3.7.4.3 Design Considerations

A detailed description of the factors that affect transverse joint faulting, transverse cracking, and
smoothness is presented in PART 3, Chapter 4. The information presented could also be applied
to JPCP rehabilitation design. A summary of the factors that affect distress and smoothness are
summarized in table 3.7.18.

Of the factors listed, dowels tend to have the most influence on transverse joint faulting while
slab thickness and CTE has the most influence on cracking. Dowels are used in JPCP to improve
load transfer across transverse joints. Typically, round steel dowels are placed 12 in on center
across a lane. The dowel diameter is typically selected as a function of the slab thickness, which
in turn is a function of the design traffic loadings.

Field performance of doweled joints using the typical spacing has been good. However,
theoretical analysis suggests that the same performance can be expected with as few as three to
four dowels per wheel path. In CPR (e.g., full-depth repairs and dowel bar retrofit of older
concrete pavements) often only four dowel bars per wheel path are placed. These configurations
have performed well under high volumes of traffic.

Designers must note that the JPCP rehabilitation procedure presented is based on round steel
dowels (with diameters varying from 1 to 1.5 in) placed on center across a lane with equal
spacing between them across the entire transverse joint. The use of only four dowel bars per
wheel path, therefore, cannot be analyzed exactly with this procedure. Also, site factors for
which designers have no control such as climate (precipitation, freezing index, and number of
freeze-thaw cycles, and particularly daytime (positive) temperature difference through the slab)
and traffic should be considered when selecting design features. Finally, reducing specific
distress has the added benefit of minimizing the rate of smoothness loss and hence these factors
in an indirect manner also influence JPCP smoothness.
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Table 3.7.18. Summary of factors that influence rehabilitated JPCP
distress (19, 23-28).

Distress Type

Parameter Transverse | Transverse Comment
Joint Faulting | Cracking®
Presence of dowels and Restored JPCP could be retrofitted with dowels while
dowel diameter (spacing is - dowels could be specified for unbonded JPCP overlays
typically 12 in) and JPCP overlays over existing flexible pavements
Existing/overlay PCC slab - - Slab thickness can only be modified for JPCP overlays
thickness
The flexural strength of JPCP overlays can be increased
to reduce cracking. However, increasing strength
Existing/overlay PCC - generally results in increased PCC elastic modulus which
flexural strength leads to an increase in stresses induced within the
pavement and partially reduces benefits of increased
strength
Joint spacing can be modified only for unbonded JPCP
Joint spacing - - overlays and JPCP overlays over existing flexible
pavements
The base layer erodibility significantly influences
Use of stabilized base faulting. For rehabilitation design base layer can be
layers and the strength and - selected only for unbonded overlays where the separator
durability of the materials layer forms part of the base. A nonerodible and durable
separator layer will therefore reduce the potential of
transverse joint faulting
Placement of vehicle loads
near unsupported pavement - Use of widened slabs or tied PCC shoulders should
edges (wander of truck provided some edge support
wheels along edge)
Poor slab edge support Existing JPCP can be retrofitted with tied PCC shoulder
(e.g., lack of widened - - to improve edge support while JPCP overlays can be
paving lanes or tied PCC constructed with tied PCC shoulders or widened slabs to
shoulders). improve edge support
Including an open-graded base course as the separator
layer for unbonded JPCP over existing rigid pavements
Subsurface drainage - or retrofitting restored JPCP, bonded PCC over existing
JPCP, or JPCP overlays over existing flexible pavements
with drainage facilities such as edge drains could reduce
the potential for faulting
Permanent curl/warp - - Permanent curl/warp can be controlled by adopting sound
mix design and construction curing practices
Subgrade stiffness For rehabilitation, the designer mostly has no control
(dynamic modulus of - over these parameters. Design features can be selected
subgrade reaction however to mitigate the negative effects of such
Stabilized base thickness - parameters is they exist
. PCC constituents should be selected for JPCP and CRCP
Shrinkage of slab surface - A X
to minimize shrinkage
Aggregate materials and other PCC constituents should
- - be selected for JPCP and CRCP overlays to reduce CTE

CTE (apcce)

S0 as to reduce stresses induced in the PCC due to
temperature differences and thermal gradients

IFor both bottom-up and top-down cracking.
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3.7.4.4 Trial Rehabilitation Design

The basic concept of rehabilitation design is first to select a trial design with defined layers,
material types and properties, and relevant design features based on the future level of traffic
anticipated. This is followed by the selection of the design performance criteria (used for
evaluating the adequacy of the trial design), the desired level of reliability, and the determination
of input data (see section 3.7.3 of this chapter). Next, the design software is used to process the
input data. Data processing includes estimating climate related aspects such as pavement
temperature profile for each hour within the design period using EICM and computing long-term
PCC flexural strength.

The processed data is then used to compute the pavement structural responses (stress,
deflections) for each distress type and time incremental. Computed structural responses are used
to estimate distress and hence smoothness. The trial rehabilitation design is then evaluated for
adequacy using prescribed performance criteria at a given reliability level. Trial designs deemed
inadequate are modified and reevaluated until a suitable design is achieved. Design
modifications could range from making simple changes to thicknesses of layer materials and
varying strength properties to adopting a new rehabilitation strategy altogether. It is
recommended that such rehabilitation designs, though technically feasible, be subjected to a life
cycle cost analysis and assessed for other factors before being adopted as recommended in PART
3, Chapter 5 and Appendix C.

An outline of the JPCP rehabilitation design procedure for the rehabilitation strategies listed is
presented in figure 3.7.9. A list of distress types/smoothness relevant for the design of the
selected rehabilitation strategies is presented in table 3.7.19. Each rehabilitation strategy must be
analyzed in detail to determine if it performs adequately over the expected rehabilitation period
at a given reliability level. Detailed descriptions of the procedures for estimating transverse joint
faulting, transverse cracking (bottom-up and top-down), and smoothness are presented in the
following sections. The JPCP rehabilitation design procedure described allows for use for
various rehabilitation strategies, including staged construction. As an example, the procedure
can be used to design CPR treatments for a deteriorated JPCP for a limited time period (e.g., 6
years) before overlaying it.

3.7.4.5 Transverse Joint Faulting

Transverse joint faulting is the differential elevation across the joint measured approximately 1 ft
from the slab edge (longitudinal lane to shoulder joint for a conventional 12-ft lane width), or
from the lane paint stripe for a widened slab. Since joint faulting varies significantly from joint
to joint, the mean faulting of all transverse joints in a given project is the parameter predicted by
the model used in this Guide for performance evaluation. Faulting is an important deterioration
mechanism of JPCP because of its impact on ride quality. Joint faulting also has a major impact
on the life cycle costs of rehabilitated pavements, both in terms of increased costs due to early
failure of the rehabilitation strategy and on vehicle operating costs as faulting becomes severe.
Transverse joint faulting is the result of a combination of, moving heavy axle loads, poor joint
load transfer, free moisture beneath the PCC slab and or base, and base/subbase erosion (19, 24,
25).
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Figure 3.7.9. Overview of JPCP rehabilitation design procedure.
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Table 3.7.19. Summary of relevant distress/smoothness required for JPCP rehabilitation design.

Rehabilitation

1 Feasible Treatments Pavement Type Performance Criteria
Strategy

Diamond grinding with appropriate
JPCP selection of:?

rehabilitation Load transfer restoration
without overlays Full-depth repair

(CPR) Slab replacement

Shoulder replacement

e Subdrainage improvement

Existing JPCP Faulting, transverse cracking,
(to be restored) smoothness (IRI)

Preoverlay restoration and bonded . .
Faulting, transverse cracking,

PCC overlay over existing rigid JPCP overlay smoothness (IRI)
pavement
S Preoverlay restoration and . .
Rehabilitation unbonded PCC overlay over JPCP overlay Faulting, transverse cracking,

with overlays smoothness (IRI)

existing rigid pavement

Surface preparation and concrete Faulting, transverse cracking,

overlay over existing flexible JPCP overlay smoothness (IRI)
pavement
Reconstruction Reconstruction with JPCP All Faulting, transverse cracking,

smoothness (IR1)

The design procedure for reconstruction of an existing pavement with JPCP is the same as that of new design and is presented in
Part 3, Chapter 4.

2Diamond grinding is normally recommended to restore smoothness and the JPCP restoration procedure in this Guide assumes
that diamond grinding is always performed. If diamond grinding is not utilized then this design procedure cannot be used to
evaluate future performance (for joint faulting or IRI).

Computing Structural Responses

The pavement’s structural response of interest for JPCP faulting (applicable to both JPCP
rehabilitation without overlays and rehabilitation with JPCP overlays) is the maximum corner
deflection and corner differential deflection across the joint of the JPCP surface layer. It is
computed for each time increment analyzed (for single, tandem, tridem, and quad axles) so
damage can be computed incrementally.

Maximum corner deflection and corner differential deflection across the joint are computed
using several different types of input data, including:

e PCC properties (thickness, elastic modulus, Poisson’s ratio, unit weight, coefficient of
thermal expansion, and ultimate shrinkage. Note that for restored JPCP and bonded PCC
over existing JPCP the existing PCC slab is assumed to have achieved its ultimate
shrinkage at the time of rehabilitation. Seasonal variations of shrinkage in these layers
are considered in design.

e Base thickness and elastic modulus. Note that coefficient of thermal expansion of the
base layer is assumed equal to the PCC coefficient of thermal expansion.

e PCC slab and base interface condition (an unbonded interface condition is assumed in all
cases expect for JPCP overlays over existing flexible pavement were designer could
assign a time typically ranging from 0 to 10 years when the PCC slab/base bonding is
lost. Note that bonding between the JPCP overlay slab and existing hot mix AC layer is
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dependent on the construction practices specified and implemented by the designer. If an
unbonded interface between the PCC slab and the base is assumed the base unit weight is
set to 0.

e Joint spacing.

e Dynamic modulus of subgrade reaction.

e Shoulder and transverse joint LTE (deflection LTE of the longitudinal lane-lane
(centerline) joint is assumed equal to 50 percent). Transverse joint LTE depends on
several factors including base type and presence of dowels and dowel diameter.

e Permanent and transitory curl/warp characterized by the effective temperature difference
(mean monthly nighttime values).

e Ambient relative humidity (seasonal in top of PCC slab).

e Axle type (single, tandem, or tridem) and axle weight.

e Axle position (distance from the critical slab edge). For transverse joint faulting analysis,
the critical wheel location is measured from the lane-shoulder interface of the PCC slab.
The reference point for measurement is the lane paint stripe, regardless of whether the
slab is widened or not.

An assumption of longitudinal lane-lane joint LTE of 50 percent is reasonable if the lane-lane
joint is generally in good shape. Restoration of existing JPCP includes lane-to-lane joint repair
(tied full-depth patching) for existing JPCP with severely deteriorated lane-lane joints or existing
JPCP with severely deteriorated lane-lane joints are overlaid (unbonded overlay with thick
separator layer). Also, for JPCP rehabilitation design, the definitions of PCC surface layer, base,
subgrade, and so on differ according to the rehabilitation strategy (see figures 3.7.4 through
3.7.7), and this must be considered in assigning the appropriate values of design features and
material properties.

The design software computes structural responses (critical stresses and deflections in the
pavement due to traffic loads and climatic effects) using rapid solution neural network (NN)
models that are based on a finite element (FE) structural analysis. The neural network models
were developed specifically for the rehabilitation strategies covered by this Guide. The NN were
developed using a range of traffic loadings, site properties, and design features typical for
rehabilitated pavements and structural response data obtained from ISLAB2000. Results from
the NN models are rapid and accurate. A detailed description of the NN models developed for
computing structural responses and a summary of the input data type and ranges are presented in
PART 3, Chapter 4.

Estimating Damage and Mean Transverse Joint Faulting

The steps required for computing transverse joint faulting damage and distress are described in
the following sections.

Step 1. Estimate Initial Transverse Joint LTE
Total initial transverse joint load transfer efficiency is determined using equation 3.7.1. The

equation shows that the transverse joint LTE is a sum of the LTE due to the transverse joint load
transfer mechanism (dowels or aggregate interlock) and that due to the underlying (base) layer.
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LTE ;. =100 (1— (1 LTE 4, /100)(1- LTE,, /100)(1 - LTE,,, / 100)) (3.7.1)
where

LTEjoint = total joint LTE, percent.

LTEdowel = joint LTE if dowels are the only mechanism of load transfer,
percent.

LTEpase = joint LTE if the base is the only mechanism of load transfer,
percent.

LTEagq = joint LTE if aggregate interlock is the only mechanism of load

transfer, percent.

Models for estimating the various components of equation 3.7.1 were presented and described in
PART 3, Chapter 4 for new design. The inputs required for computing joint LTE include the
transverse joint dowel diameter (dowel diameter = O if no dowels are used), base type, and the
characteristics of joint width, which has a significant effect on the component of LTE
contributed by aggregate interlock. Additional guidance is provided in table 3.7.20 for
determining the LTE due to the base for JPCP overlays.

Table 3.7.20. Recommended transverse joint load transfer efficiencies (obtained from
calibration) for base contributions.

Base Type LTEpase (contribution from base only), percent

Aggregate base 20

Asphalt-stabilized or cement-

stabilized base 30 to 40

Lean concrete base or rubblized PCC 40 to 50

Existing PCC (for unbonded
overlays mismatching joints)*
!Design procedure assumes unmatched joints.

2Depends on the condition of the existing PCC slab (good, moderate, severe, crack and seat, and break and seat, and
rubblized, see table 3.7.12).

40 to 70°

Step 2: Estimate of Applied Traffic, n.

Traffic data, including annual average daily truck traffic (AADTT), vehicle class distribution,
monthly and hourly adjustments to vehicle or truck distributions, number of axles per truck, load
distributions for each axle type and truck class, and traffic growth factors, are processed in the
Design Guide software to provide the following outputs on an incremental (hourly) basis over
the entire design period:

e Single axle load spectrum (i.e., estimated number of single axles within each load group)
for the given traffic mix for a given wheel location.

e Tandem axle load spectrum.

e Tridem axle load spectrum.

e Quad axle load spectrum.
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These load spectra are processed further to tailor traffic inputs necessary for the damage
computation and performance prediction of each distress type. More discussion on this
additional processing is provided in PART 3, Chapter 4, as well as in Appendices JJ, KK, LL,
and NN.

Step 3. Determine Critical Pavement Responses for Each Increment

For each time increment and combination of axle type, axle load, and wheel location, deflections
at the loaded and unloaded slab corners are calculated using the NN models provided as part of
the design software. The computed deflections are used to estimate the differential energy of
subgrade deformation, DE, shear stress at the slab corner, t, and (for doweled joints) maximum
dowel bearing stress, op:

DE = k/2 (Szloaded' 62unloaded) (3.7.2)
= AGG* (5Ioaded B 5un|0aded ) (373)
h
o, = Dd * (é‘loaded B 5un|oaded ) (374)
d *dsp
where
Sloaded = loaded corner deflection, in.
Sunloaded = unloaded corner deflection, in.
k = modulus of subgrade reaction, psi/in.
AGG = joint stiffness factor.
h = PCC slab thickness, in.
d = dowel diameter, in.
Dy = dowel stiffness factor.
4 = radius of relative stiffness, in.
dsp = dowel spacing, in.

Step 4. Evaluate Loss of Shear Capacity and Dowel Damage

The loss of shear capacity (As) due to repeated wheel load applications is characterized in terms
of the width of the transverse joint based on a function derived from the analysis of load transfer
test data developed by the Portland Cement Association (PCA). The following loss of shear
occurs during the time increment (month):

n. T. .
memm/W&$IJJ if w<3.7h
j

ref

S (0.069-2750e™ " | | T |
. —Z. e W — if w>3.7h

Tref

As = (3.7.5)

]
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nj = number of axle load applications for current increment and load group j.
Tj = shear stress on the transverse joint from the response model for the load
group j.
Tref = reference shear stress derived from the PCA test results.
Tret =111.1* exp(-exp(0.9988*exp(-0.1089 log J;))) (3.7.6)
where
Jc = joint stiffness on the transverse joint computed for the time increment.

The coefficients of this function may vary for different aggregate types, but preliminary test
results indicate little difference in the shear wear-out behavior among mixes made with different
coarse aggregate types. The dowel damage, DAMyo, is determined as follows:

DAM,, = Cz[l%ﬁj[rf_lj (3.7.7)

where
c
fc

regression coefficient equal to 0.0002.
PCC compressive strength (changes with PCC age), psi.

Additional information is provided in PART 3, Chapter 4.
Step 5. Predict Overlay JPCP or Restore JPCP Mean Transverse Joint Faulting

Equations 3.7.8 through 3.7.11 are used to predict transverse joint faulting for restored JPCP and
JPCP overlays:

Fault, =" AFault, (3.7.8)

i=1

AFault, = C,, *(FAULTMAX  , — Fault, ) * DE, (3.7.9)

FAULTMAX, = FAULTMAX, +C, *} DE, * Log(1 + C, *5.05%° )% (3.7.10)
j=1
Co

*
FAULTMAX , = Cy, * 8, *| Log(1+ C, *5.05°00) » L og (F200~WeYDAYS, (3.7.11)
where
Faulty, = mean joint faulting at the end of month m, in (at 50 percent
reliability).
AFault; = incremental change (monthly) in mean transverse joint faulting
during month;, in.
FAULTMAX; = maximum mean transverse joint faulting for month , in.
FAULTMAXo = initial maximum mean transverse joint faulting, in.
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EROD = base/subbase erodibility factor.
DE; = differential deformation energy accumulated during month i.
EROD = base/subbase erodibility factor.
dcurling = maximum mean monthly slab corner upward deflection PCC due
to temperature curling and moisture warping.
Ps = overburden on subgrade, Ib.
P200 = percent subgrade material passing #200 sieve.
WetDays = average annual number of wet days.
Cu = Ci+Cp*FRY™®
Cas = Csy+ C4*FR0'25
FR = base freezing index defined as percentage of time the top base
temperature is below freezing (32F° or 0 C°) temperature.
C, through C; = calibration constants.

Equations 3.7.8 through 3.7.11 were developed and calibrated for new pavements as described in
PART 3, Chapter 4 and Appendix JJ. For rehabilitation design the models were verified using
LTPP and other test data as described in Appendix NN. Where necessary the model coefficients
were modified to improve predicted mean transverse joint faulting for rehabilitation. Model
coefficients are presented in table 3.7.21 for the different rehabilitation strategies presented in
this Guide. Alternate model coefficients obtained through calibration using local and regional
field data can also be used to predict transverse joint faulting. An advantage of performing
local/regional calibration is a more accurate model (less bias) for the reference locality.
Procedures for performing local calibration are presented in PART 3, Chapter 4.

The JPCP transverse joint faulting model coefficients given in table 3.7.21 are a result of
calibration using data obtained from 26 in-service pavements from the LTPP GPS-9 and SPS-6
experiments located in 14 States. For bonded PCC over existing JPCP and JPCP overlays over
existing flexible pavement models, coefficients developed for new pavement were adopted since
no data was available for calibration.

Table 3.7.21. Model calibration coefficients for predicting mean transverse joint faulting for
selected rehabilitation strategies.

Rehabilitation Strategy
Model . Unbonded Bonded PCC _—
coefficient Restoration IPCP Overlay over JPCPIOV'f)Tay over EX|15t|ng
(CPR) Overlay | Existing JPCP? Flexible Pavement

C, 0.934 1.29 1.29 1.29

C, 0.6 1.1 1.1 1.1

C; 0.001725 0.001725 0.001725 0.001725

C, 0.0004 0.0008 0.0008 0.0008

Cs 250 250 250 250

Cs 0.4 0.4 0.4 0.4

C; 0.65 1.2 1.2 1.2

Csg 400 400 400 400

R’ 0.47 0.51 — —

N 49 30 — —

IModel coefficients adopted from calibration of new design model.
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Estimating Transverse Joint Faulting at a given Design Reliability Level

Restored JPCP or JPCP overlays designed with the faulting model presented (equations 3.7.8
through 3.7.11) will have 50 percent design reliability. That is, they are just as likely to fail
before the design life as after the design life. For design purposes a higher reliability than 50
percent may be specified. In these circumstances the predicted faulting must be adjusted
upwards to reflect the increase in reliability. The equations used to adjust predicted mean
faulting at any given level of reliability is presented as follows:

Fault, =F,, +Z;S; (3.7.12)
where
Faultg = predicted mean transverse joint faulting at reliability level R.
Faulty, = predicted mean transverse joint faulting at 50 percent reliability
level (equation 3.7.8).
Zr = standard normal deviate for the given reliability level R.
Sk = standard deviation corresponding to the predicted mean faulting
level.
Sk is defined as follows:
S. =+/0.022965Fault +0.000229 (3.7.13)

Equation 3.7.13 may be modified based on local calibration.

Trial Design Performance Evaluation

Performance evaluation is basically the comparison of the predicted transverse joint faulting
(over the rehabilitation design life at a predetermined level of reliability) and the user input
faulting performance criteria, which is the critical faulting value that would trigger rehabilitation.
Design performance criteria are required to help ensure that the JPCP will perform adequately
over the design period. These values are chosen by the designer and should not be exceeded at
the specified level of design reliability.

Design Modifications to Reduce Transverse Joint Faulting

Trial designs with excessive amounts of predicted faulting must be modified to reduce predicted
faulting to tolerable values (within the desired reliability level). Some of the most effective ways
of accomplishing this are listed below:

e Include dowels or increase diameter of dowels. This is applicable to both restored
JPCP and nondoweled JPCP overlays. The use of properly sized dowels is generally the
most reliable and cost-effective way to control joint faulting. A slight increase of
diameter of the dowels (i.e., 0.25 in) will significantly reduce the mean steel-to-PCC
bearing stress and, thus, the joint faulting. Studies have shown that properly sized dowels
with adequate consolidation will reduce faulting dramatically. The effect of the use of
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dowels and dowel diameter is shown in figure 3.7.10 for unbonded JPCP overlays.
Similar effects must be expected for the other types of rehabilitation using JPCP.

e Improve subsurface drainage. This is applicable to both restored JPCP and JPCP
overlays. Subsurface drainage improvement for rehabilitated pavements basically
consists of providing retrofit edgedrains and other related facilities. For unbonded
JPCP/CRCP over existing rigid pavements a permeable separator layer (usually AC or
chemically stabilized) can be used to improve drainage. Studies have shown that
subsurface drainage improvement with retrofit edgedrains can reduce faulting, especially
for nondoweled JPCP. This is considered in design by reducing the amount of
precipitation infiltrating into the pavement structure. See PART 3, Chapters 1 and 4.

e Widen the traffic lane slab by 2 ft. This is applicable to JPCP overlays. Widening the
slab effectively moves the wheel load away from the slab corner, greatly reducing the
deflection of the slab and the potential for erosion and pumping. Studies have shown that
slab widening can reduce faulting by about 50 percent.

e Decrease joint spacing. This is applicable to JPCP overlays over existing flexible
pavements and unbonded JPCP overlays. Shorter joint spacings generally result in
smaller joint openings, making aggregate interlock more effective and increasing joint
LTE. The effect of varying joint spacing is shown in figure 3.7.11 for unbonded JPCP
overlays. Similar effects must be expected for the other types of rehabilitation using
JPCP where varying joint spacing is possible.

e Erodibility of separator layer. This is mostly applicable only to unbonded JPCP
overlays. It may be applicable to the leveling course placed during the construction of
JPCP overlays of existing flexible pavements. Specifying a nonerodible hot mix AC
material as the separator reduces the potential for base/underlying layer erosion and, thus,
faulting. The effect of separator layer erodibility is shown in figure 3.7.12 for unbonded
JPCP overlays.

Generally, similar effects as those shown in figures 3.7.10 through 3.7.12 must be expected for
the other types of rehabilitation using JPCP. The effect of existing PCC pavement condition on
predicted transverse joint faulting is shown in figure 3.7.13 and for existing HMAC pavement
condition for JPCP overlay over existing HMAC is shown in figure 3.7.14.
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Figure 3.7.10. Plot showing the effect dowel diameter on predicted mean transverse joint
faulting (for unbonded JPCP overlays).
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Figure 3.7.11. Plot showing the effect of joint spacing on predicted mean transverse joint
faulting (for unbonded JPCP overlays).
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Figure 3.7.12. Plot showing the effect of separator layer erodibility on predicted mean

transverse joint faulting (for unbonded JPCP overlays).
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Figure 3.7.13. Plot showing the effect of existing PCC condition on predicted mean transverse
joint faulting (for unbonded JPCP overlays).
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Figure 3.7.14. Plot showing the effect of existing HMAC condition on predicted mean
transverse joint faulting (for JPCP overlay over existing HMAC).

After the suggested modifications are made to the trial design, the revised trial design must be
reevaluated to determine its suitability. The Design Guide software provides the designer with a
time history of predicted transverse joint faulting. It does not determine the optimum PCC
design features that provide the most protection against excessive slab deflections and faulting.
The optimum design features and material properties can be determined using an iterative
approach (i.e., varying the properties of key pavement design features until the optimum design
is achieved). The final design is acceptable if predicted transverse joint faulting (at the desired
level of reliability) is less than that specified as the performance criteria. A rehabilitation design
example for unbonded JPCP overlays and bonded PCC over existing JPCP is presented in
Appendix D.

3.7.4.6 Total Transverse Cracking (Bottom-Up and Top-Down)

Transverse cracking is an important deterioration mechanism of restored JPCP and JPCP
overlays because it represents the principal structural deterioration mode of JPCP. Cracking also
affects ride quality when the cracks deteriorate and fault. For JPCP transverse cracking, two
modes of failure are considered:

e Bottom-up cracking.
e Top-down cracking.

Under typical service conditions, the potential for either mode of cracking is present in all slabs.
Any given slab may crack either from the bottom-up or the top-down, but not both. Therefore,
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the predicted bottom-up and top-down cracking are not particularly meaningful by themselves,

and combined cracking must be determined, excluding the possibility of both modes of cracking

occurring on the same slab. JPCP transverse cracking is predicted using equation 3.7.14 below:
TCRACK =(CRK +CRK

—CRK CRK 14 _down )*100 —CRK zepairen

Bottom—up Top—down Bottom—up :
(3.7.14)
where
TCRACK total cracking (percent).
CRKegottom-up predicted amount of bottom-up cracking (fraction).

CRKrop-down = predicted amount of top-down cracking (fraction).
CRKrepairea = amount of existing transverse cracks repaired (for restored JPCP only;
otherwise, it is assumed to be zero).

The model basically combines bottom-up and top-down cracking to obtain total cracking. The
procedure for estimating fatigue damage and transverse cracking due to the bottom-up and top-
down cracking mechanisms is presented later in this section. The expected amount of cracking
from each mode is then calculated separately using the calibrated cracking models and fatigue

damage computation procedures.

The total transverse cracking model was calibrated with field data from LTPP and other sources
to assure that it would produce valid results under a variety of climatic and field conditions.
Alternately, local and regional field data can be used to obtain improved calibrated models. An
advantage of performing local/regional calibration is the smaller inference space, resulting in a
more accurate model.

JPCP Bottom-Up Transverse Cracking

This section describes procedures used to model and predict bottom-up transverse cracking due
to fatigue damage caused by repeated traffic and climate loading. Bottom-up transverse cracking
affects both restored JPCP and JPCP overlays. It initiates at the bottom of the PCC slab after
being subjected to repeated loading caused mainly by a combination of repeated moving heavy
axle loads and positive temperature differences through the slab (which increase the tensile stress
at the bottom of the slab).

Structural Response Modeling for Bottom-Up Transverse Cracking

NN developed based on finite element analysis results are used to compute the critical bottom-up
stresses caused by truck axle loads and temperature differences within the PCC slab. Critical
loading condition for computing structural response is described in detail in PART 3, Chapter 4.

For JPCP rehabilitation design, the base course is considered a structural layer of the pavement
section and is modeled either bonded or unbonded with the PCC slab (the existing hot mix AC
and JPCP overlay may be bonded for JPCP overlays over existing flexible pavements otherwise
PCC slab/base interface is considered as unbonded). Full bonding (no slippage) between the
PCC slab and the existing hot mix AC base usually is not maintained over JPCP over the design
life, especially at the pavement edge, where the critical stresses develop. The loss of bond over
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time between the PCC slab and the existing hot mix AC is modeled by specifying the time (in
months) of loss of bond. For the periods before the loss of bond, the analysis is conducted
assuming bonded interface; after the bond is lost, the analysis is conducted assuming no bond
between the PCC slab and the base course.

The design software uses NN to compute bending stresses at the bottom of the PCC slab for
single, tandem, and tridem axle loads. If a nonstandard axle configuration needs to be analyzed,
finite element analysis may be conducted for critical site conditions for that axle configuration to
convert the passes by the special axles to equivalent passes of the standard axles (single, tandem,
tridem, or quad axles). Critical bending stress at the bottom surface of the PCC slab must be
computed and the standard single or tandem axle load that produces the same stress determined.
The number of passes by the special axles can then be added to those of the appropriate standard
axles. PART 3, Chapter 4 contains a more detailed description of this process.

Top-Down Transverse Cracking

This type of cracking initiates at the surface of the slab and is due to fatigue damage caused by
repeated applications of critical axle combinations and curling/warping stresses. The critical
curling/warping stresses for top-down cracking occur under nighttime temperature conditions
(negative temperature gradients), and permanent slab curl/warp and differential shrinkage play a
major role in amplifying the top-down stresses. Top-down cracking typically occurs in the
center portion of the slab between the transverse joints. All levels of severity (low, medium, and
high) are included in the definition of top-down transverse cracking in this guide. The same
factors that affect bottom-up cracking also affect top-down cracking, except for the axle type.
As discussed in PART 3, Chapter 4, top-down cracking is caused by axle combinations that load
both ends of the slab simultaneously.

Structural Response Modeling for Top-Down Transverse Cracking

NN models developed based on finite element analysis results are used to compute the critical
bending stresses for top-down cracking, as described in detail in PART 3, Chapter 4. The base
course is considered a structural layer of the pavement section and is modeled either bonded or
unbonded with the PCC slab (for JPCP rehabilitation only JPCP overlays over existing flexible
pavements may have a bonded PCC slab/base interface as described for bottom-up cracking) .
Again, the loss of bond over time between the PCC slab and the base is modeled by specifying
the time (in months) of loss of bond. For the periods before the loss of bond, the analysis is
conducted assuming a bonded interface; after the bond is lost, the analysis is conducted assuming
no bond between the PCC slab and the base course.

Neural networks were developed to compute top-of-slab bending stress for specific tractor
configurations (single axle steering and tandem drive axle) based on results of thousands of
ISLAB2000 runs. If a nonstandard axle configuration needs to be analyzed, finite element
analysis may be conducted for critical site conditions for that axle configuration to convert the
passes by the special axles to equivalent passes of the standard axle combinations (single-tandem
combination with short, medium, or long axle spacing). Critical bending stress at the top surface
of the PCC slab must be computed and the standard axle load that produces the same stress
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determined. The number of passes by the special axles can then be added to those of the
standard axle combinations. PART 3, Chapter 4 contains a more detailed description of this
process.

Damage Accumulation

Fatigue damage is computed for bottom-up and top-down cracking based on the following
assumptions:

e Fatigue damage is accumulated linearly. Miner’s damage model reasonably represents
the damage accumulation process.

e The pavement structure is modeled as a two-layered system consisting of slab and base
with either a bonded or unbonded interface. The effects of subbase and subgrade layers
are accounted for through the use of effective modulus of subgrade reaction computed by
converting the individual layer moduli into an effective modulus of subgrade reaction or
by backcalculating using field deflection testing described in PART 2, Chapter 5.

e Lateral traffic wander is normally distributed around the mean wheel location. The
distribution is characterized by a mean wheel location and standard deviation about the
mean.

e The use of widened slab design is assumed to change the critical damage location for
fatigue damage from the lane-shoulder edge to the longitudinal lane-lane joint edge (as
observed in practice).

e The benefits of widened slab (in terms of fatigue cracking) are expected to be similar to
those of tied concrete shoulder, except the mean wheelpath is further from the critical
edge. If the mean wheelpath is measured from the paint stripe at the lane-shoulder edge
to the outer edge of the wheel, the effective mean wheelpath for widened slab design is as

follows:
xX* =144 — AW - x (3.7.15)
where,
X* = effective mean wheelpath, in.
AW = axle width measured from the outer edge to outer edge of
axle (typically 8.5 ft = 102 in).
X = mean wheelpath measured from the paint stripe to the outer edge

of tire.

For example, if the mean wheelpath for widened slab design is 18 in (measured from the
paint stripe to the outer edge of outermost tire closest to the paint stripe) and axle width is
8.5 ft (102 in), the effective mean wheelpath is 24 in.

e Base Poisson’s ratio is assumed equal to PCC Poisson’s ratio.

e Base coefficient of thermal expansion is assumed equal to PCC coefficient of thermal
expansion.

e Temperature distribution through the base layer is assumed constant.

The following steps are used to compute fatigue damage.
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Step 1: Select interval. Damage calculation intervals are set up based on PCC strength gain.

The basic time interval used for computations is a month. However, after the first 3 years of
analysis, multiple years may be combined to speed up fatigue calculation without any significant
loss in accuracy. This is because the only year to year change considered in JPCP fatigue
analysis is PCC strength gain and traffic volume. Also, the assumption of linear damage
accumulation makes it possible for damage calculated for several years to be combined when the
PCC strength does not change appreciably over the period.

However, the damage for each calendar month is always calculated separately to account for
monthly variations in subgrade and base stiffness, as well as moisture and temperature
conditions. An age increment is added when there is a change in pavement structure, such as the
change in layer bond condition.

Step 2: Process input.

PCC modulus of rupture is calculated at the pavement ages based on the time increments
selected in step 1. The average strength over each interval is used in the damage calculation.
PCC elastic modulus is calculated to correspond to PCC modulus of rupture for each age (and
season, if applicable). Transverse joint and lane to shoulder (or lane to lane where applicable)
LTE are selected according the user input information such as:

e Presence of dowels and dowel diameter.
e Edge support (i.e., shoulder type and tie and the use of widened slabs).

Default initial LTE values based on the existing JPCP or JPCP overlay design features is
presented in PART 3, Chapter 4. Note that if widened overlay slab design is specified (slab
width > 12 ft, typically between 12.5 and 14 ft), the lane-to-lane LTE is used in place of lane-to-
shoulder for analysis and it is set at 50 percent. Also, lane-to-lane joint LTE replaces lane to
shoulder joint LTE for widened slabs only in the cracking analysis. Finally, the long-term lane-
to-shoulder LTE is a user input and must be chosen based on expected traffic levels. Pavements
subjected to heavy traffic could experience a significant decrease in lane-to-shoulder LTE.

Step 3: Tabulate input data.

For each age increment and season, the following input data are required (note that some input
parameters value may change over the analysis period and must therefore be computed for each
increment):

Duration of each interval (in months).

PCC modulus of rupture and PCC elastic modulus.

Slab/base bond condition.

Lane-shoulder LTE or lane to lane LTE.

Total traffic for each month—this includes counts of single, tandem, tridem, and quad
axles for the interval (a detailed description is presented in PART 3, Chapter 4).
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Step 4: Estimate applied traffic, n.

Traffic data, including AADTT, vehicle class distribution, monthly and hourly adjustments to
vehicle or truck distributions, number of axles per truck, load distributions for each axle type and
truck class, and traffic growth factors, are processed in the Design Guide software to provide the
following outputs on an incremental (hourly) basis over the entire design period:

e Single axle load spectrum (i.e., estimated number of single axles within each load group)
for the given traffic mix for a given wheel location.

e Tandem axle load spectrum.

e Tridem axle load spectrum.

e Quad axle load spectrum.

These load spectra are processed further to tailor traffic inputs necessary for the damage
computation and performance prediction of each distress type. More discussion on this
additional processing is provided in PART 3, Chapter 4, as well as in Appendices JJ, KK, LL,
and NN.

Step 5: Calculate fatigue damage.

Fatigue damage is calculated incrementally to account for the effects of changes in various
factors on fatigue damage, including the following:

PCC modulus of rupture.

Layer bond condition.

Transverse and lane to shoulder joint LTE.

Lateral truck wander.

Effective temperature difference.

Seasonal changes in base modulus, effective modulus of subgrade reaction, and moisture
warping.

e Axle type and load distribution.

The incremental approach leads to more accurate assessment of the accumulated fatigue damage,
because the effects of the changes in material properties over time and seasonal changes in
exposure conditions are considered directly in the damage calculation. The general expression
for fatigue damage accumulations (for both bottom-up and top-down mechanisms) is as follows:

FD=IDAM + ZM (3.7.16)
i,j,k,I,m,p
where,
Nijik.... = applied number of load applications at condition i,j,k,...
Nijik.... = allowable number of load applications at condition i,j,k,...
IDAM = estimate of past bottom-up or top-down fatigue damage (see Note 1).

age (accounts for change in PCC modulus of rupture, layer bond condition,
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deterioration of shoulder LTE).

season (accounts for change in base and effective modulus of subgrade reaction).

axle type (singles, tandems, and tridems).

load level (incremental load for each axle type).

temperature difference (probability distribution [2 °F increments ranging from 10

°F to 40 °F] applied to total traffic within the time interval); the “effective

temperature difference” due to permanent curl/warp is subtracted from the

temperature gradient for stress computation.

p = traffic path (mean position and standard deviation used to obtain probability
function of load position; Gauss integration scheme discussed in PART 3, Chapter
4 is used for computation efficiency and accuracy).

3 —Xl—u

For restored JPCP, the initial bottom-up and top-down fatigue damage is required when
computing future bottom-up and top-down fatigue damage. For bonded PCC over JPCP, only
the initial bottom-up fatigue damage is required since initial top-down fatigue damage in the
overlay PCC is assumed to be zero. Initial bottom-up and top-down fatigue damage is assumed
to be zero for all other overlay types. A detailed description of the procedure for estimating
initial fatigue damage is presented in section 3.7.3.7 and table 3.7.17.

The applied number of load applications (nijxmn) is the actual number of axle combination k of
load level | that passed through traffic path n under each condition (age, season, and temperature
difference). The allowable number of load applications is the number of load cycles at which
fatigue failure is expected (corresponding to 50 percent slab cracking) and is a function of the
applied stress and PCC strength. The allowable number of load applications is determined using
the following fatigue model:

CZ
log N, jim = Cl( M j +0.4371 (3.7.17)
O Jijiklm
where

N = allowable number of load applications (cracking).

Mgr = mean PCC modulus of rupture, psi.

c = critical stress calculated using axle combination k of load level | that
passed through traffic path n under a given set of conditions (age, season,
and temperature difference).

C,C, = calibration constants.

Note that the location of the critical stresses for bottom-up and top-down cracking is different.
The differences in the joint spacing calls for use of different neural networks for computing top-
down stresses (the appropriate NN to use is described in PART 3, Chapter 4). Also, unlike
bottom-up cracking, the location of critical damage is not predefined for top-down cracking. The
critical damage location depends on axle load distribution, temperature gradients, built-in
curling, joint spacing, and axle spacing, and it could be any point along the lane-shoulder joint
between about 36 in and 0 in from the middle of the slab (mid-point between two transverse
joints along the lane-shoulder joint). A procedure used to locate the exact location of the critical
damage is presented in PART 3, Chapter 4.
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Step 6: Calculate transverse cracking from calibrated curves.

The fatigue damages calculated for bottom-up and top-down cracking are a mechanistic
parameters that represents the occurrence and coalescing of micro-cracks to form larger cracks at
the bottom and top of the PCC slabs. This mechanistic parameter is related to the physical
distress of transverse cracking that is visible at the pavement surface through calibrated curves
that relate damage to distress. A model calibrated with LTPP data was used to compute bottom-
up and top- down cracking. The model is presented as equation 3.7.18.

1
CRK ;porsy = 3.7.18
P 141.0- FDRay (G719
where
CRKtporBUu = predicted amount of bottom-up or top-down cracking (fraction).
FDtborBU = calculated fatigue damage (top-down or bottom-up).
Cs = calibration factor.

The JPCP transverse cracking prediction model was calibrated with field data from LTPP and
other sources to assure that it would produce valid results under a variety of climatic and field
conditions. The model coefficients for equations 3.7.17 and 3.7.18 are summarized in table
3.7.22 for the different rehabilitation strategies.

Table 3.7.22. Calibration coefficients for models used in predicting top-down and bottom-up
transverse cracking for selected rehabilitation strategies.

Rehabilitation Strategy
co'e\:??igieelnt Restoration Urj]t;)ogged g?/g?; (i/ F;Secr JPCP Ov_erlay over Exilsting
(CPR) Overlay Existing JPCP" Flexible Pavement
C; 2 2 2 2
C, 1.22 1.22 1.22 1.22
Cs -1.68 -1.68 -1.68 -1.68
R 0.85 0.66 — —
N 74 32 — —

IModel coefficients adopted from calibration of new design model.

The JPCP transverse cracking model coefficients given in table 3.7.22 is a result of calibration
using data obtained from 26 in-service pavements from the LTPP GPS-9 and SPS-6 experiments
located in 14 States. For bonded PCC over existing JPCP and JPCP overlays over existing
flexible pavement models coefficients developed for new pavement were adopted.

Alternately, local and regional field data can be used to obtain calibrated models. An advantage
of performing local/regional calibration is the smaller inference space, resulting in a more
accurate model. Note that computed bottom-up and top-down transverse cracking are used to
predict total transverse cracking, as outlined in section 3.7.4.6 of this chapter.
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Estimating Transverse Cracking at a given Design Reliability Level

Restored JPCP or JPCP overlays designed with the transverse cracking model presented
(equation 3.7.14) will have 50 percent design reliability. That is, they are just as likely to fail
before the design life as after the design life. For design purposes, a higher reliability than 50
percent is specified. In these circumstances the predicted transverse cracking must be adjusted
upwards to reflect the increase in reliability. The equations used to adjust predicted mean
faulting at any given level of reliability is presented below:

TCrack, =TCrack,, +Z,S. (3.7.19)
where
TCrackg = predicted transverse cracking at reliability level R, percent.
TCrackm = predicted transverse cracking at 50 percent reliability level
(equation 3.7.14).
ZR = standard normal deviate for the given reliability level R.
Sc = standard deviation corresponding to the predicted cracking level.

Sc is defined as follows:
STDcr = -0.010229 CRACK?2 + 1.037 CRACK + 3.15 (3.7.20)

Equation 3.7.20 may be modified based on local calibration.

Trial Design Performance Evaluation

Performance evaluation is the comparison of the predicted maximum percent slabs cracked
(bottom-up + top-down) over the rehabilitation design life and the user input cracking
performance criteria, which is the maximum percentage of slabs cracked that should trigger
rehabilitation or indicate pavement failure at the desired level of reliability.

The transverse cracking of JPCP slabs results in a loss of smoothness and eventually requires
slab repair. Inadequate design to control transverse cracking has resulted in some rehabilitated
pavements failing prematurely. Thus, it is desirable to place limits on transverse cracking to
ensure that a JPCP design will perform as required over the design period. The critical level of
transverse slab cracking should depend on maintenance impact and on highway users’
assessment of ride quality. This value is chosen by the designer and should not be exceeded at
the design level of reliability.
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Design Modifications to Reduce Transverse Cracking

When the trial design produces a mean percent slab cracking that does not meet the performance
criteria selected by the designer at the desired level of reliability, the trial design must be
modified to lower the cracking. Some of the most effective ways to accomplish this are
summarized in table 3.7.23.

Table 3.7.23. Recommendations for modifying trial design to reduce transverse cracking.

Design Parameter

Description of Proposed Modification of Trial Design to Reduce Total Transverse Cracking

Increase slab thickness

This is only applicable to JPCP overlays. Thickening the overlay slab is an effective way to decrease critical
bending stresses from both truck axle loads and from temperature differences in the slab. Field studies have
shown that thickening the slab can reduce transverse cracking significantly. At some thickness, however, a
point of diminishing returns is reached and fatigue cracking does not increase significantly. See figure 3.7.15
for the effect of overlay PCC slab thickness on JPCP cracking

Decrease joint spacing

This is only applicable to JPCP overlays. A shorter joint spacing results in lower curling stresses from
temperature differences in the slab. This effect is very significant, even over the normal range of joint
spacing for JPCP, and should be considered a critical design feature. See figure 3.7.16 for the effect of
overlay PCC joint spacing on JPCP cracking

Increase PCC strength
(and concurrent
change in PCC elastic
modulus and CTE)

This is applicable only to JPCP overlays. By increasing the PCC strength, the modulus of elasticity also
increases, thereby reducing its effect. The increase in modulus of elasticity will actually increase the critical
bending stresses in the slab. There is probably an optimum PCC flexural strength for a given project that
provides the most protection against fatigue damage. See PART 3, Chapter 4 for the effect of overlay PCC
flexural strength on JPCP cracking

Widen the traffic lane
slab by 2 ft

This is applicable to rehabilitation with overlays. Widening the slab effectively moves the wheel load away
from the longitudinal free edge of the slab, thus, greatly reducing the critical bending stress and the potential
for transverse cracking. See PART 3, Chapter 4 for the effect of overlay PCC flexural strength on JPCP
cracking

Add a tied PCC
shoulder
(monolithically placed
with the traffic lane)

This is applicable to rehabilitation with or without overlays. The use of monolithically placed tied-PCC
shoulder that has the properly sized tie-bars is generally an effective way to reduce edge bending stress and
reduce transverse cracking. A PCC shoulder that is placed after the traffic lane does not generally produce
high LTE and significantly reduced bending stresses over the design period. See figure 3.7.17 for the effect
of tied PCC shoulder (monolithically placed with the overlay traffic lane) on JPCP cracking

The effect of initial damage on predicted transverse cracking for restored JPCP is shown in
figure 3.7.18 and the effect of existing HMAC condition on predicted transverse cracking for
JPCP over existing HMAC is shown in figure 3.7.19.

After the suggested modifications are made to the trial design, the revised trial design must be
reevaluated to determine its suitability. The Design Guide software provides the designer with a
time history of predicted cracking. It does not determine the optimum design features that
provide the most protection against faulting. This can be determined using an iterative approach
to designing during which key pavement design features are modified (e.g., varying PCC slab
thickness) to establish optimum values. The final design is acceptable if predicted cracking at
the desired level of reliability is less than that specified as the performance criteria. A design
example is presented in Appendix D.

The Design Guide software provides the designer with a time history of predicted cracking. It
does not determine the optimum design features that provide the most protection against fatigue
damage. This can be determined using an iterative approach to designing during which key
pavement design features are modified (e.g., varying PCC slab thickness) to establish optimum

values.
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Figure 3.7.15. Plot showing the effect of slab thickness on overlay transverse cracking of
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Figure 3.7.16. Plot showing the effect of joint spacing on overlay transverse cracking of
unbonded JPCP overlays.
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Figure 3.7.17. Plot showing the effect of edge support (use of tied PCC shoulders
monolithically placed with the JPCP overlay traffic lane or retrofitted to existing JPCP or non
tied PCC shoulder) on transverse cracking of restored JPCP.
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Figure 3.7.18. Plot showing the effect of initial damage (transverse cracking) on transverse
cracking of restored JPCP.
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Figure 3.7.19. Plot showing the effect of existing HMAC condition on transverse cracking of
JPCP overlays over existing HMAC.

3.7.4.7 JPCP Smoothness

Smoothness is the most important pavement characteristic applicable to the highway user. In
this Guide, smoothness is defined by IRI. The IRI is dependent on the longitudinal profile of a
pavement in the wheelpaths and represents the sum total vertical motion of a “quarter-car” model
divided by distance as it passes over a pavement at 50 mph.

Pavement smoothness over time affects not only the highway user perception of the highway, but
also highway user costs due to increased vehicle operating costs. Loss of smoothness is often a
critical situation that triggers rehabilitation of the pavement. Thus, it affects the life cycle costs
of any highway pavement over its design life.

Smoothness is the result of a combination of the initial as-constructed profile of the pavement
and any change in the longitudinal profile over time and traffic. Initial as-constructed profile is
influenced by the smoothness specifications. The use of sound construction practices and
adopting measures that reduce the amount of built-in curl/warp temperature difference in the
PCC would significantly reduce initial smoothness.

Change in the longitudinal profile over time occurs for many reasons, but the development of
certain pavement distresses will affect smoothness greatly. Key distresses affecting the IRI for
JPCP include transverse joint faulting and transverse cracking. Other distresses include
settlement or heaves and joint spalling. Thus, building a smooth pavement and then preventing
distresses from occurring is a key design objective.
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Predicting Smoothness

Loss of smoothness is an incremental process that is related to the development of joint faulting
and transverse cracking plus other distresses. Smoothness over time is estimated from the initial
IRI and the development of joint faulting and total transverse cracking. The following the
smoothness prediction is model used for design:

IRIm = IRl + C1*CRK + C2*SPALL + C3*TFAULT + C4*SF (3.7.21)

where

IRl = predicted mean smoothness (at 50 percent reliability).

IRI, = initial smoothness measured as IRI, in/mile.

CRK = percentage of slabs with top-down and bottom up
transverse cracking and corner cracking (all severities).

SPALL = percentage of joints with spalling (medium and high
severities).

TFAULT = total joint faulting cumulated per mile, in.

SF = site factor = AGE*(1+ 0.556 F1)*(1+Pg g75).

AGE = pavement age, yr.

FI = freezing index, °F days.

Po.o7s = percent subgrade material passing No. 200 sieve.

C1 = 0. 8203.

Cc2 = 0.4417.

C3 = 1.4929.

C4 = 25.24.

Use of this model (including the model for predicting transverse joint spalling) is described in
PART 3, Chapter 4. Initial IRI should be selected using the recommendations presented in
section 3.7.3 of this chapter.

Estimating JPCP Smoothness at a given Design Reliability Level

Restored JPCP or JPCP overlays designed with the IRl model presented (equation 3.7.21) will
have 50 percent design reliability. That is, they are just as likely to fail before the design life as
after the design life. For design purposes a higher reliability than 50 percent may be specified. In
these circumstances the predicted transverse cracking must be adjusted upwards to reflect the
increase in reliability. The equations used to adjust predicted mean faulting at any given level of
reliability is presented below:

IRI; =IRI,, +Z;S (3.7.22)
where
IRIr = predicted IRI at reliability level R, percent.
IRIv = predicted IRI at 50 percent reliability level (equation 3.7.21).
Zr = standard normal deviate for the given reliability level R.
STDri = standard deviation corresponding to the predicted IRI level.
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STDyg, is defined as follows:

STD,,, = (VarlR” +C1% -Varg, +C2%-Varg,, +C3*-Var.,, + Sf)o'5 (3.7.23)
where,

STDri = standard deviation of IRI at the predicted level of mean IRI.

Varrii = variance of initial IRI (obtained from LTPP) = 29.16, (in/mi)>.

Varcrk = variance of cracking [equation 3.4.15], (percent slabs)®.

Varspail = variange of spalling (obtained from spalling model) = 46.24, (percent

joints)”.
Vargaui = variance of faulting [equation 3.4.41], (in/mi)>.
S¢ = variance of overall model error = 745.3 (in/mi)°.

Equation 3.7.23 may be modified based on local calibration.

Trial Design Performance Evaluation

Performance evaluation is the comparison of the predicted IRI over the rehabilitation design life
and the user input IRI performance criteria, which is the maximum IRI that should trigger
rehabilitation or indicate pavement failure at the desired level of reliability.

Excessive levels of predicted IRI typically are due to the occurrence of significant amounts of
transverse cracking of JPCP and transverse joint faulting. Inadequate design to control transverse
cracking and faulting thus results in user discomfort that triggers rehabilitation. Thus, it is
desirable to place limits on predicted IRI to ensure that a JPCP design will provide highway
users with reasonable levels of comfort throughout the pavements design period. The critical
level of IRI is chosen by the designer and should not be exceeded at the design level of
reliability.

Modification of JPCP Design to Improve Smoothness

When the trial design (for JPCP overlays) produces an IRI that does not meet the performance
criteria selected by the designer at the desired reliability level, the trial design should be modified
to lower the predicted IRI. The most effective ways to accomplish this include building a
smoother pavement initially and minimizing distress. The smoothness prediction model shows
that smoothness loss occurs mostly from the development of distresses such as cracking,
faulting, and spalling. Minimizing or eliminating such distresses by modifying trial design
properties that influence the distresses would result in a smoother pavement. Hence, all of the
modifications discussed in previous sections (for cracking and faulting) are applicable to
improving smoothness.

Another way in which smoothness can be reduced is by constructing a smoother pavement
(decrease initial smoothness). This is applicable to JPCP overlays and diamond grinding or
restored JPCP. Smoothness specifications that offer significant incentives to build a smooth
pavement are standard in many States. These specifications have had a dramatic effect,
decreasing the mean IRI over a period of several years of implementation. Thus, it is well
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known now that a very smooth pavement can be constructed if proper specifications are used.
This will provide the customer with a smoother pavement over a long period of time. For
restored JPCP, the most effective way to accomplish a smoother pavement is by diamond
grinding to a smoothness approaching that of new construction (except when major settlements
or heaves exist that cannot be removed).

Figures 3.7.20 shows the effect of initial smoothness and key distress types such as transverse
joint faulting and transverse cracking and site variables on unbonded JPCP overlay smoothness.
Varying these design features properly reduces mean transverse joint faulting and cracking
thereby decreasing smoothness. The effects presented are similar for all of rehabilitation with
JPCP.

The Design Guide software provides the designer with a time history of predicted smoothness. It
does not determine the optimum design features and material properties that provide the most
protection against smoothness loss. This can be determined using an iterative approach to
designing during which key pavement design features and material properties are modified (e.g.,
varying PCC slab thickness).
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Figure 3.7.20. Sensitivity plot showing the effects of changes in key distresses and site variables
on JPCP smoothness.
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3.7.5 CRCP REHABILITATION DESIGN

The key difference between JPCP and CRCP is the use of longitudinal reinforcement steel and
no regular transverse joints. Longitudinal reinforcement steel is used not to prevent cracking but
rather to hold tightly closed any cracks that may form and prevent their deterioration and the
development of punchouts—the distress type that indicates structural deterioration of CRCP.
This section describes the procedures used in design of the following rehabilitation strategies:

e Unbonded CRCP over existing rigid or composite pavements.
e Bonded PCC over existing CRCP.
e CRCP overlay over existing flexible pavement.

The rehabilitation design procedure presented may be performed systematically using the Design
Guide software. Figure 3.7.21 presents an overview of the CRCP rehabilitation design
procedure. Each trial rehabilitation design must be analyzed in detail to determine if it performs
adequately over the expected rehabilitation period at a given reliability level. Performance for
CRCP overlays is quantified using punchouts (an indicator of structural adequacy) and
smoothness (an indicator of functional adequacy). Detailed descriptions of the procedures for
estimating CRCP punchouts and smoothness are presented as part of the design process.

3.7.5.1 Rehabilitation Design Considerations

Trial design begins by defining the pavement structure and selecting appropriate design features
and material properties to ensure that the development of crack spacing and width are within
reasonable acceptable limits (i.e., crack spacing generally ranging from 2 to 6 ft and crack widths
at steel depths as tight as needed to prevent the loss of LTE) so they do not adversely affect
pavement performance. Guidance for the definition of both the pavement structure and layer
material properties is presented in section 3.7.3 of this chapter and PART 3, Chapter 4. Factors
that influence crack spacing, crack width, and crack LTE are described in the following sections.
Also, some key design features and material properties that must be selected to positively
influence crack spacing and width and ultimately pavement performance are presented.

Factors that Influence Crack Spacing, Crack Width, and Crack and Joint LTE

Transverse Crack Width and Spacing

The width of the transverse crack is fundamental to many aspects of CRCP performance, as it
plays a dominant role in controlling the degree of load transfer capacity provided at the
transverse cracks. It is strongly influence by the design steel content, PCC shrinkage, and PCC
CTE. Smaller crack widths increase the capacity of the crack for transferring repeated shear
stresses (caused by heavy axle loads) between adjacent slab segments over the long term. Wider
cracks exhibit lower and lower LTE over time and traffic, which results in increased load-related
critical tensile stresses at the top of the slab, followed by increased fatigue damage and
eventually the development of punchouts. Field studies have shown that longer crack spacing
increases the potential for wider opening of transverse cracks. Mean crack spacing must
therefore be limited (< 6 ft).
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The physical mechanism through which cracks develop and hence can be controlled for
unbonded CRCP overlays and CRCP overlays of existing flexible pavement is affected by:

e Temperature/moisture slab contractions.
e Frictional resistance from the underlying pavement.
e Resistance from longitudinal reinforcement.

As temperature drops and moisture content decreases, the slab tends to contract. The contraction
is resisted by the underlying layer through friction and shear. Longitudinal reinforcement also
resists this shrinkage. The restraint on the overlay PCC slab contraction results in tensile stresses
that reach a maximum at midpoint between two cracks.

If these tensile stresses exceed the tensile strength of the PCC, another crack develops and all the
tensile stress is transferred to the longitudinal steel reinforcement. Longitudinal reinforcement,
therefore, must be selected to carry these stresses without excessive elongation that would result
in excessive crack width. Temperature and moisture within the PCC slab can also be controlled
by applying sound construction practices (e.g., adequate curing). Construction in hot summer
days results in high zero-stress temperatures (the temperature at which the PCC begins to
develop tensile stress is the zero-stress temperature) and wider crack openings. Also, both crack
width and spacing can be controlled through the selection of base types that affects the frictional
and shear restraining forces that are imposed on the CRC slab.

For bonded PCC over existing CRCP, both crack spacing and width are controlled by the
cracking patterns of the existing CRC slab. Therefore, it may not be a feasible rehabilitation
strategy if the existing shows excessive crack widths that may lead to premature failure.

Transverse Crack LTE

The load transfer of transverse cracks is a critical factor in controlling the development of
punchout-related longitudinal cracking. Maintaining load transfer of 95 percent or greater
(through aggregate interlock over the CRC overlay design life) will limit the development of
punchout distress. This is accomplished by limiting crack width over the entire year, especially
the cold months. Crack LTE can be controlled for unbonded CRCP overlays and CRCP overlays
over existing flexible pavement as described for new CRCP in PART 3, Chapter 4. For bonded
PCC over existing CRCP the cracking patterns assume the same form as those in the existing
CRCP.

Lane to Shoulder Longitudinal Joint Load Transfer

The load transfer of the lane to shoulder joint affects the magnitude of the tensile bending stress
at the top of the slab (between the wheel loads in a transverse direction)—the critical pavement
response parameter that controls the development of longitudinal cracking between adjacent
transverse cracks and, consequently, the development of punchout. The use of design features
that could provide and maintain adequate edge support throughout the pavement rehabilitation
design life is therefore key to adequate performance. Field studies have shown that the use of
tied PCC shoulders and non-erodible underlying materials significantly improves edge support
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and pavement performance. If tied PCC shoulders are utilized, the erodibility of the base may be
increased one level due to the reduction in edge deflections.

Design Features

Overlay PCC Slab Thickness

This is an important design feature from the standpoint of slab stiffness that has a very
significant influence on performance. Note that for bonded PCC over existing CRCP the
equivalent stiffness of the overlay and existing PCC layer is used in analysis. In general, as the
slab thickness of a CRC overlay increases, the capacity to resist critical bending stress increases,
as does the slab’s capability to transfer load across the transverse cracks. Consequently, the rate
of development of punchouts decreases and smoothness loss is also reduced (29, 30).

Slab thickness must be selected within the context of other design features, including percent
steel reinforcement and base type and stiffness. This is because certain combinations of these
pavement design features may adversely influence crack spacing and width and hence pavement
performance. For CRCP overlays, the goal is normally to select the minimum thickness with
adequate reinforcement that provides very tight cracks over the design period at the desired level
of reliability. The practical minimum thickness is approximately 7-in for construction purposes.

Percentage (By Area) of Longitudinal Reinforcement and Depth of Reinforcement

Longitudinal steel reinforcement is an important design parameter because it is used to control
the opening of the transverse cracks for unbonded CRCP overlays and CRCP overlays over
existing flexible pavement. Also, the depth at which longitudinal reinforcement is placed below
the surface also greatly affects crack width. It is recommended that longitudinal steel
reinforcement be placed above mid-depth in the slab. Studies have shown that placing the
reinforcement above mid depth results in much tighter cracks and shorter crack spacing (29, 30,
31). Generally, a minimum steel depth of 3.5 in and an absolute maximum of mid-depth are
recommended (15).

For bonded PCC over existing CRCP, the amount of reinforcement entered into the models is the
same as that of the existing CRCP because cracks are already formed and no reinforcement is
placed in the overlay PCC. Depth of the steel reinforcement is equal to the depth to the
reinforcement in the existing CRCP (ignore the overlay PCC thickness because cracks are
already formed through the slabs).

Slab Width

Slab width has typically been synonymous with lane width (usually 12 ft). Widened lanes
typically are 14 ft. Field and analytical studies have shown that the wider slab keeps truck axles
away from the free edge, greatly reducing tensile bending stresses (in the transverse direction) at
the top slab surface and deflections at the lane-shoulder joint. This has a significant effect on
reducing the occurrence of edge punchouts (31). This design procedure does not directly address
CRCP with widened slabs. However, as with JPCP, the critical wheel location would shift to the

3.7.72



inner longitudinal joint and thus modeled as a tied PCC shoulder with increased mean lateral
wheel offset (30 in maximum). Therefore, a CRCP with a widened lane could be designed by
specifying a tied PCC shoulder and an increased lateral offset.

Transverse Reinforcement Steel

Transverse reinforcement steel is not directly considered in this Design Guide. It is often
specified to assist construction of the CRCP (to hold the longitudinal steel in place) and to hold
any longitudinal cracks tight.

Subsurface Drainage

The design of subsurface drainage facilities for new and rehabilitated CRCP is addressed in
PART 3, Chapter 1. If edge drains are specified then the “minor” infiltration can be specified.

Shoulder Type

The use of tied PCC shoulders generally decreases the amount of slab edge deflections
experienced and keeps cracks tighter. Various shoulder types also affect the level of infiltration
of moisture into the pavement system and hence the erosion potential of the underlying layers. A
detailed description of shoulder design is presented in PART 3, Chapter 2. The effect of
shoulder design on punchouts is presented in PART 3, Chapter 4.

Layer Material Properties

CRC/PCC Materials Properties

The PCC material properties that must be considered in design and construction of CRCP
include compressive strength, flexural strength, tensile strength, coefficient of thermal
expansion, thermal diffusivity, heat of hydration, modulus of elasticity, ultimate drying
shrinkage, and aggregate type. Guidance for obtaining these properties has been provided in
section 3.7.3 of this chapter. The effect of PCC material properties on new CRCP performance
applicable to overlays is described in PART 3, Chapter 4. The designer is cautioned that when
the PCC mix is altered many other mix properties will change and all these should be
appropriately reflected by the PCC inputs entered into the design guide software (e.g., change in
PCC compressive strength results in changes in flexural strength, elastic modulus, CTE and so
on).

Base Type

The base type and material characteristics are critical features that affect the crack spacing, crack
width, PCC slab support, and loss of support (erosion). Field studies have shown that the use of
different base types can produce significant variation is cracking patterns. This is because of the
difference in frictional stresses produced as a result of the friction experience between the
different material types and PCC. Also, the degree to which the frictional stresses will be
developed is dependent on climate-related variables such as ambient temperature variability and
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the PCC coefficient of thermal expansion. These factors can strongly influence the performance
of CRCP overlays and are addressed in PART 3, Chapter 4. Use the recommended values in
table 3.4.2.

3.7.5.2 Performance Criteria

Design performance criteria are required to ensure that the CRCP will perform adequately over
the rehabilitation design life. The primary structural distress type associated with CRCP is
punchouts. It is an indicator of structural failure. The functionality of the pavement is evaluated
using smoothness (measured as IRI). The selection of appropriate performance criteria is
described in section 3.7.3 of this chapter.

3.7.5.3 Rehabilitation Trial Design

Trial design basically consists of estimating crack widths, CRCP punchouts, and smoothness
(IRI) over the rehabilitation design life. A punchout is defined as the segment of PCC between
two closely spaced cracks (typically 2 ft) where a longitudinal crack occurs (typically 4 to 5 ft
from the slab edge). The longitudinal crack typically begins as micro-cracks at the top surface of
the CRC overlay slab, coalesces as a longitudinal hairline crack with the application of repeated
traffic loads, and finally propagates downward through the CRC slab to form a punchout (29, 30,
32).

CRCP punchouts are, therefore, the result of a combination of the following factors:

e Construction conditions (including concrete zero-stress temperature (affects crack width)
and permanent curling/warping).

e Irregular transverse crack spacing with large numbers of narrow (2 ft or less) cracked

PCC segments.

Excessive transverse crack width (> 0.020 in) in cold periods.

Application of repeated heavy axle loads to the CRCP.

Free moisture beneath the CRC slab (within the underlying layers).

Erosion of the layers underlying the CRC slab (base/subbase, or subgrade) resulting in

high slab edge deflections when loaded.

e Loss of load transfer (LTE < 95 percent) across the adjacent transverse cracks (influenced
greatly by crack width).

e Inadequate CRC slab thickness to control fatigue damage.

Punchout Prediction

Punchout prediction begins with computing the pavements critical structural responses—tensile
bending stress in the top surface of the CRC in the transverse direction. This is followed by
computing fatigue damage (computed using the critical structural responses and applied traffic).
Fatigue damage is then used to compute punchouts. A detailed description of the punchout
prediction procedure is presented in PART 3, Chapter 4 and summarized in the following
sections.

3.7.74



Structural Modeling and Computing Critical Structural Responses

For this design procedure the CRCP critical pavement responses were computed using rapid
solution NN models that are based on FE structural analysis. The NN models were developed
specifically for the rehabilitation strategies covered by this guide and are based on the following
assumptions:

e Anunbonded interface is assumed between the PCC slab and the base (for unbonded and
bonded overlays) and hence, base unit weight is set equal to 0. For CRCP overlays over
existing flexible pavements bonding condition is a user input. Good bonding is important
and beneficial.

e The coefficient of thermal expansion of the base layer is equal to the PCC coefficient of
thermal expansion.

Results from the NN models are rapid and accurate. A detailed description of the software and
neural networks developed for computing structural responses are presented in PART 3, Chapter
4. Note that because damage is accumulated incrementally and pavement design features,
material properties, and climate vary for the different time increments, the critical pavement
response parameter—maximum transverse tensile stress at the top surface (in the transverse
direction) between two closely spaced transverse cracks—must be computed for each time
increment throughout the rehabilitation design life.

Estimating Fatigue Damage and Punchouts

Next after computing the pavement critical structural responses is to estimate fatigue damage and
punchouts for unbonded CRCP overlays, bonded PCC overlays of CRCP, and CRCP overlays of
flexible pavements. Presented in this section is the step-by-step procedure for predicting CRCP
punchouts. The steps involved include the following:

Step 1. Tabulate Input Data

Summarize all inputs needed for predicting CRCP punchouts. See PART 3, Chapter 4 for
detailed input guidance.

Step 2. Process Traffic Data

The processed traffic data needs to be further processed to determine equivalent number of
single, tandem, and tridem axles produced by each passing of tandem, tridem, and quad axles.
See PART 3, Chapter 4 for detailed input guidance.

Step 3. Process Pavement Temperature Profile Data

The hourly pavement temperature profiles generated using EICM (nonlinear distribution) need to
be converted to distribution of equivalent linear temperature differences by calendar month.

Temperatures also used to compute the dynamic modulus of asphalt concrete separation layers
and asphalt stabilized base courses. See PART 3, Chapter 4 for detailed input guidance.
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Step 4. Calculation of Crack Spacing

Accurate prediction of the transverse cracking pattern is extremely important for a successful
CRCP overlay design. Transverse cracking is characterized by crack spacing and crack opening.
Generally, larger crack spacing results in wider crack opening. Several parameters affect crack
spacing and crack opening including PCC shrinkage, PCC thermal contraction, PCC tensile
strength, PCC zero-stress temperature at construction, amount and depth of steel reinforcement,
and base layer friction. See PART 3, Chapter 4 for detailed input guidance.

Steps 5 through 9 are performed for each month in the design period. See PART 3, Chapter 4 for
detailed input guidance.

Step 5. Calculation of Crack Width and Crack LTE

Crack width should be limited to 0.02 in at steel level and LTE to greater than 95 percent
throughout the design period.

Step 6. Calculation of Loss of Support along Longitudinal Edge of slab
Step 7. Calculation of Critical Stress

Calculate critical top of slab transverse stress corresponding to each load configuration (axle
type), load level, lateral load position, and temperature difference for one month.

Step 8. Calculate Deterioration of Crack Stiffness
Step 9. Process Monthly Relative Humidity Data

The effects of seasonal changes in moisture conditions on differential shrinkage is considered in
terms of monthly deviations in slab warping, expressed in terms of effective temperature
difference.

Step 10. Calculate Fatigue Damage

Calculate damage for each damage increment and sum to determine total damage. See PART 3,
Chapter 4 for detailed input guidance.

Step 11. Determine the Amount of Punchouts

A calibrated model for punchout prediction as a function of accumulated fatigue damage due to
slab bending in the transverse direction is used in this design procedure. The model has the
following functional form:

Cs

PO=—— —
1+C,FDSs

(3.7.24)

where,
PO = total predicted number of punchouts per mile.

3.7.76



FD

accumulated fatigue damage (due to slab bending in the transverse
direction) at the end of the design life.

Cs, C4, Cs calibration constants.

Equation 3.7.24 was calibrated with field data from LTPP and other sources to assure that it
would produce valid results under a variety of climatic and field conditions. The model
coefficients are summarized in table 3.7.24 for the different rehabilitation strategies.

The CRCP transverse punchout model coefficients given in table 3.7.24 are a result of calibration
using data obtained from 42 in-service pavements from the LTPP GPS-9 and SPS-7 experiments
and NCHRP 10-41 study located in 10 States. For CRCP overlays over existing flexible
pavement models coefficients developed for new pavement were adopted.

Table 3.7.24. Coefficients for models used in predicting punchouts for selected rehabilitation

strategies.
Rehabilitation Strategy
Mo_df-zl Unbonded Bonded PCC CRCP Overlay over Existing
coefficient CRCP Overlay Overlay over Flexible Pavement
Existing CRCP
Cs 105.26 105.26 105.26
C, 4.0 4.0 4.0
Cs -0. 3815 -0. 3815 -0. 3815
R 0.82 — —
N 29 — —

Alternately, local and regional field data can be used to obtain calibrated models. An advantage
of performing local/regional calibration is smaller inference space resulting in a more accurate
model. The disadvantage of performing local/regional calibration is that there may not be
adequate number of sections representing the wide variety of designs that a particular agency
may use.

Estimating CRCP Punchouts at a given Design Reliability Level

CRCP overlays designed with the punchout model presented (equation 3.7.24) and mean inputs
will have 50 percent design reliability. A higher reliability than 50 percent is nearly always
desired. The predicted punchouts are adjusted upwards to reflect the increase in reliability. The
equations used to adjust predicted mean punchouts

PO, =PO,, +Z;S,, (3.7.25)
where
POr predicted punchouts/mile at reliability level R, percent.
POwm predicted punchouts/mile at 50 percent reliability level.

standard normal deviate for the given reliability level R (one-tailed).
standard deviation corresponding to the predicted punchout level,
punchouts/mile.

Sro
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Spo is defined as follows:

Spo =+/4.25P0,, +0.372 (3.7.26)
Equation 3.7.26 may be modified based on local calibration.

Trial Rehabilitation Design Performance Evaluation

Performance evaluation is the comparison of the predicted punchout over the rehabilitation
design life and the user input punchout performance criteria, which is the maximum
punchouts/mile that would trigger rehabilitation or indicate pavement failure at the desired level
of reliability.

Modification of Rehabilitation Design Features to Reduce Punchouts

The CRCP rehabilitation design procedure requires the selection of a trial design. This design is
then analyzed and punchouts predicted over the design life. If predicted punchouts exceed the
design criteria, the trial design must be modified.

Crack width, slab thickness, and poor support conditions are the primary factors affecting CRCP
performance and punchout development and hence modifying the factors that influence them is
the most effective manner of reducing punchouts. Crack spacing cannot be modified for bonded
PCC over existing CRCP.

e Increase overlay slab thickness. An increase in CRCP slab thickness will reduce
punchouts based on (1) a decrease in tensile stress at the top of the slab, (2) an increase in
crack shear capability and a greater tolerance to maintain a high load transfer capability at
the same crack width that also allows for reduced tensile stress at top of the slab. Figures
3.7.22 and 3.7.23 show the effect of overlay PCC thickness on punchouts for unbonded
and bonded CRCP overlays respectively. The same effect is expected for other overlay

types.

e Increase percent longitudinal reinforcement in overlay. Even though an increase in
steel content will reduce crack spacing, it has been shown to greatly reduce punchouts
overall due to narrower cracks widths. Figure 3.7.24 shows the effect of the amount of
longitudinal reinforcement on punchouts for unbonded overlays. The same effect is
expected for other overlay types.

e Reduce the PCC Zero-Stress Temperature through improved curing procedure (water
curing). The higher the PCC zero-stress temperature the wider the crack openings at
lower temperature.

e Reduce the depth of reinforcement in overlay. This is applicable only to unbonded
CRCP overlay and CRCP over existing flexible pavement. Placement of steel closer to
the pavement surface reduces punchouts through keeping cracks tighter. (However, do
not place closer than 3.5 in from the surface to avoid construction problems and limit
infiltration of chlorides.)

3.7.78



40

—e— Overlay thickness = 7-in
—=— Overlay thickness = 9-in

35 —— Overlay thickness = 11-in
20 million trucks
30 0.7 percent steel; 28-day MR = 690 psi

10-in existing PCC slab (base in moderate condition)
1-in HMAC sep. layer; 6-in granular base; A-7-6 subgrade material

25 /
20

15 ~

No. of punchouts per mile

10 -

Age, years

Figure 3.7.22. Plot showing the effect of overlay slab thickness on punchouts for unbonded

CRCP overlays.
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Figure 3.7.23. Plot showing the effect of overlay slab thickness on punchouts for bonded PCC
over CRCP overlays.

3.7.79



Iy
(o2}

—— Percent steel = 0.6
—=— Percent steel = 0.7
| ——Percent steel = 0.8
20 million trucks

28-day MR =690 psi

9-in overlay slab; 10-in existing PCC slab (base in moderate condition)
1-in HMAC sep. layer; 6-in granular base; A-7-6 subgrade material

[EnY
N
I

Iy
N
I

[EnY
o

No. of punchouts per mile
o oo

o T T T T T
0 5 10 15 20 25 30

Age, years

Figure 3.7.24. Plot showing the effect of the amount of longitudinal reinforcement on
punchouts for unbonded CRCP overlays.

e Increase PCC tensile strength. Increasing of CRCP tensile strength decreases the
fatigue damage and hence punchouts. It must be noted however that there is a
corresponding increase in PCC modulus which increases the magnitude of stresses
generated within the PCC reducing the benefit of increase tensile strength. See PART 3,
Chapter 4 for the effect of increased overlay PCC tensile strength on punchouts for
unbonded overlays. The same effect is expected for other overlay types.

e Reduce coefficient of thermal expansion of overlay PCC. Use of a lower thermal
coefficient of expansion concrete will reduce crack width opening for the same crack
spacing. See PART 3, Chapter 4 for the effect of CTE on punchouts for unbonded
overlays. The same effect is expected for other overlay types.

e Increase hot mix AC separator layer thickness. The thicker the separator layer the less
sensitive the overlay is to the deterioration in the existing pavement. This is especially
true as the overlay ages as shown in figure 3.7.25. For badly deteriorated existing
pavements thick hot mix AC separator layers are recommend for CRCP overlays.

e Increase CRCP/base friction. Use an asphalt or cement treated base.

The effect of the existing pavement condition on unbonded CRCP overlays is shown in figure
3.7.26.
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Figure 3.7.25. Plot showing the effect of hot mix AC separator layer thickness on punchouts for
unbonded CRCP overlays.
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Figure 3.7.26. Plot showing the effect of existing pavement condition on unbonded CRCP
overlays punchouts.
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CRCP Smoothness

The smoothness of CRCP is the most critical consideration for the traveling public. A typical
highway pavement loses smoothness over time until it triggers pavement rehabilitation or
restoration. The critical level of smoothness is a user input based on local standards and
recommendations of user’s assessment of ride quality.

Predicting CRCP Smoothness (IRI)
Smoothness is the result of a combination of the initial as-rehabilitated smoothness and changes

in the longitudinal profile over time and traffic. The IRI prediction model for CRCP is given as
follows:

IRIv = IRl + CI1*PUNCH + C2*SF (3.7.27)
where,
IRI, = initial IRI, in/mile.
PUNCH = number of medium- and high-severity punchouts/mile.
SF = site factor = AGE*(1+0.556 FI)*(1+Pg 075)/2000000.
AGE = pavement age, yr.
FI = freezing index, °F days.
Po.o7s = percent subgrade material passing No. 200 sieve.
C1 = 3.15
C2 = 28.35

The input distress punchouts will be obtained from the punchout model presented in the
preceding section. Other inputs such as climate and subgrade properties are directly input by the
user as described in section 3.7.3 or computed by EICM. Initial smoothness—a key input—is
obtained as described in section 3.7.3 of this chapter. Equation 3.7.27 was calibrated and
validated with LTPP data to ensure that it would produce valid results under a variety of climatic
and field conditions.

Estimating CRCP Smoothness at a given Design Reliability Level

CRCP overlays designed with the smoothness model presented (equation 3.7.27) will have 50
percent design reliability. For design purposes, a higher reliability than 50 percent is desired.
The predicted smoothness must be adjusted upwards to reflect the increase in reliability. The
equations used to adjust predicted mean smoothness at any given level of reliability is presented
as follows:

IRI; = IRI,, + Z,STDy, (3.7.28)
where,
IRIR = predicted IRI at reliability level R, percent, in/mi.
IRIm = predicted IRI at 50 percent reliability level, in/mi.
ZR = standard normal deviate for the given reliability level R (one tail

distribution).
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STDiri = standard deviation corresponding to the predicted IRI level, in/mi.
2 2\05
STDyg, = (Vg +C12 -Var,, +5?) (3.7.29)
Varrii = variance of initial IRI (obtained from LTPP) = 29.16 (in/mi)>.
Varpo = variance of punchout [equation 3.4.70]) (No./mi)?.
S¢ = variance of overall model error = 213.2 (in/mi)®.

Equation 3.7.29 may be modified based on local calibration.

Trial Rehabilitation Design Performance Evaluation

Performance evaluation is the comparison of the predicted IRI over the rehabilitation design life
and the user input IRI performance criteria, which is the maximum IRI that should trigger
rehabilitation or indicate pavement failure at the desired level of reliability.

Excessive levels of predicted IRI typically are due to the occurrence of significant amounts of
punchouts. Inadequate design results in user discomfort that triggers rehabilitation. Thus, it is
desirable to place limits on predicted IRI to ensure that a JPCP design will provide highway
users with reasonable levels of comfort throughout the pavements design period. The critical
level of IRI is chosen by the designer and should not be exceeded at the design level of
reliability.

Modification of CRCP Design to Improve Smoothness

When the trial design produces an IRI that does not meet the performance criteria selected by the
designer at the design reliability level, the trial design can be modified to lower the IRI. One
effective way to accomplish this for CRCP overlays are to build a smooth CRC overlay. Several
States have adopted specifications that have dramatically decreased the mean initial IRI for
newly construction pavements over a period of several years of implementation. Thus, it is well
known that a very smooth pavement can be constructed. This will provide the customer with a
smoother pavement over a longer period of time.

Another important aspect is to minimize or eliminate distresses such as punchouts that cause the
loss of smoothness. This is done by selecting design features and materials properties that reduce
the occurrence of punchouts. The effect of punchouts, site conditions, and initial smoothness is
presented in figure 3.7.27.
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Figure 3.7.27. Effect of distress and site variables on CRCP smoothness.

3.7.6  ADDITIONAL CONSIDERATIONS FOR REHABILITATION WITH PCC
DESIGN (JPCP AND CRCP)

There are several important considerations that must be addressed as part of rehabilitation design
to ensure adequate performance of the rehabilitation design throughout its design life. These
issues include:

Shoulder reconstruction.

Lane widening.

Lane addition.

Subdrainage improvement.

CPR/preoverlay repairs.

Separator layer design (for unbonded JPCP/CRCP over existing rigid pavements).
Joint design (for JPCP overlays).

Reflection crack control (for bonded PCC over existing JCPC/CRCP).

Bonding (for bonded PCC overlays over existing JJCP/CRCP).

Rubblizing existing rigid pavements.

These design considerations are described in the following sections.
3.7.6.1 Shoulder Reconstruction

Utilize the information on the design of shoulders presented in PART 2, Chapter 2 of this guide.
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3.7.6.2 Lane Widening
Utilize the information presented on lane widening in PART 3, Chapter 4 of this guide.
3.7.6.3 Subdrainage Improvement

Utilize the information on the design of subsurface drainage systems described in PART 3,
Chapter 1 of this guide.

3.7.6.4 CPR/Pre-Overlay Repairs

CPR and pre-overlay repairs include concrete pavement repair treatments that improve on the
existing pavement structural capacity or functionality. Pre-overlay repairs are required to repair
localized areas within a given project with major deterioration to meet the following objectives:

e Provide reasonably uniform support for the overlay (most important).
e Eliminate excessive localized deflections, especially at joints and cracks without effective
load transfer.

e Eliminate the further progression of durability-related distresses in the existing pavement
that will cause premature failure of the JPCP/CRCP overlays.

The type and extent of pre-overlay repair is dependent upon the following:

Condition of existing pavement.

Type and thickness of separator layer (for unbonded overlays).
Projected future traffic.

Type of unbonded overlay JPCP or CRCP).

Existing pavement condition may be determined using the procedures outlined in PART 2,
Chapter 5. Existing pavements in fairly good condition (as is mostly the case with bonded
overlays and JPCP suitable for restoration) will require only moderate repairs to restore
uniformity of support and minimize the potential for further deterioration. Pavements
experiencing extensive amounts of medium to high-severity distress will require additional
repairs or the use of thick AC separator layers to minimize the possibility of existing distress
reflecting into the overlay and resulting in premature failure.

When repair is necessary, it is important to clearly identify the specific distresses and locations
that need repairs, the exact boundaries for repair, and the design of the repair that will be most
suitable. Repair alternatives that have been used include AC partial-depth patching, full-depth
PCC joint and crack repair, full-depth repair of blowups, and slab replacement. Fracturing of the
existing pavement is a potential preoverlay treatment if the existing pavement is very badly
deteriorated and highly variable. A detailed description of the CPR/preoverlay repairs is
presented in several publications referenced in this chapter. A brief summary is presented in the
following sections.
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Preoverlay Repairs for Unbonded Concrete Overlays over Existing PCC Pavements

Typically, not much pre-overlay repair is required for unbonded JPCP overlays. However, some
repairs may be necessary for unbonded CRCP overlays to improve poor joint and crack LTE.
The distresses that require particular attention for both unbonded JPCP and CRCP overlays fall
into the following three categories:

e Joint-related distresses in jointed concrete pavement.

e Non-joint-related distresses (working cracks) that significantly reduce the structural
capacity of the existing pavement including loss of support (high corner deflections).

e PCC durability-related distresses with the propensity to get worse.

Repairs commonly applied to existing jointed pavements (JPCP and JRCP) and CRCP are
summarized in table 3.7.25.

Preoverlay Repairs for Bonded Concrete Overlays over Existing PCC Pavements

For bonded overlays, a variety of preoverlay repairs are needed to bring an existing
(deteriorated) concrete pavement to an adequate condition before the overlay can be constructed.
Bonded overlay performance is extremely sensitive to the quality of the existing concrete and the
extent and severity of cracking in the existing pavement. Nearly all cracks will eventually reflect
through the overlay. Significant distress types such as pumping, faulting, cracking, and
punchouts must be repaired before a bonded overlay is placed.

Table 3.7.26 lists the recommended preoverlay repairs for selected commonly occurring
distresses such as pumping, corner breaks, punchouts (CRCP only), joint spalling, D-cracking,
and transverse cracking (13).

Preoverlay Repairs for JPCP/CRCP Overlays over Existing Flexible Pavements

For existing flexible pavements, preoverlay repairs involve the following activities:

e Milling of the existing hot mix AC surface layer to level the surface is very important
(the PCC overlay should not be counted on to level up the existing pavement).

e Placing a leveling AC course on the hot mix AC.

e Combination of milling and level up AC layer when major profile problems exist.

Milling Existing Hot Mix AC

Minor ruts and other surface irregularities are filled by the concrete overlay. No milling or other
procedures are necessary. If there is unevenness in the longitudinal or transverse profile, milling
or a leveling layer is essential to achieving a smooth surface. Direct placement is recommended
where rutting does not exceed 1 in maximum depth. Because no surface preparation is
necessary, direct placement is very cost-effective.
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Table 3.7.25. Summary of repairs commonly applied to existing jointed pavements (JPCP and JRCP) and CRCP (14, 15).

Existing Pavement
Type

Distress

Recommended Repair

JPCP or JRCP

Spalling

A key distress type that exists at badly deteriorated joints and cracks and may require repair is high severity spalls. Any
loose material resulting from spalling should be removed. If a thick separator layer (> 1 in hot mix AC) is to be used no
other repair is necessary; however, the loose materials should be replaced with appropriate material if a thinner separator
layer will be used

Faulting

Joint of crack faulting is usually not a problem when a hot mix AC separation layer of 1-in or more is utilized. For
CRCP unbonded overlay, if the measured joint load transfer in the existing JPCP or JRCP faulted joints is less than 50
percent, the hot mix AC separator layer thickness should be greater than 1.5 in to minimize reflection up into the CRCP.
Also, CRCP overlay reinforcement can also be increased to minimize any deterioration of a crack over the joint.
Another option is to fracture the existing pavement to obtain a more uniform support

PCC durability

The effect of durability related distress (D-cracking, ASR, etc.) in the existing concrete pavement on the overlay can be
minimized by the placement of a thicker separator layer (> 1 in hot mix AC) between the existing concrete and the
overlay. The effectiveness of the overlay is enhanced if loose pieces of concrete from the distressed concrete layer are
removed prior to the placement of the overlay. Since water is a primary ingredient for durability distress, any measures
taken to provide positive drainage will reduce the propensity of the existing pavement to continue to deteriorate (see Part
3, Chapter 1 of this guide). Fracturing of the D-cracked pavements to obtain a quality aggregate base is another viable
alternative

Loss of support

Loss of support under the existing pavement can result from rocking slabs, curling and warping of the pavement slabs,

and loose shattered slabs. Following are the recommended repair methods for such existing pavements:

e  Rocking or unstable slabs with large deflections or pumping problems should be replaced full-depth.

e  Badly shattered slabs with working cracks should be replaced full-depth.

e  Settlements should be leveled-up with asphalt concrete (this is important to reduce large thickness variations in the
PCC overlay).

Fracturing of the pavement into a good quality aggregate base is also a viable option for repairing existing pavements

with several badly shattered slabs

CRCP

Punchouts

Preoverlay repair of CRCP should include full-depth reinforced repair of all punchouts exhibiting high deflections.
Because punchouts are more likely to occur as a result of a lack of support provided by the subbase or subgrade, repair
of the foundation is very important. Excavation and recompaction of the subbase or subgrade (1.6 to 3.3 ft) beyond the
distress boundaries is recommended

Deteriorated
transverse cracks

Deteriorated or working transverse cracks with ruptured steel should also be repaired with full-depth reinforced patches.
Similarly, construction joints with high-severity spalls should be repaired with full-depth patches




Table 3.7.26. Description of preoverlay repairs required prior to the placement of bonded

overlays (13).
Distress Type Critical Severity Preoverlay Repair Procedure
Corner breaks Low *  Slab stabilization . . .
e Load transfer restoration with full-depth repair
Punchouts (CRCP only) Low o Full-depth reinforced repair
e Partial-depth repair
Joint spalling Medium e  Full-depth repair (where deterioration extends
beyond mid depth)
e  Partial-depth repair
D-cracking Medium e Full-depth repair (where deterioration extends
beyond mid depth)
T . . o  Load transfer restoration with full-depth repair
ransverse cracking Medium L L
e Saw joint above repair joint
Longitudinal cracking Medium ¢ Cross-stitch crack
e Place reinforcement bars across crack

For existing flexible pavements with significant amounts of rutting (> 1 in) and other kinds of
longitudinal or transverse surface distortions, preoverlay repairs consist of removing these
distortions using a profile milling or planing machine.

Milling off 1 to 3 in of the existing surface usually produces a uniform profile. Milling also
establishes the finished grade line and adjusts the cross slope as needed before the placement of
the overlay. The PCC overlay is thus constructed on the milled hot mix AC surface, which acts
as trimmed asphalt stabilized base course. Another advantage of milling and trimming the
existing hot mix AC surface is that the PCC overlay thickness does not vary significantly along
the highway. An evaluation of the existing hot mix AC for stripping potential is recommended.
This layer will now be subjected to far more moisture than as a surface layer.

Placement of a Leveling Course

A uniform paving surface can also be achieved by placing a hot mix AC leveling course on top
of the existing pavement surface. The typically average leveling course thickness is 1 in and this
is adequate for correcting most surface deviations in the existing flexible pavement. The hot mix
AC used in the leveling course generally meets standard design specifications and employs
conventionally graded aggregates. Placement of a leveling course is usually more expensive
than milling. Because of its expense, this option should not be considered where surface
distortions such as rutting are less than 1 in.

3.7.6.5 Separator Layer Design for JPC and CRC Unbonded Overlays

The separator layer lies between the existing pavement surface and the JJCP/CRCP overlay for
unbonded overlays. The main purposes of the separator layer are to isolate the overlay PCC
from the underlying deteriorated pavement and prevent reflection cracking as well as to
contribute to the uniform support provided to the overlay. The separation layer can also serve as
a leveling course for existing pavements with significant amounts of surface irregularities and
distortions.
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Even though the primary purpose of a separator layer is to create a barrier between the existing
concrete slab and overlay preventing the reflection of distress into the overlay, some of the
materials used as separator layers have additional qualities such as being permeable enough to
serve as a drainage layer (33, 34).

The best material used as separator layers by far has been a relatively thick (> 1 in) hot mix AC.
A hot mix AC separator layer provides a uniform support for the overlay that prevents the
development reflection of cracks in the overlay. It also minimizes potential for faulting in non-
doweled JPCP overlays (27). Generally the best performing unbonded concrete overlays are
those constructed with uniform support provided by both the existing slab and separator layer
(14, 15).

Selection of the proper separation layer requires the consideration of the following factors:

e Type of overlay: JPCP overlays are not very sensitive to deterioration in the existing
pavement as long as at least a 1 in AC separation layer is placed. Placement of the JPCP
or CRCP directly on an existing concrete pavement may lead to significant reflection
cracking from joints and cracks and is not recommended. CRCP is more sensitive to the
underlying pavement condition (particularly the LTE of existing joints and cracks) and
may sometimes require a thicker AC separation layer or more repair.

e Condition and profile of the existing pavement: There is a wide range of conditions that
an old rigid pavement could exhibit. Defining these conditions in detail is practically
impossible. The key factor is whether there is vertical movement at existing joints and
cracks (poor load transfer). If this situation exists throughout the existing concrete
pavement, then the potential for reflection cracking is greater and a thicker separation
layer or repairs may be warranted. If the profile exhibits lots of settlements and/or heaves
then a thicker separation layer is required to serve also as a level up so that the overlay
can be placed with an even thickness and adequate smoothness.

e Repairs to be performed on the existing pavement. When the existing pavement is badly
deteriorated it is not cost effective to perform lots of repairs. In this case, a lower
condition factor should be assigned (which will result in a thicker overlay) and perhaps a
thicker separation layer may be needed. However, if there exists only a few areas of
severe deterioration, it will be more cost effective to repair them prior to placement of the
separation layer.

The following guidelines are provided for separation layers for JJCP and CRCP unbonded
overlays.

e JPCP overlay
0 A 1-in AC separation layer is normally adequate to provide uniform support and
prevent any reflection cracking from the existing pavement.
o0 Exceptions when a thicker AC separation layer is needed (e.g., 1.5 to 4 in):
= Existing pavement profile includes settlements or heaves that will cause problems
with paving the overlay. A thicker AC separation layer is needed to level out the
settlements or heaves. Note that if the existing pavement is a composite pavement
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(AC/PCC) then milling of the existing surface may be adequate to level up the
profile.

= Excessive slab cracking exists where the cracks are working and movement
occurs as a load traverses the crack and it is not possible or cost effective to
replace these slabs. A thicker AC separation layer is needed to sufficiently
separate the existing badly cracked pavement from the new JPCP overlay.

e CRCP overlay
0 A 1-in AC separation layer is normally adequate to provide uniform support and
prevent any reflection cracking from the existing pavement.
0 Exceptions when a thicker AC separation layer is needed (e.g., 1.5 to 4 in):

= Existing pavement profile includes settlements or heaves that will cause problems
with paving the overlay. A thicker AC separation layer is needed to level out the
settlements or heaves. Note that if the existing pavement is a composite pavement
(AC/PCC) then milling of the existing surface may be adequate to level up the
profile.

= Transverse joints or working cracks exist where movement occurs as a load
traverses the joint or crack and it is not possible or cost effective to replace these
slabs or restore load transfer. A thicker AC separation layer is needed to
sufficiently separate the existing pavement from the new CRCP overlay to
prevent reflection cracks from coming through the CRCP.

It is extremely important to test the AC material for stripping potential because this could lead to
erosion and loss of support beneath the overlay. Some agencies have used permeable AC and
this has worked well except where stripping has occurred.

In selecting the appropriate separator layer type, thickness, and associated preoverlay repair it
must be noted that generally a small additional expense greatly increases performance and design
reliability. Preoverlay repair can be eliminated entirely if the existing PCC slab is fractured and
a thick separator (> 1.5 in) is placed over it prior to being overlaid. This is suitable for situations
where the existing pavement PCC slab has extensive cracking and or materials-related
deterioration.

Slab fracturing also mitigates reflection cracking in the overlay PCC. Another form of cracking
is rubblization, which is pulverizing the existing slab into pieces no more than about 6 in. The
fractured PCC is similar to a cement treated or stabilized granular material and for structural
design of the overlay must be characterized as such. Rubblization results in a material similar to
a granular base course in terms of stiffness beneath a PCC overlay.

3.7.6.6 Joint Design (JPCP Overlays)

Joint design for JPCP overlays generally follows the same principles as that of the design of new
pavements, namely:

e They must be spaced to minimize mid panel cracking.
e They must provide adequate load transfer to prevent faulting.

3.7.90



e They must be sealed to prevent the intrusion of moisture and aggregates preventing
distresses such as pumping, faulting, and spalling (unless local experience shows that
sealing is of no significant benefit).

A detailed description of joint design is presented in PART 3, Chapter 4 of this Guide and
section 3.7.3 of this chapter.

3.7.6.7 Reflection Crack Control for Bonded PCC over Existing JPCP/CRCP Overlays

A distress type common to bonded PCC overlays over existing JPCP/CRCP is reflection
cracking. Reflection cracking occurs in bonded overlays when working cracks and deteriorated
joints (with low LTE) in the existing JPCP/CRCP working their way through the overlay slab
due excessive movements at these locations when the rehabilitated pavement is subjected to
traffic and climate-related loading.

Reflection cracking can be controlled and minimized if particular care is placed on the repairs of
any working (spalled) cracks or deteriorated joints in the existing slab during preoverlay repairs.
Such cracks would otherwise reflect through the bonded concrete overlay within a year of
placing the overlay. Commonly used methods for preventing reflection cracking includes full-
depth repair of working cracks and deteriorated joints in the existing pavement and then sawing
the joint through the overlay, retrofitting deteriorated joints with dowels to improve load transfer,
and matching joints in the overlay with the existing pavement joints and cracks (13). Matching
joints reduces overlay joint LTE and hence should be done with caution.

Generally, tight non-working cracks do not need to be repaired because they tend not to reflect
through the overlay PCC and the few that may usually remain tight with little or no effect on
pavement performance. Also, non-working cracks in CRCP typically take several years to reflect
through overlays because they have adequate load transfer.

Typically for unbonded overlays the placement of a thick hot mix AC separator layer is adequate
to prevent the occurrence of reflection cracking. However, in situations were the existing CRCP
is badly deteriorated (excessive amount of punchouts) the placement of a thick separator layer
alone may not be enough to prevent refection cracking and hence they must be combined with
appropriate levels of preoverlay repairs (e.g., full-depth repairs of punchouts).

3.7.6.8 Bonding (for Bonded PCC over Existing JPCP/CRCP Overlays)

Achieving adequate bonding between the overlay PCC and existing JPCP or CRCP is critical to
the long-term performance of a bonded overlay. Therefore, adequate steps should be made
during construction to ensure a good bond between the overlay and existing pavement. Losing
bonding does not necessarily imply early failure of a bonded overlay. However, pavement
performance will be reduced though the overlay could still carry significant volumes of traffic
before failure. Well-constructed bonded overlays should maintain significant levels of bonding
throughout the design life with little maintenance.
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Adequate bonding required achieving a bond strength of 200 psi or greater between the overlay
and existing concrete. This is sufficient to withstand expected shearing forces between the two
layers and to ensure that bonding is maintained throughout the overlaid pavement’s life. The
most influential factors in obtaining good bonding include (13):

The strength and integrity of the existing concrete.

Overlay drying shrinkage.

Jointing.

Bonding medium.

Surface preparation (e.g., cleanliness of the existing pavement surface).

These factors are discussed briefly in the following sections.
Strength and Integrity of Existing Pavement

Adequate bonding will occur only with a clean, sound, strong existing PCC surface. If the
existing pavement surface has weakened during the pavement’s life, it is important that the
weakened surface material be removed to the depth of sound concrete. Debonding at mid-slab
locations can usually be attributed to poor surface preparation or weak surface concrete.

Milling adequately removes the weak surface material to expose a solid surface (13). Milling in
addition texturizes the existing PCC surface prior to being overlaid enhancing bonding.
Shotblasting is another common method used in surface preparation to remove the weakened
PCC at the surface. Some studies have reported that shotblasting ensures higher bonding
strengths between the existing PCC and overlay PCC when compared to other surface
preparation methods that damage the surface (30).

Drying Shrinkage

The effect of drying shrinkage on bond strength (reduces bond strength) is very significant on
thin overlays (less than 3 in). It can be minimized by constructing the overlay with well-
designed concrete mix which is well consolidated during placement, and adequately cured after
placement. Good construction practices offset the ill effects of drying shrinkage on bonding
especially very thin overlays (13).

For overlays 3 in and thicker, the shear stresses resulting from drying shrinkage are well below
target bond strengths of 200 psi and are therefore considered negligible. However, proper
consolidation, curing, and mix procedures must be used on all bonded overlays regardless of
their thickness to ensure adequate protection from the potential ill effects of drying shrinkage
(13).

Jointing
Joint placement also influences bonding strength. To maintain good bonding, the joint type and

location of the existing pavement must be matched in the overlay. If this is not done, excessive
compressive forces may develop as the underlying pavement expands and contracts with
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variations in ambient temperatures, causing the overlay to debond (and, in the worst case,
spall) (13).

Bonding Medium

A cement grout (water, cement, and sand mix or water and cement slurry) can generate the
necessary bond strength required for bonded overlays (> 200 psi) and has proven effective in
providing bonding between the existing PCC and concrete overlay. Bond strength can be
measured using the lowa Shear Test. Low-viscosity epoxies have also been used successfully
for this purpose. Where adequate surface preparation is employed, studies indicate that excellent
bond strengths can be obtained with or without the use of a bonding medium by ensuring
adequate vibration of the overlay during overlay construction (13).

3.7.6.9 Guidelines for Addition of Traffic Lanes

Increases in traffic volume over the years have lead to the need for construction of additional
traffic lanes along many highways. These lanes can be added adjacent to the inner lane or
adjacent to the outer lane depending on geometrics of the existing highway. In addition,
sometimes the widening requires that the additional lane be obtained by adding one-half of a lane
on each side, which requires a shift in traffic lanes either with or without an overlay. This
section briefly provides pavement design guidelines for these situations.

e Uniformity of cross-section. When adding a lane on either side of the existing pavement,
the key design concept is uniformity as much as possible in both thicknesses of layers
and material types. While this concept cannot be achieved all the time, it is a desirable
characteristic so as to avoid various problems in the future. Uniformity in layer thickness
and material types is also desirable so that the new lane will not exhibit a different
amount of heaving or settlement than the existing lanes. If this is not possible, due to
different traffic loadings between the existing pavement and the new traffic lane which
may require a thicker pavement structure, then that will have to be the case as the new
lane must be designed to handle its expected traffic loadings. The Design Guide can be
used to structurally design the pavement structure. The initial trial design should be the
same cross section as the existing adjacent pavement to see if it will perform adequately.
If not, then adjustment must be made to the design to try and match total pavement
thickness at least. Design inputs can be obtained from testing the existing pavement
either by coring and lab testing or by use of deflections and back calculation of layer
moduli.

e Subgrade preparation. The preparation of a suitable subgrade for the widening is
extremely important. This subgrade preparation or treatment should match the existing
subgrade beneath the exiting pavement as much as possible, unless the existing subgrade
has caused serious heaving or settlement problems. In this case, it may be best to treat
the subgrade beneath the new lane differently to avoid these problems.

e Drainage Uniformity. The new lane should include material layers that will not impede
the flow of water out of the existing pavement structure. For example, water often seeps
along the top of the fine-grained subgrade until it reaches the side ditch and this
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continuous flow should not be impeded. This may require special open graded drainage
layers to achieve in the added traffic lane.

3.7.6.10 Guidelines for Widening of Narrow PCC Traffic Lanes/Slabs

Many old roadways were constructed with PCC slabs ranging in width from 18 to 22 ft. Modern
day lane widths are typically 12 ft, so widening of the old pavement is often necessary during
rehabilitation of such a highway pavement. Since uniformity of cross section is a basic goal of
rehabilitation, the use of PCC is desirable. However, the following design criteria should be
considered in the design of the rehabilitation.

e Excavation of the area along side the slab should be followed by subgrade compaction
and improvement if deemed necessary.

e The PCC used to widen the underlying slab must be tied securely to the existing PCC
slab if at all possible. This can be done by drilling and anchoring tie bars into the face of
the existing slab. The size and spacing of the ties would be similar to that of lane to lane
ties for new construction or perhaps one size large to ensure that the joint will not open
over time.

e Design of the overlay over the widened PCC section should be accomplished using the
procedures in PART 3, Chapters 6 and 7.

3.7.6.11 Recycling
Utilize the detailed recommendations presented in PART 3, Chapter 5.
3.7.6.12 Local Calibration of PCC Rehabilitation

Recommendations for calibration to local conditions are provided in PART 3, Chapter 4.
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