
AUTHORS

DETAILS

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National Academies Press.  
(Request Permission) Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy of Sciences.

Copyright © National Academy of Sciences. All rights reserved.

THE NATIONAL ACADEMIES PRESS

Visit the National Academies Press at NAP.edu and login or register to get:

–  Access to free PDF downloads of thousands of scientific reports

–  10% off the price of print titles

–  Email or social media notifications of new titles related to your interests

–  Special offers and discounts





BUY THIS BOOK

FIND RELATED TITLES

This PDF is available at    SHAREhttp://nap.edu/22685

Composite Pavement Systems, Volume 1: HMA/PCC Composite
Pavements

135 pages | 8.5 x 11 | PAPERBACK

ISBN 978-0-309-12945-9 | DOI 10.17226/22685

Rao, Shreenath; Darter, Michael; Tompkins, Derek; Vancura, Mary; Khazanovich,

Lev; Signore, Jim; Coleri, Erdem; Wu, Rongzong; Harvey, John; and

Vandenbossche, Julie

http://cart.nap.edu/cart/cart.cgi?list=fs&action=buy%20it&record_id=22685&isbn=978-0-309-12945-9&quantity=1
http://www.nap.edu/related.php?record_id=22685
http://www.nap.edu/reprint_permission.html
http://nap.edu
http://api.addthis.com/oexchange/0.8/forward/facebook/offer?pco=tbxnj-1.0&url=http://www.nap.edu/22685&pubid=napdigops
http://www.nap.edu/share.php?type=twitter&record_id=22685&title=Composite+Pavement+Systems%2C+Volume+1%3A+HMA%2FPCC+Composite+Pavements
http://api.addthis.com/oexchange/0.8/forward/linkedin/offer?pco=tbxnj-1.0&url=http://www.nap.edu/22685&pubid=napdigops
mailto:?subject=null&body=http://nap.edu/22685


TRANSPORTATION RESEARCH BOARD
WASHINGTON, D.C.

2013
www.TRB.org 

 RepoRt S2-R21-RR-2

The Second
S T R A T E G I C  H I G H W A Y  R E S E A R C H  P R O G R A M

Composite Pavement Systems

Volume 1: HMA/PCC Composite Pavements

Shreenath rao

Applied Research Associates, Inc. 
Littleton, Colorado

Michael Darter

Applied Research Associates, Inc. 
Tucson, Arizona

Derek toMpkinS, Mary Vancura, anD leV khazanoVich

University of Minnesota 
Minneapolis

JiM Signore

University of California 
Berkeley

erDeM coleri, rongzong Wu, anD John harVey

University of California 
Davis

Julie VanDenboSSche

University of Pittsburgh 
Pennsylvania

Composite Pavement Systems, Volume 1: HMA/PCC Composite Pavements

Copyright National Academy of Sciences. All rights reserved.

http://www.TRB.org
http://www.nap.edu/22685


Subscriber Categories

Construction
Design
Highways
Pavements

Composite Pavement Systems, Volume 1: HMA/PCC Composite Pavements

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22685


SHRP 2 Reports 

Available by subscription and through the TRB online bookstore:

www.TRB.org/bookstore

Contact the TRB Business Office:
202-334-3213

More information about SHRP 2:

www.TRB.org/SHRP2

SHRP 2 Report S2-R21-RR-2

ISBN: 978-0-309-12945-9

Library of Congress Control Number: 2013936446

© 2013 National Academy of Sciences. All rights reserved.

Copyright Information
Authors herein are responsible for the authenticity of their materials and for 
obtaining written permissions from publishers or persons who own the copy-
right to any previously published or copyrighted material used herein.

The second Strategic Highway Research Program grants permission to repro-
duce material in this publication for classroom and not-for-profit purposes. Per-
mission is given with the understanding that none of the material will be used to 
imply TRB, AASHTO, or FHWA endorsement of a particular product, method, 
or practice. It is expected that those reproducing material in this document for 
educational and not-for-profit purposes will give appropriate acknowledgment 
of the source of any reprinted or reproduced material. For other uses of the 
material, request permission from SHRP 2.

Note: SHRP 2 report numbers convey the program, focus area, project number, 
and publication format. Report numbers ending in “w” are published as web 
documents only.

Notice
The project that is the subject of this report was a part of the second Strategic 
Highway Research Program, conducted by the Transportation Research Board 
with the approval of the Governing Board of the National Research Council.

The members of the technical committee selected to monitor this project and 
review this report were chosen for their special competencies and with regard 
for appropriate balance. The report was reviewed by the technical committee 
and accepted for publication according to procedures established and overseen 
by the Transportation Research Board and approved by the Governing Board of 
the National Research Council.

The opinions and conclusions expressed or implied in this report are those of 
the researchers who performed the research and are not necessarily those of the 
Transportation Research Board, the National Research Council, or the program 
sponsors.

The Transportation Research Board of the National Academies, the National 
Research Council, and the sponsors of the second Strategic Highway Research 
Program do not endorse products or manufacturers. Trade or manufacturers’ 
names appear herein solely because they are considered essential to the object 
of the report.

The Second Strategic Highway  
Research Program
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Legacy for Users (SAFETEA-LU). The program is managed by the 
Transportation Research Board (TRB) on behalf of the National 
Research Council (NRC). SHRP 2 is conducted under a memo-
randum of understanding among the American Association of  
State Highway and Transportation Officials (AASHTO), the 
Federal Highway Administration (FHWA), and the National 
Academy of Sciences, parent organization of TRB and NRC.  
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of research contractors; independent research project oversight; 
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Volumes 1 and 2 of the R21 project present the state of the practice and guidelines for 
designing and constructing new composite pavements. Volume 1 provides the tools needed 
to design and construct new hot-mix asphalt (HMA) concrete over a portland cement 
concrete (PCC) composite pavement that takes full advantage of using differing materials. 
Volume 2 provides guidance on the design and construction of two-layer, wet-on-wet PCC 
pavements where the upper layer is a thin high-quality layer (hard nonpolishing aggregate, 
higher cement content, higher quality binder) and excellent surface characteristics with the 
lower layer containing a higher percentage of local aggregates and recycled materials. Both 
volumes detail performance data on existing composite pavement systems and provide 
step-by-step guidance on the design of composite pavements using mechanistic-empirical 
design methods for both types of new composite pavements.

Composite pavements have proved in Europe and the United States to have long service life 
with excellent surface characteristics, structural capacity, and rapid renewal when needed. 
Based on statistics compiled in 2000, approximately 30% of the urban interstate system and 
just over 20% of the rural interstate system is classified as “composite” pavement. In most 
cases the composite pavements are the result of maintenance and rehabilitation activities and 
not intentionally designed new composite pavement systems.

This project developed the guidance needed to design and construct new composite pave-
ment systems. The research determined the behavior, properties, and performance for both 
HMA/PCC and the PCC/PCC composite pavements under many climate and traffic condi-
tions. Experimental composite pavements were constructed at MnROAD in Minnesota and 
the University of California Pavement Research Center at Davis, where the pavements were 
instrumented and monitored under climate and heavy traffic loadings. A composite pavement  
consisting of HMA over jointed plain concrete also was constructed in the field by the 
Illinois Tollway north of Chicago. At the Tollway, extensive field surveys were performed 
on 64 sections of the two types of composite pavements.

This project also evaluated, improved, and further validated applicable structural, climatic, 
material, and performance prediction models, and design algorithms that are included in the 
AASHTO MEPDG and DARWin-ME, CalME, NCHRP 1-41 reflection cracking, NCHRP 
9-30A rutting, and the Lattice bonding model. The current DARWin-ME overlay design pro-
cedure for HMA/PCC and a special R21 version of the Mechanistic-Empirical Pavement Design 
Guide (MEPDG [v. 1.3000:R21]) can be used for new PCC/PCC composite pavements.

The key to the sustainable features of new composite pavements is the ability to use higher 
levels of recycled materials in the lower concrete layer. Additionally, the thickness of the lower 
concrete layer can be reduced when considering the insulating effect of the top pavement sur-
face. Intentionally designed and constructed composite pavements will help highway agencies 
meet the goal of building economical, sustainable pavement structures that use higher levels 
of recycled materials and locally available materials.

F O R E W O R D
James W. Bryant, Jr., PhD, PE, SHRP 2 Senior Program Officer, Renewal
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Executive Summary

Types of Composite Pavement Systems

Two composite pavement design strategies were determined to provide both excellent surface 
characteristics (low noise; very smooth, nonpolishing aggregates; and durability) that can be rap-
idly renewed and long-lasting structural capacity for any level of truck traffic. These two com-
posite pavement design strategies reflect the Strategic Highway Research Program 2 (SHRP 2) 
Renewal philosophy of “get in, get out, stay out.”

• High-quality, relatively thin, hot-mix asphalt (HMA) surfacing—such as dense HMA, stone 
matrix asphalt (SMA), porous HMA, asphalt rubber friction course (ARFC), or Novachip 
gap-graded asphalt rubber hot mix—over a new portland cement concrete (PCC) struc-
tural layer—such as jointed plain concrete (JPC), continuously reinforced concrete (CRC), 
joined roller compacted concrete (RCC), or a lean concrete base/cement-treated base  
(LCB/CTB).

• High-quality relatively thin PCC surfacing atop a thicker, structural PCC layer.

Both types of composite pavements have strong technical, economical, and sustainable merit 
in fulfilling the key goals of the SHRP 2 program, including long-lived pavements, rapid renewal, 
and sustainable pavements. A survey of U.S. and international highway agencies conducted 
under the SHRP 2 R21 project revealed considerable interest in both HMA/PCC and PCC/PCC 
composite pavements.

Research Objectives

The objectives of this research were to investigate the design and construction of new composite 
pavement systems. The previous technology for the design and construction of new composite 
pavements was limited. The structural and functional performances of these composite pave-
ments were not well understood or documented. There were no existing mechanistic-empirical  
(M-E) performance models of these pavement systems, and they need to be developed or 
improved for use in design, pavement management, and life-cycle cost analysis (LCCA). In 
addition, the current construction techniques, guidelines, and specifications were insufficient to 
construct composite pavements properly.

These types of composite pavements give significant flexibility to the designer to optimize 
the pavement design in terms of life-cycle costs, reduction in future lane closures, and improved 
sustainability. They essentially exhibit the advantages of conventional HMA and PCC pavements 

1

Composite Pavement Systems, Volume 1: HMA/PCC Composite Pavements

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22685


2

while minimizing their disadvantages. The research in this study, which was conducted from 
2007 to 2011, had the following key goals.

• Objective 1. Determine the behavior, material properties, design factors, and performance 
parameters for each type of composite pavement.

• Objective 2. Develop and validate mechanistic-empirical (M-E) based performance prediction 
models and design procedures that are consistent with the Mechanistic-Empirical Pavement 
Design Guide (MEPDG).

• Objective 3. Develop recommendations for construction specifications, techniques, and qual-
ity management procedures for adoption by the transportation community.

Constructed and Field Survey Sections

Experimental composite pavements were constructed at two major research sites (MnROAD, 
Minnesota, and the University of California Pavement Research Center [UCPRC] at Davis, 
California) and were instrumented and monitored under actual climate and heavy traffic load-
ings. An HMA/JPC composite pavement also was constructed by the Illinois Tollway north of 
Chicago. Extensive field surveys were performed in the United States, Canada, and Europe of 
64 sections of the two types of composite pavements and used in the analysis and validation.

MnROAD/Minnesota Department of Transportation

One of the major research sites was set up by MnROAD in Minnesota.

• Design and materials: Three sections were constructed. The top layer PCC mix contained 
increased cement content and a high-quality, very durable aggregate (granite). The aggregate 
in the top lift was gap-graded and had a maximum size of 0.5 in (12.7 mm). All basic com-
ponents of the lower-layer PCC were selected to reduce costs, investigate methods of sustain-
ability, and investigate the reuse of materials into structural components. Higher traffic in the 
outside lane and lower traffic in the inside lane provided two levels of traffic. JPC was the basic 
type of pavement with transverse joints at 15 ft and dowels at all PCC/JPC joints and in the 
travel lane only for HMA/JPC joints.
C Cell 70: This section consisted of 3 in. HMA over 6 in. of JPC (50% recycled concrete aggre-

gate [RCA]; 40% fly ash replacement) over an unbound aggregate base course. The inner 
lane transverse joints included no dowels, but the outer lane included dowels. Transverse 
joints across both lanes were sawed and sealed for reflection crack control.

C Cell 71: This section consisted of a 3-in. high-quality PCC layer over a 6-in. low-cost PCC 
layer (50% RCA; 40% fly ash replacement).

C Cell 72: This section consisted of a 3-in. high-quality PCC layer over a 6-in. PCC layer with 
60% fly ash replacement and inexpensive coarse aggregates.

C Texturing of Cells 71 and 72: (1) Exposed aggregate concrete (EAC) achieved by brushing 
the surface, (2) conventional diamond grinding, and (3) ultradiamond grinding.

• Specification development: Full specifications for bidding were developed for each type of 
composite pavement.

• Instrumentation and data acquisition: Instrumentation installed in the pavements included 
thermocouples for measuring temperature throughout the pavement structure and humidity 
sensors to measure concrete moisture (relative humidity) levels within the slab. Static strain for 
static loads generated was measured with vibrating wire (VW) strain gauges to provide several 
critical pieces of information related to the performance of the pavement layers, responses to 
temperature and moisture changes, slab curvature, and in-place drying shrinkage. Dynamic 
strain sensors to measure the slab response to loads applied by truck traffic and the falling 
weight deflectometer (FWD) were also installed. All data were stored at the MnROAD facility.
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• Construction: An initial 200-ft test section for PCC/PCC was built and the EAC surfaced pre-
pared. The lessons learned were invaluable for building the main line, which was constructed 
in May 2010. Construction went well with no serious problems.

• Loading and monitoring: Pavements were opened to I-94 traffic in July 2010 and have been 
loaded ever since except for short closures for monitoring. A full year of heavy traffic has been 
achieved and the findings included in this report.

University of California at Davis Pavement Research Center

The other major research site was set up by the Pavement Research Center at the University of 
California at Davis.

• Design: The composite HMA/JPC pavement has four 12-ft-wide lanes to accommodate two 
HMA mixtures, with two HMA thicknesses, two PCC thicknesses, and PCC with and without 
dowels for load transfer. Each lane has three sections, each consisting of three slabs of 15-ft 
length. Each pass of the Heavy Vehicle Simulator (HVS) covered two transverse joints and one 
15-ft slab in each section.

• Specification development: California State specifications were used for construction with 
some additional requirements.

• Instrumentation: Joint deflection measurement devices were installed to measure absolute 
vertical movement of PCC slab joints, from which the relative movement of the two slabs on 
each side of the joint can also be measured. Horizontal joint deflection measurement devices 
were used to measure relative horizontal joint movement caused by the opening and clos-
ing of PCC slab joints. Thermocouples and moisture sensors were installed to measure PCC 
and HMA temperature and relative humidity at various depths. Dynamic strain gauges were 
placed at slab corners and centers and between HMA lifts in the thicker HMA layers to mea-
sure strains occurring under the moving HVS wheel. Static strain gauges were installed to 
measure slowly changing PCC strains at the top and bottom of the slab caused by creep, 
shrinkage, warping, and curling.

• Construction: PCC was placed in August 2009, and the HMA was placed shortly thereafter. 
The PCC and two types of HMA both met their respective California Department of Trans-
portation (Caltrans) paving specifications. An anionic SS-1h emulsion tack coat was applied. 
On Lanes A and B, the mix placed was a ¾-in. (19-mm) maximum aggregate size, dense 
graded mix with polymer modified PG 64-28 binder (PG64-28PM). On Lanes C and D, the 
mix placed was a ½-in. (12.5-mm) maximum aggregate size mix with gap-graded aggregate 
and an asphalt rubber binder produced using the “wet process” (RHMA-G).

• Loading and monitoring: The HVS was used to load and evaluate the pavement for HMA 
rutting, joint reflection cracking, and PCC slab fatigue cracking. The slab cracking loadings 
required 200,000 and 320,000 heavy wheel repetitions to be applied on two 5-in.-thick non-
doweled slabs with thin and thick HMA, respectively. Additional cracking tests may be per-
formed after the R21 project using other funding.

Illinois Tollway

There was also a research site set up in Illinois.

• HMA/JPC composite sections were constructed near Gurnee, Illinois, on the ramps from I-94 
to Milwaukee Avenue (off-ramp in the eastbound direction and on-ramp in the westbound 
direction). The ramps were constructed in October and November 2010 to emulate best prac-
tices of constructing HMA/JPC composite pavements using recycled aggregate in the PCC slab.

• The project consisted of using stockpiled recycled asphalt pavement (RAP) coarse aggregate 
in the PCC mix with a warm-mix asphalt (WMA) surface layer. The relatively thin (2-in. 
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[50-mm]), high-quality dense-graded WMA layer was placed and bonded to the newly 
placed 9-in. (225-mm), low-cost PCC lower lift after the PCC had hardened sufficiently.

• The PCC slab included a partial replacement of cement with fly ash (~20% to 25%). The 
use of RAP and fly ash offers environmental advantages by diverting the material from the 
waste stream, reducing the energy investment in processing virgin materials, conserving virgin 
materials, and minimizing pollution.

• For WMA, the mix was heated to a lower temperature than for conventional HMA (~60°F to 
90°F reduction). Lower temperatures mean less fuel consumption, lower stack emissions, and 
less fume and odor generation at the plant and job site.

• Coarse aggregate fractionated from the RAP comprised 30% of the total coarse aggregate in 
the PCC mix. Aggregate fines less than 4.75 mm (No. 4) used in the PCC mix were specified to 
come from virgin aggregate sources. RAP was fractionated, cleaned, and washed. As much as 
15% of the total recycled coarse aggregate could consist of agglomerated sand/asphalt particles.

• The PCC surface was cured and textured after placement to ensure adequate bond with the 
HMA layer. A tack coat was sprayed on to ensure bond. The transverse joints were sawed and 
sealed in the HMA layer over the joints in the JPC.

Field Surveys of In-Place Composite Pavement Sections

Data were gathered from field surveys of in-place composite pavement sections. A variety of 
HMA/PCC composite pavement structures were identified:

• Thin asphaltic surfaces, including dense HMA, porous HMA, SMA, ARFC, Novachip, and 
WMA; and

• Concrete lower layers, including JPC, CRC, jointed RCC, jointed LCB, and jointed CTB.

A variety of PCC/PCC composite pavement structures were also identified:

• High-quality thin concrete surfaces, including EAC, higher strength PCC, and diamond-
ground PCC; and

• Concrete lower layers, including JPC (some with recycled concrete, regular concrete, and 
lower cost concrete) and CRC.

European countries have been constructing HMA/PCC and PCC/PCC composite pavements 
for several decades and have substantial experience. HMA/PCC composite pavement was evalu-
ated in the Netherlands using porous 2- to 3-in. HMA/CRC on more than a dozen major heavily 
trafficked projects, all of which exhibit low noise levels, no rutting, and no reflection crack-
ing. Germany has built SMA surfaces on JPC and recently over CRC. One SMA/JPC section 
was 15 years old under heavy traffic with sawed and sealed joints that had performed very  
well. Austria, Germany, and the Netherlands have all constructed many projects with 2- to 3-in. 
EAC PCC/JPC since the late 1980s. The entire 200 miles of the A1 freeway across Austria is of this 
design, with the lower layer PCC containing recycled concrete and about 10% RAP. This highway 
lies in the harsh climate of the Alps with lots of snow and ice. None of these sections exhibited 
significant problems and have performed very well over 20 years.

In reviewing these case studies and discussing the composite pavements with the host 
engineers and practitioners, a number of benefits to importing and implementing European 
techniques were identified. Dutch, German, and Austrian researchers claim that composite pave-
ments provide similar structural performance as an equivalently thick single layer at the same 
price in Europe, yet the road surface has higher quality and longer life friction and noise reduc-
tion because of the high-quality top layer. Furthermore, composite pavements allow for the 
optimization of costs and materials throughout the pavement cross section:

• High-quality materials can be used in lesser quantities in the upper layer, where they will be 
of the most benefit to the system; and
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• Less expensive materials can be used in greater quantities in the lower layer, where they will 
contribute structurally without detracting from the quality and performance of the overall 
pavement.

Studies in Spain provided valuable information on reflection cracking for HMA/RCC and 
HMA/CTB and the forming of joints in the RCC and CTB. Since 1991, Spain has used the wet-
forming process to form joints. Long-term results show the effectiveness of wet-formed joints 
every 8 to 13 ft in terms of a reduction in joint deflections and high values of joint load transfer 
efficiency. The studies also show that short joint spacing led to fewer reflection cracks, tighter 
cracks, and improved performance.

Composite Pavement Design

The design procedures in DARWin-ME for HMA overlay of jointed plain concrete pave-
ment (JPCP) and continuously reinforced concrete pavement (CRCP) and in the MEPDG 
for bonded PCC overlay of JPCP and CRCP were found to be the most comprehensive and 
applicable for design of new composite pavements. Through use of appropriate inputs, the 
overlay procedure could be used for new composite pavement construction. Extensive testing 
and evaluations were performed, and many bugs related to composite pavements, as well 
as significant improvements, were identified and fixed in the MEPDG. A new version of the  
MEPDG (v. 1.3000:R21) was developed to use the Bonded-PCC-over-JPCP project to simulate 
newly constructed PCC/PCC and address limitations of the existing structural and environmental 
models for PCC/PCC.

CalME

UCPRC has been developing an M-E pavement design method for Caltrans. The associated 
software is called CalME. CalME rutting and reflection cracking models were evaluated for 
the SHRP 2 R21 project. The rutting models were calibrated using the results of the HVS and 
MnROAD test sections, while the reflection cracking model was tested using the results of some 
of the HVS test sections. Although the number of test cells used in the calibration was small, 
the results showed that the CalME models can predict measured performance effectively using 
average calibration coefficient values. A sensitivity analysis was performed to evaluate the effects 
of climate, traffic, HMA mix type, aggregate base stiffness, crack spacing, and HMA thickness. 
The sensitivity analysis showed that HMA mix type is the primary factor that affects both rutting 
and reflection cracking.

NCHRP Report 669 Reflection Cracking

In National Cooperative Highway Research Program (NCHRP) Report 669, a reflection cracking 
model was developed specifically to be implemented in the MEPDG and DARWin-ME. The pro-
cedure was reviewed, tested, and recommended for implementation in DARWin-ME. It appears 
that this approach and model will reasonably predict transverse joint reflection cracking for 
HMA/JPC composite pavements. The existing empirical reflection cracking model was intended 
as a placeholder and does not predict well.

NCHRP 9-30A Permanent Deformation of HMA Surface

The objective of NCHRP Project 9-30A was to recommend revisions to the HMA rut depth 
transfer function in the MEPDG software developed under NCHRP Project 1-37A. The recom-
mended revisions were based on the calibration and validation of multiple rut depth transfer 
functions, with measured material properties and performance data from roadways and other 
full-scale pavement sections that incorporate modified or other specialty mixtures, as well as 
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unmodified asphalt binders. The NCHRP 9-30A rutting models for HMA/PCC composite pave-
ments were evaluated and recommendations made for additional research. In summary, all three 
transfer functions did a fair job of predicting the measured rutting values using mixture proper-
ties and other pavement layer properties extracted from project files. Thus, the three rut depth 
transfer functions described and included in NCHRP 9-30A are believed to be reasonable for 
composite pavements.

Lattice Model for PCC/PCC Bonding

Extensive work was performed to fully develop and use lattice models for composite slab simu-
lations for debonding of the top PCC layer from the bottom PCC layer. Completed models 
coupled the lattice models with finite element models to provide a comprehensive model of 
the PCC/PCC interface bonding. For model simulations of realistic paving conditions in which 
newly constructed PCC/PCC pavements are placed in a reasonable time frame, debonding of the 
layers did not occur. Furthermore, additional simulations of layer behavior took into account 
unrealistic extreme thermal gradients and highly reduced shear strengths at the interface, and 
these simulations found failure at the interface in only the most extreme of cases, which would 
not be encountered in the field. This conclusion is supported by observations from the European 
PCC/PCC experience, as consultants to the R21 project were unable to cite an instance of PCC/
PCC debonding. Based on these observations and model simulations, it was the assessment of 
the research team that debonding is only a concern in PCC overlays of existing PCC pavements, 
which was out of the scope of the SHRP 2 R21 project.

Recommendations for Composite Pavement Design

Based in part on these models and improvements made to the MEPDG/DARWin-ME software, 
the following can now be used in the design of new composite pavements:

• New HMA/JPC, HMA/RCC or LCB, and HMA/CRC can be designed using the overlay design 
feature in DARWin-ME.

• PCC/JPC and PCC/CRC can be designed using MEPDG (v. 1.3000:R21), which includes 
modifications to the allowable PCC layer thicknesses, representative PCC layer properties, 
slab and base interaction properties (full versus zero friction), PCC/PCC subgrade response 
modeling, and the distribution of the temperature nodes representing a thermal gradient 
through the composite pavement system.

Research Products

The products from this research can be classified into five broad categories: (1) design, (2) con-
struction and materials, (3) training, (4) informational, and (5) other.

Design Products

MEPDG (v. 1.3000:R21) developed under this study includes modifications to the allowable 
PCC layer thicknesses, representative PCC layer properties, slab and base interaction proper-
ties (full versus zero friction), PCC/PCC subgrade response modeling, and the distribution of 
temperature nodes through the composite pavement system. Many of these revisions specifi-
cally targeted the Enhanced Integrated Climatic Model (EICM) used by the MEPDG. This new 
program will be submitted to the American Association of State Highway and Transportation 
Officials (AASHTO) for consideration to incorporate the improvements into the DARWin-ME 
software. In addition, bug fixes and improvements related to both types of composite pave-
ments were made to the MEPDG software throughout the R21 contract (e.g., crack opening 
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error in HMA/CRC), and all of these modifications have been incorporated into the DARWin-
ME software.

The structural fatigue damage and cracking models for both types of composite pavement 
were validated using all available data: MnROAD test sections, UCPRC test sections, and the 
existing 64 sections located in the United States, Canada, the Netherlands, Germany, and Aus-
tria. The existing global calibration factors were determined to be adequate. However, this 
does not mean that slab thickness will be the same for conventional or two-layer composite 
pavements.

• Various other structural and performance models for key distresses (rutting, joint faulting, 
smoothness) in new composite pavements were validated.

• Several detailed MEPDG design examples for composite pavements were prepared for guid-
ance purposes. Comparisons of several examples with conventional JPCP or CRCP indicated  
a 1- to 3-in. reduction in required thickness for composite pavement. This reduction for 
HMA/JPC or HMA/CRC was attributable to a reduction in temperature gradients.

• Detailed recommended revisions were made to incorporate composite pavements into the 
MEPDG/DARWin-ME Manual of Practice.

• LCCA guidelines and examples were prepared. The life-cycle costs for composite pavement 
can be lower than those for conventional HMA or PCC pavements:
C Use of the MEPDG (v. 1.3000:R21) and DARWin-ME to design HMA/JPC (including 

jointed RCC or LCB) or HMA/CRC. The HMA surface insulates the PCC slab from both 
temperature and moisture gradients. This has major implications regarding the reduction 
of stresses at the top and bottom of the slab and the resulting reduced fatigue damage, espe-
cially at the top of the slab. Comparative designs show a significant reduction in composite 
slab thickness.

C In urban areas with high congestion and high costs of lane closures, rapid renewal is para-
mount. HMA/PCC can be designed for the PCC to structurally last to have a long life (if 
durable materials are used). The thin HMA can be milled and replaced rapidly with mini-
mal disruption to traffic. PCC/PCC has a longer surface life but, when needed, the surface 
can be diamond ground to rapidly restore smoothness and friction and reduce pavement/
tire noise.

C In situations where high-quality aggregates for PCC are not available (or are expensive 
because of long haul distances), local PCC aggregates may be susceptible to polishing and 
other durability-related distresses. In these situations, HMA or PCC surfaces can protect 
the structural integrity of the PCC and can be milled and diamond ground and rapidly 
renewed as needed.

C Many urban areas and some rural areas exist with old PCC pavements that can be removed 
and processed and recycled directly back into lower layer PCC. This provides excellent 
improved sustainability opportunities for composite pavements.

C In areas where low pavement noise is required, such as urban areas with large populations 
in close proximity to the pavements, porous HMA surfacing of PCC provides the lowest 
level of noise measured. An alternative was discovered at the MnROAD site, where the next 
generation diamond grinding was performed on the EAC surfacing, and measurements 
showed the lowest noise concrete surface measured. These surfaces can be renewed rapidly 
into the future as needed.

C Arizona has built many miles of major freeways with porous rubberized asphalt surface 
over new JPC and CRC to minimize noise. Arizona has had success with this type of pave-
ment, but performance data on this type of pavement in other parts of the country are 
limited. Low noise is a major reason porous HMA/PCC and EAC PCC/PCC composite 
pavements are constructed in European countries.

C Where conventional HMA pavements exhibit transverse cracks and deterioration of trans-
verse cracks is a problem, HMA/CRC is a good alternative to eliminate reflection of transverse 
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cracks. No low-temperature transverse cracks were observed in HMA/JPC or HMA/CRC, and 
no longitudinal wheelpath cracks have been observed in HMA/PCC pavements.

C Composite pavements can be an economical choice when widening existing PCC or HMA/
PCC pavement such that the widened section is compatible structurally with the existing 
pavement. Both the new and the existing lanes typically are covered with one or more lifts 
of HMA.

Construction and Materials Products

Construction specifications and guidelines were developed as part of construction at MnROAD 
and UCPRC for use by agencies considering constructing new HMA/PCC and PCC/PCC com-
posite pavements. These include two-lift wet-on-wet construction of PCC/PCC pavements, tim-
ing and sequencing of operations, texturing procedures and related guidelines, guidelines for 
paving the stiffer lower lift PCC and the thin upper lift, saw cutting of joints, and the challenging 
exposed aggregate brushing technique. The MnROAD construction also involved the use of 
ultrasonic tomography to assess PCC/PCC layer thicknesses and bond quality at the PCC/PCC 
and slab/base interfaces. The PCC upper layer was diamond ground using a next generation 
grind that produces a smoother and quieter surface.

Material specifications include those for recycled aggregate, cementitious materials such as 
cement and fly ash, aggregate type and gradation for EAC, and retarding/curing compound. 
Procedural specifications include those related to wet-on-wet construction, timing of paving 
operations, texturing, saw cutting, sealing of sawed and sealed joints, tack coat application for 
HMA/PCC, and so forth.

Concrete freeze–thaw durability is a major concern for pavements in many parts of the United 
States and Canada. The upper layer PCC mixture will experience the most freeze–thaw cycles, 
but the lower layer mixtures will experience freeze–thaw cycles as well. The International Union 
of Testing and Research Laboratories for Materials and Structures (Paris) (RILEM) CIF concrete 
freeze–thaw standard was adopted based on European PCC/PCC experience, and the equip-
ment was imported from Germany for use in SHRP 2 R21. The CIF test evaluates the capillary 
suction, surface scaling resistance, and internal damage of concrete samples exposed to a 3% by 
volume sodium chloride solution and freeze–thaw cycles, whereas AASHTO T161 evaluates the 
internal freeze–thaw damage of concrete submerged in water, and AASHTO T277 evaluates the 
freeze–thaw scaling resistance of concrete exposed to a 3% sodium chloride solution. RILEM 
CIF freeze–thaw testing and evaluations were conducted on all the concrete mixtures used at 
MnROAD.

All of these concrete mixes adequately resisted surface scaling and internal damage (modu-
lus) caused by frost action. Compared with the decrease in relative modulus of other concrete 
samples studied with the RILEM CIF procedure, the loss of scaled material and the decrease in 
relative moduli of all of the samples were relatively small. The lack of scaling and internal damage 
in both lower PCC mixes after 56 freeze–thaw cycles indicated that these mixtures are suitable 
for use in long-life concrete pavements despite containing recycled concrete aggregates or hav-
ing a 60% cement replacement with fly ash, respectively. It was expected that the upper lift PCC 
samples would experience minimal scaling and internal damage caused by frost action because 
of: the high cement content and low water-to-cement ratio of the mix, as well as the use of high-
quality granite aggregates.

Training Products

Materials were prepared to promote the use and accelerate the adoption of new composite pave-
ments. The training materials include both design and construction materials. Design examples 
for both major types of composite pavements are included.
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Informational Products

Includes the final R21 reports (Volumes 1 and 2) and detailed appendices (including a previously 
published report on the European Survey of Composite Pavements by Tompkins, Khazanovich, 
and Darter in 2010). In addition, there is also a database of test sections, including material 
properties, performance, traffic, structure, and location, which are all inputs required for use 
with the MEPDG/DARWin-ME.

Other Products

Three test sections (two PCC/PCC and one HMA/PCC) were constructed at MnROAD with 
various surface textures (exposed aggregate, conventional grind, next generation grind, HMA) 
and design features (doweled/nondoweled and with/without sawed and sealed joints for HMA/
PCC) with two different PCC mixes in the lower lift. These are the only instrumented in-service 
composite pavement test sections in existence. The instrumentation includes static and dynamic 
gauges, moisture gauges, and temperature gauges, all of which are wired into a data acquisition 
unit for continuously collecting data. These sections were constructed in April through June 
2010 and were opened to traffic in July 2010.

Instrumented UCPRC HVS test sections were constructed in May 2010 and loaded with the 
HVS equipment. The instrumented test cells can be used for future testing. Data were collected 
from rutting and reflection cracking tests at UCPRC (including laboratory testing). HMA/JPC 
full-scale fatigue cracking tests using the HVS were conducted to validate the MEPDG transverse 
cracking models, and the results provided validation. Additional testing may continue with other 
funding sources.

Overall SHRP 2 R21 Products Use

All of these products are available for use by federal, state, local, and other agencies for design, con-
struction, materials, and management of new HMA/PCC and PCC/PCC composite pavements.

Examples of Composite Pavements

In-service composite pavements have been shown to provide long lives with excellent surface 
characteristics, long-life structural capacity, and rapid renewal when needed. Composite pave-
ments seem to reflect the current direction of many highway agencies to build more economical 
yet sustainable pavement structures that use recycled materials and locally available materials. 
The availability of DARWin-ME and the validation accomplished under R21 have made it pos-
sible to design these composite pavements with confidence. Table ES.1 provides examples of 
HMA/JPC and HMA/CRC composite pavements for a range of heavy truck traffic in their first 
performance period. The following is a brief summary of the field performance of HMA/PCC 
type of composite pavements.

• Relatively thin asphaltic surfaces that have performed well included a variety of types and 
thicknesses under heavy traffic: 1- to 2-in. SMA directly on PCC or HMA on PCC, 2- to 4-in. 
dense graded HMA over PCC, 1-in. porous HMA over dense HMA/PCC, 1-in. asphalt rubber 
friction course over PCC projects, and 0.625-in. Novachip over HMA/PCC. There were several 
successful thin asphaltic surface courses that have performed very well over 10 to 15 years. 
They did not rut significantly. Transverse joint reflection cracks occurred on all JPC and RCC 
pavements, with most of low to medium severity. Projects in Spain showed that shorter joint 
spacings (e.g., 10 ft) result in much less reflection cracking and severity. Dowel bars greatly 
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reduced severity of joint reflection cracks on comparative sections in Minnesota. Sawed and 
sealed joint projects were all in excellent condition and are highly recommended for thin 
asphaltic surfaces over jointed PCC.

• The JPC, RCC, and LCB concrete layers had a range of thicknesses, from 5 to 14.5 in., with the 
thicker sections way overdesigned. The RCC ranged from 6 to 15 in. thick (way overdesigned). 
The LCB/CTB ranged from 6 to 11 in. None of the JPC, RCC, LCB/CTB, or CRC showed any 
transverse fatigue cracking, except the 5-in. JPC in Minnesota under heavy traffic.

• The CRC layers showed a range of thicknesses, from 8 to 13 in., with percent reinforcement 
from 0.55% to 0.70%. The only section with punchouts was a section in Arizona with low steel 
of 0.55% and 0.5 in. ARFC under very heavy traffic over 16 years.

• Joint spacing for JPC typically ranged from 15 to 30 ft. Joints usually were cut in RCC at 15- to 
45-ft intervals. Based on other experimental sections in Spain, the shorter joint spacings (e.g., 
10 ft) were greatly beneficial in reducing the severity and amount of transverse reflection/
shrinkage cracking through the HMA. Sawing and sealing joints was also greatly beneficial in 
controlling the severity of the cracks in thin asphaltic surfaces.

• Dowels were used on many heavily trafficked JPC sections, but many other sections had 
none. No dowels were used with RCC or LCB/CTB. Reflection cracks dramatically showed 
the benefits of dowel bars in controlling joint load efficiency and thus a reduction in HMA 
deterioration over the joints.

• Truck traffic ranged from low to very heavy. Typically the following ranges existed in the 
heaviest travel lane:
C Interstates and freeways: 1.4 million trucks/year (range: 0.5 to 3.6);
C Highways: 0.2 million trucks/year (range: 0.1 to 0.3); and
C Local streets: 0.05 million trucks/year (range: 0.004 to 0.08).

• Total trucks in the design lane ranged to 47 million and the age ranged to 45 years.
• One section had a total life of 45 years, during which the asphaltic surface was replaced three 

times but the PCC did not require any repair. This and another similar HMA/JPC are expected 
to carry traffic continually into the future with no fatigue cracking, thus no slab replacements, 

Table ES.1. Examples of HMA/PCC Composite Pavements in First Performance Period

Composite Pavement; 
Age and No. of Trucks HMA Layer PCC Layer Performance and Maintenance

Design, Sustainability, 
and LCCA

ARFC/JPC I-10, Arizona; 
17 years and 20 million 
trucks

1-in. ARFC 14-in. JPC
15-ft joints
Dowels

Excellent performance; reflection of 
transverse joints; low severity; 
smooth; ARFC has lasted 20 years; 
no PCC cracks or repairs

DARWin-ME requires thinner 
slab design; low life-cycle 
cost over many years; no 
lane closures

SMA/JPC A93, Germany; 
13 years and 47 million 
trucks

1.2-in. SMA with sawed 
and sealed joints

10.3-in. JPC
16-ft joints
Dowels

Good performance; transverse 
joints sawed and sealed; smooth; 
no PCC cracks; SMA spall repair

DARWin-ME gives same slab 
design; low life-cycle cost; 
few lane closures

HMA/CRC I-10, San 
Antonio, Texas;  
25 years and 24 million 
trucks

4-in. HMA 12-in. CRC
HMA base

Excellent performance; no reflection 
cracks; smooth; no punchouts; 
no maintenance

DARWin-ME gives thinner slab 
design; low life-cycle cost 
over many years; no lane 
closures

HMA/RCC White Road, 
Columbus, Ohio;  
7 years and 70,000 
trucks

3-in. HMA with sealed 
cracks after cracking

8-in. RCC
45-ft joints
No dowels

Excellent performance; reflection 
cracks sealed just after cracked; 
smooth; no maintenance

DARWin-ME gives thinner slab 
design; short joint space; low 
life-cycle cost; no lane 
closures

HMA/JPC I-94, Minne-
sota; 1 year and 
600,000 trucks

3-in. HMA with sawed 
and sealed joints

6-in. JPC
15-ft joints
Dowels

Excellent performance; sawed and 
sealed transverse joints good 
condition; no PCC cracks, 
smooth; no maintenance

DARWin-ME gives same 
design; PCC contains 50% 
RCA and 60% fly ash

Note: Trucks given for heaviest lane, one direction only.
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and more rapid renewal. In fact, fatigue cracks developed only on the exceptionally thin PCC 
layers on some experimental sections. None of the typical thickness JPC developed any slab 
fatigue cracking.

Table ES.2 shows examples of HMA/JPC sections that have been through two and three HMA 
surface replacement cycles that were done rapidly because none of the underlying JPC slabs 
were cracked and needed replacement. These and other HMA/PCC composite pavements have 
performed well over many years with only the rapid replacement of the HMA type surface course 
required. They have performed as “long-life” pavements.

Table ES.3 provides examples of PCC/JPC composite pavements for freeways with heavy truck 
traffic. These and other PCC/JPC composite pavements have performed well over many years 
with only the eventual renewal of the surface course required through diamond grinding.

A brief summary of the field performance of PCC/PCC type of composite pavements follows.

• Relatively thin high-quality concrete surfaces include a variety of types and thicknesses:
C It was noted that 2- to 3-in. PCC over JPC performed well for more than 18 years under very 

heavy traffic. No debonding of PCC from lower layer PCC was observed, with the exception 
of some cracking at the transverse joints of the I-75 Michigan project after 18 years.

C It was noted that 3-in. higher strength PCC over JPC performed well for more than 30 years 
in Florida. No debonding of the PCC has occurred.

• The JPC concrete lower layers had a range of thicknesses from 6 to 9 in. None of the JPC 
showed any transverse fatigue cracking.
C Joint spacing for JPC ranged from 15 to 20 ft.
C Dowels were used on all of these sections because most were heavily trafficked. As a result, 

joint faulting was not significant.
• Truck traffic ranged from medium to very heavy. Typically the following ranges existed in the 

heaviest travel lane:
C Interstates and freeways: 3.3 million trucks/year (range: 1.8 to 4); and
C Highways: 0.3 million trucks/year (range: 0.1 to 0.7).

Practically none of the PCC/JPC slabs showed any transverse fatigue cracks.

• Total trucks in the design lane ranged to 72 million, and the age ranged to 30 years.

Table ES.2. Examples of Long-Life HMA/PCC Composite Pavements Over Several Performance Periods

Composite Pavement; 
Age and No. of Trucks Surface and Rehabilitation

Base Slab 
Characteristics

Performance and 
Maintenance

Design, Sustainability,  
and LCCA

HMA/JPC I-5, Seattle, 
Washington; 45 years 
and 35 million trucks

4-in. HMA original; 2-in. at 
13 years; 2-in. at 16 years; 
2-in. at 11 years; (some 
milling at times of 
resurfacing)

6-in. PCC
No joints
No dowels

Excellent performance; trans-
verse cracks at 70 ft 
reflected medium severity 
after 8 years; smooth; 
replaced HMA at 11- to 
16-year intervals; no addi-
tional transverse cracks; no 
PCC repairs

DARWin-ME gives thicker 
slab design; add doweled 
transverse joints at 10 to  
15 ft; saw and seal would 
extend life; low life-cycle 
cost over many years; 
few lane closures for 
rehabilitation

HMA/JPC I-294, Chicago, 
Illinois; 19 years and  
30 million trucks

1992: 3.5-in. HMA original; 
2001: Milled off and 
added 3-in. HMA; no 
additional rehabilitation 
after 10 more years

12.5-in. JPC;  
20-ft joint 
spacing

Dowels

Excellent performance; trans-
verse joints reflected 
medium severity; smooth; 
replace HMA at 9- to 10-year 
intervals; no transverse 
fatigue cracks in JPC; no 
PCC repairs

DARWin-ME gives thinner 
slab design; shorter joint 
spacing; sawed and 
sealed joints would 
extend life; low life-cycle 
cost over many years

Note: Trucks given for heaviest lane, one direction only.
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Implementation Road Map

The road to implementation includes continued monitoring of constructed composite test sec-
tions at MnROAD. Additional analysis of the instrumentation data and the performance data 
will be extremely useful for convincing highway agencies of the validity of the concepts, the 
design procedures, and the construction guidelines and specifications. The MnROAD test sec-
tions can be used to hold national and regional open houses or workshops to disseminate infor-
mation regarding both types of composite pavements.

The products developed as part of the SHRP 2 R21 project will result in improved design and 
life-cycle cost procedures for composite pavements. The guidelines, techniques, and specifica-
tions developed will greatly advance the state of the practice of constructing composite pave-
ments. Composite pavements are congruent with the SHRP 2 Renewal philosophy because they 
are designed to be long-lasting pavements that can be renewed rapidly. For highway engineers, 
designers, and agency decision makers, composite pavements provide a cost-effective alternative 

Table ES.3. Examples of PCC/PCC Composite Pavement Characteristics, Applications, and Performance

Composite Pavement; 
Age and No. of Trucks

Upper PCC 
Layer Lower PCC Layer Performance and Maintenance

Design, Sustainability,  
and LCCA

PCC/JPC I-75, Detroit, 
Michigan; 18 years and 
72 million trucks

2.5-in. EAC 7.5-in. JPC
6-in. LCB
15-ft joint space
Dowels

Fair performance; no transverse 
fatigue cracking; no joint fault-
ing; smooth; only distress is 
joint spalling or debonding

Designed for very heavy 
traffic; low expected 
life-cycle cost; few lane 
closures

PCC/JPC FL-45, Florida; 
30 years and 5 million 
trucks

3-in. PCC 9-in. JPC
Lower PCC strength
A, B, and C; 15- and 20-ft 

joint spacing
Doweled and nondoweled

Excellent performance; low trans-
verse fatigue cracking; low joint 
faulting

Pavement somewhat 
overdesigned; low life-
cycle cost; no lane  
closures over 30 years; 
savings of cement; 
good sustainability

PCC/JPC A93, Germany; 
13 years and 53 million 
trucks

2.8-in. EAC 7.5-in. JPC
16.4-ft joint space
Dowels
Tied PCC shoulders

Excellent performance; no trans-
verse fatigue cracking; no joint 
faulting; smooth; low noise; 
pavement should last many 
more years

Designed for very heavy 
traffic; low life-cycle 
cost; no lane closures 
good sustainability

PCC/JPC A1, Austria;  
14 years and 47 million 
trucks

2-in. EAC 7.9-in. JPC  
(RCA materials)

18-ft joint space
Dowels
ATB

Excellent performance; no trans-
verse fatigue cracking; no joint 
faulting; smooth; low noise 
pavement should last many 
more years

Designed for very heavy 
traffic; low life-cycle 
cost; no lane closures; 
good sustainability

PCC/JPC K-96, Kansas; 
14 years and 2.1 million 
trucks

3-in. PCC 7-in. JPC
15-ft joint space
Dowels
PCC shoulders

Excellent performance (new pave-
ment); no distress; smooth

Pavement overdesigned; 
low expected life-cycle 
cost; no lane closures

PCC/JPC N279, the Neth-
erlands; 8 years and 
11.9 million trucks

3.5-in. EAC 7-in. JPC
15-ft joint spacing
Dowels

Excellent performance; no trans-
verse fatigue cracks; smooth; 
low noise; no other distress

Well-designed; low 
expected life-cycle 
cost; no lane closures

PCC/JPC I-70, Kansas;  
4 years and 3 million 
trucks

1.5-in. PCC
8 different sur-

face textures

11.8-in. PCC
15-ft joint space
Dowels
PCC shoulders

Excellent performance (new pave-
ment); no distress; smooth; low 
noise; long life expected

Designed for very heavy 
traffic; low life-cycle 
cost expected

PCC/JPC I-94, Minne-
sota; 1 year and 
600,000 trucks

3-in. EAC and 
diamond 
grinding

6-in. JPC
15-ft joint spacing
Dowels

Excellent performance; no trans-
verse fatigue cracks; smooth; 
no maintenance

DARWin-ME gave this 
design a 15-year life, 
PCC 50% RCA, 60% 
fly ash, good 
sustainability

Note: Trucks given for heaviest lane, one direction only.
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to conventional concrete and asphalt pavements over the life cycle of the pavement. Together, 
the R21 reports, software, and guidelines provide information for these technologies to become 
widely adopted by the transportation community.

Based on the comprehensive results achieved from this study, the key characteristics of com-
posite pavements were determined to be as follows:

• There are excellent surface characteristics from the thin, high-quality asphaltic or concrete top 
layers. These include low noise (especially for permeable mixtures), high friction, very good 
initial smoothness, minimal rutting, and reasonable durability over a 10- to 15-year period.

• There is an ability to rapidly renew a thin surface course as it wears under traffic and weather 
(removal and replacement of asphaltic materials, diamond grinding, or retexturing of con-
crete materials).

• There is long life structural design of the lower PCC layer (designed for minimal fatigue 
damage over a 40-year period or more).

• There is avoidance of certain distress types that occur regularly in conventional pavements but 
are rare or nonexistent in composite pavements. For example, HMA/JPC or HMA/CRC rarely 
show top-down HMA or PCC longitudinal cracking in the wheelpaths (thermal gradients are 
reduced that lower top-down fatigue damage in PCC); these composites rarely show any low 
temperature transverse cracking (they are bonded to the PCC); and they show only minimal 
amounts of rutting. Transverse reflection from JPC joints can be controlled by the saw and seal 
procedure. Transverse reflection of CRC cracks rarely occurred in the HMA/CRC included in 
the database. PCC/JPC composite pavement has shown no longitudinal top-down cracking 
and only small amounts of fatigue transverse cracking. The durability of this surface has led 
to very little polishing in the wheelpaths.

• There are improved life-cycle costs attributable to both lower construction costs and lower 
maintenance and rehabilitation costs over time.

• There are improved sustainability practices through structural and materials design of the 
lower PCC layer in both types of pavements. Increased use of recycled or alternative materials 
(RCA, RAP), increased use of more local and less expensive aggregates, and higher substi-
tution rates for cementitious materials (higher contents of fly ash or other supplementary 
cementitious materials).
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This R21 project, “Composite Pavement Systems,” focused on 
providing strong, durable, safe, smooth, and quiet pavements 
needing minimal maintenance. Two strategies have shown 
great promise: (1) surfacing a new portland cement concrete 
(PCC) layer with a high-quality hot mix asphalt (HMA) 
layer(s), and (2) placing a relatively thin, high-quality PCC 
surface atop a thicker PCC layer. However, the structural and 
functional performances of these two types of composite 
pavements were not well understood or documented. Models 
for predicting the performance of these pavement systems 
needed to be developed and/or confirmed for use in design, 
pavement management, and life-cycle cost analysis (LCCA). 
In addition, guidance on the development of specifications, 
construction techniques, and quality management procedures 
was needed for these technologies to become widely adopted.

Research Objectives  
and Overview

The objectives of this research were to investigate the design 
and construction of new composite pavement systems and 
specifically not those resulting from the rehabilitation of 
existing pavements. The goal was to:

1. Determine the behavior of new composite pavement systems 
and identify critical material and performance parameters.

2. Develop and validate mechanistic-empirical (M-E) based 
performance prediction models and design procedures that 
are consistent with the Mechanistic-Empirical Pavement 
Design Guide (MEPDG).

3. Develop recommendations for construction specifications, 
techniques, and quality management procedures for adop-
tion by the transportation community.

This project consisted of the following three phases:

•	 Phase 1 consisted of a literature search, survey of various 
national and international highway agencies, field survey 

of composite pavements in three European countries, an 
evaluation of existing design procedures, development of 
database for full-scale applications, populating the database 
with information from available projects, and an initial 
evaluation of existing data. Phase 1 was completed and the 
Phase 1 interim report prepared and submitted to SHRP 2 
in May 2008.

•	 Phase 2 consisted of further completion of the databases, 
analyzing the databases, identifying failure mechanisms 
and other distresses relevant to new composite pavements, 
performance modeling, and conducting parametric eval-
uations of the performance models. Phase 2 also included 
the development of the detailed research plan for Phase 3.  
Phase 2 was completed and the Phase 2 interim report pre-
pared and submitted to SHRP 2 in May 2009.

•	 Phase 3 consisted of implementing the research plan devel-
oped in Phase 2. Full-scale roadway and accelerated pave-
ment testing (APT) sections were constructed and tested 
at MnROAD and the University of California Pavement 
Research Center (UCPRC), respectively. Field composite  
pavement sites with long-term performance were surveyed, 
and detailed information was collected in the United States; 
Ontario, Canada; and three European countries. The results 
of these investigations were used to refine and validate the 
performance models and develop the final design guidelines 
and procedures. Phase 3 also included the development of 
construction specifications, design guidelines, and a plan for 
long-term evaluation and validation of the design models, 
development of training materials, and delivery of the final 
report for this research.

Overview of Report

The purpose of this report is to present the work performed 
throughout the course of the project. Included are the exec-
utive summary and two volumes. Volume 1 covers HMA/
PCC composite pavements and Volume 2 covers PCC/PCC 

C h a p t e R  1

Introduction and Background
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composite pavements. Each volume includes six chapters. 
Chapter 1 presents the introduction and background. Chapter 2 
includes details of test sections, and Chapter 3 covers the vari-
ous aspects of the research relevant to analysis and modeling. 
Design and construction guidelines are included in Chapters 4 
and 5, respectively. Chapter 6 includes product summary, 
conclusions, and recommendations for future research.

Definitions

HMA/PCC composite pavement systems for the purposes of 
this research are defined as relatively thin HMA layers over a 
newly placed, but sufficiently hardened, PCC layer (Figure 1.1). 
The term “HMA” is used to indicate all types of asphalt-based 
products, including stone matrix asphalt (SMA), dense and 
porous HMA (including polymer-modified asphalt [PMA]), 
asphalt rubber friction course (ARFC), and others. The wear-
ing surface is a relatively thin, high-quality type of HMA that 
could consist of one or more layers of HMA with or without 
special layers or materials to retard reflection cracks. The PCC 
layer can consist of jointed plain concrete (JPC) or continuously 
reinforced concrete (CRC). The PCC materials of this layer can 
consist of conventional PCC, roller compacted concrete (RCC), 
or a lower cost PCC (such as with a softer large-aggregate or 
recycled PCC material, or what has previously been called lean 
concrete base [LCB]). The PCC substructure is the primary 
load-carrying layer and is designed to provide a durable, long-
lasting pavement with low fatigue damage and a strong base, 
whereas the HMA layer is primarily a functional layer with 
excellent surface characteristics that can be renewed rapidly.

history

HMA/PCC composite pavements are by no means a recent 
development. They have been constructed since the 1950s 
using a cementitious base with an HMA wearing surface by 
various national, state/provincial, and local highway agencies, 
such as the states of New Jersey and Washington; Ontario; 
and the cities of Toronto, New York, Washington, D.C., and 

Columbus, Ohio. Columbus has constructed many composite  
pavements consisting of HMA over RCC on residential and 
collector streets in the past 15 or so years. Arizona has con-
structed many new composite pavements over the past 17 years 
consisting of an ARFC over a thick JPC or CRC layer. Several 
European countries, such as the Netherlands, the United 
Kingdom, Germany, and Italy, have constructed major com-
posite pavement projects with low noise HMA surfacing and 
either CRC or JPC as the lower layer. HMA/PCC composite 
pavements also are constructed routinely by many highway 
agencies when widening existing PCC pavements or existing  
overlaid HMA/PCC pavements. Appendix A provides a review 
of the history and background of HMA/PCC composite 
pavements.

Major thrusts toward an engineered composite pavement 
began in the late 1950s, through the guidance of the Commit-
tee on Composite Pavement Design of the Highway Research 
Board. An important task of this committee was to develop a 
precise definition of “composite pavement” because by some 
definitions, any pavement consisting of varied layer materials 
could be considered a composite structure. The eventual defini-
tion decided on by the committee was (Smith 1963):

A structure comprising multiple, structurally significant, layers 
of different, sometimes heterogeneous composition. Two layers 
or more must employ dissimilar, manufactured binding agents.

As part of the movement toward a broader use of compos-
ite pavements, numerous design possibilities were suggested 
for study (Van Breemen 1963), including the HMA/PCC 
composite pavement detailed in this report. Early full-scale 
test section research into the construction and evaluation of 
composite pavements with numerous layering options was 
conducted in Ontario (Smith 1963, Ryell and Corkill 1973). 
The focus of the study was multifold, including addressing 
the following questions:

•	 Can a smooth-riding pavement be constructed easily by 
surfacing a concrete base with HMA layers?

•	 What is the best combination of thicknesses of concrete 
base and HMA surface for a high-class type of pavement 
designed to carry heavy traffic with high structural capacity?

•	 How can reflective cracking be prevented or reduced?

Between the 1950s and the 1970s, several long-term studies 
on the performance of composite pavements were conducted 
in the United States and Canada. These studies include the 
Ontario Highway 401 Study (Smith 1963, Ryell and Corkill 
1973); New Jersey Composite Pavement Study (Baker 1973); 
Federal Highway Administration (FHWA) Zero Maintenance 
Pavement Study (Darter and Barenberg 1976), which identified 
HMA/PCC composite pavement as one of the most promising  
low maintenance pavements; and FHWA Premium Pavements 

Figure 1.1. Typical cross section  
for HMA/PCC composite pavements.
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Study (Von Quintus et al. 1980). Transverse reflective crack 
deterioration was the major distress type observed on these 
composite pavements. Rutting was rated as only “minor” to 
“moderate” even under very heavy traffic (Darter and Barenberg 
1976). The thinner HMA over a PCC slab seemed to have a 
definite effect on minimizing HMA rutting. Ryell and Corkill 
(1973) concluded that better performance may be achieved 
if the wide transverse cracks were prevented from occurring, 
which may be accomplished by the use of “transverse crack 
inducers” (joints) in the concrete base at approximately 15-ft 
centers. The authors suggested that the extra cost of this could 
be offset through use of lower quality concrete in the slab.

In Spain, the technique of forming of joints in RCC and 
cement treated layers under HMA to control reflective cracking 
has been used since 1984 (Jofre et al. 1996). The joints were 
sawed in the beginning, but since 1991 wet-forming methods 
have been used. Long-term results show the effectiveness of 
wet-formed joints every 8 to 13 ft in terms of a reduction in 
deflections and high values of joint load transfer. This study 
also showed that short joint spacing led to fewer transverse 
reflection cracks, tighter cracks, and improved performance.

As noted, urban areas have used HMA/PCC composite  
pavements as their primary pavement design strategy for 
many years because of the perceived benefits regarding ease 
of maintenance from the HMA wearing surface and better 
load carrying capacity of the PCC base. One example is the 
city of New York, which has been using composite pavements 
since the 1990s. New York has found that reflective cracking is 
the primary distress that limits the performance of this design 
strategy. The city sponsored and built an experimental project 
that included HMA over jointed PCC (new construction) with 
various treatments and techniques to retard and prevent the 
deterioration of reflective cracks in the HMA wearing surface. 
The reflective cracking treatment that was found to be most 
economical and has provided consistently good performance 
was the saw and seal method. This has also worked well for 
HMA overlays of JPC for many years in many states. For more 
than 15 years, Arizona has been building a thin ARFC on all 
JPC pavements constructed in urban areas to provide a low 
noise surface. Although Arizona has had success with this 
type of pavement, performance data on this type of pavement 
in other parts of the country are limited.

agency Survey

The research team conducted a survey of U.S. and international 
highway agencies to assess the state of the practice and knowl-
edge regarding composite pavement systems. The goals of this 
survey included

•	 Assessing the interest of various highway agencies in 
designing/building composite pavements within their 
jurisdiction.

•	 Identifying agency contacts and projects that can be used 
in the R21 database for development of the performance 
models.

•	 Gathering information on individual agencies’ experiences 
with composite pavements and identifying the appropriate 
contacts for development of guidelines and construction 
specifications.

A list of key agencies to be contacted was developed. 
These agencies included the 50 states of the United States, 
the District of Columbia, the provinces of Ontario and 
Quebec in Canada, and Austria, Belgium, Czech Republic, 
Germany, United Kingdom, the Netherlands, Italy, France, 
Spain, Sweden, South Africa, and Australia. The initial request 
consisted of a few questions, and agencies that responded 
positively were contacted for additional information on spe-
cific field sections. Responses were received from 35 of 51 
(69%) of the U.S. agencies and 7 of 14 (50%) of the inter-
national agencies contacted. The results of the survey are 
summarized in Figures 1.2, 1.3, and 1.4 and are detailed in 
Appendix C.

Summary of european practices

Many European countries have been constructing HMA/PCC  
composite pavements on major projects for several decades and 
have substantial experience with the design and construction 
of composite pavements (Hassan et al. 2008). Members of the 
SHRP 2 R21 research team conducted a trip to some of these 
European countries to better understand and document their 
experiences with the construction of composite pavements. 
Tompkins, Khazanovich, and Darter (2010) described case 
study projects visited in the Netherlands, Germany, and 
Austria.

Figure 1.2. Pie chart depicting agency response  
to the question “Has your agency constructed  
new HMA/PCC composite pavements in the past  
20 years?”
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The Netherlands has built porous HMA over recently placed 
CRC on a number of major projects during the past 13 years. 
These projects are all performing very well with very low noise 
levels and no reflection cracking from the CRC despite their 
relatively thin HMA layer of about 2 to 3 in. Germany has built 
SMA surfaces on JPC and most recently over CRC. One SMA/
JPC section was 15 years old under heavy traffic with sawed and 
sealed joints that had performed very well. Germany has recently 
constructed SMA over CRC. The United Kingdom also has 
constructed major projects and researched thin surface course 
systems (TSCS) over CRC and found significant technical and 
functional benefits (Hassan et al. 2008). In reviewing these case 
studies and discussing the composite pavements with the host 
engineers and practitioners, a number of benefits to importing 
and implementing European techniques were identified.

Dutch, German, and Austrian researchers report that com-
posite pavements provide similar structural performance as an 
equivalently thick single layer at the same price in Europe, with 
the added benefits of higher quality and longer life friction and 
noise reduction due to the high-quality top layer. Furthermore, 
composite pavements allow for the optimization of costs and 
materials throughout the pavement cross section because

•	 High-quality materials can be used in lesser quantities in 
the upper layer, where they will be of the most benefit to 
the system.

•	 Lower quality (cheaper) materials can be used in greater 
quantities and in the lower layer, where they will contribute 
structurally without detracting from the quality and perfor-
mance of the overall pavement.

Although there are obstacles to the adoption of composite 
paving in the United States, it is clear from the European 
experience that overcoming these obstacles will result in 
high-quality, durable, and sustainable composite pavements.

Distress Mechanisms

The distress mechanisms for HMA/PCC composite pave-
ments are a combination of those of both HMA and PCC 
pavements and can be divided into three basic categories: 
fracture, distortion, and disintegration, as shown in Table 1.1. 
Details of these distress mechanisms and how they relate to the 
design of composite pavements are discussed in Appendix D.

Reflection Cracking

Reflection cracking is the most common distress observed 
in HMA/PCC composite pavements and the most serious in 
terms of requiring maintenance and rehabilitation. Reflection 
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Figure 1.3. Pie chart depicting agency response  
to the question “Is the design and construction  
of new HMA/PCC composite pavements of interest 
to your agency?”
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in their jurisdictions.
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cracking is caused by horizontal and or differential vertical 
movements between different layers at a discontinuity in the 
underlying PCC layer. Thus, the jointing or cracking of the 
underlying PCC slab is one factor that is critical to reflection 
cracking, with shorter spaced joints and cracks minimizing  
the extent and severity of reflection cracking. The load transfer 
efficiency of these joints and cracks over time is also critical 
to their occurrence and deterioration. Various systems have 
been used to retard reflection cracking of HMA layers of new 
composite structure, including

•	 Bond breakers: Bond breakers (such as stone dust) have 
been used to isolate the movements of the PCC layer from 
the HMA layer. However, these are not effective in isolating 
the movements and the lack of bond between the HMA 
and PCC layer results in other distresses, such as fatigue 
cracking, potholes, and slippage cracks.

•	 Asphalt-rubber interlayer: Stress-absorbing membrane inter-
layer (SAMI) or strain-relieving interlayer and cushion 
courses (crack relief layer) are used at the underlying joints 
to reduce the effect of horizontal and vertical movements in 
the PCC layer. The stress-absorbing membrane and cushion 
courses are used to minimize the occurrence of reflection 
cracks and are placed between the HMA and PCC layer. 
An example of an SAMI type device is the interlayer stress-
absorbing composite (ISAC) of three-layer design: low stiff-
ness geotextile (next to PCC layer), viscoelastic membrane, 
and high stiffness geotextile (next to HMA layer).

•	 Fabrics and geotextiles: Certain paving fabrics and geotextiles 
that retard reflection cracks have been used with varying 
degrees of success.

•	 Geogrids: Geogrids and other reinforcing materials have 
been placed within the HMA to prevent or delay the cracks 
from propagating to the surface of the HMA.

•	 Reflection crack relief interlayer (RCRI): This can include 
a cushion course of high-void coarse open-graded HMA 
mix containing 25% to 35% interconnecting voids and 
composed of 100% crushed material or can include an 
unbound aggregate base.

•	 Thicker HMA layer: A thicker HMA layer has been shown to 
slow the occurrence and progression of reflection cracks but 
can result in higher costs and thicker pavement structures, 
which could affect bridge clearances.

•	 Saw and seal the HMA layer: Sawing and sealing the HMA 
layer above the joints in the PCC base has been the most 
successful method for controlling reflection cracking in 
HMA/PCC pavements and has been used by many states 
for more than 40 years.

Although the occurrence of a reflection crack is the only 
aspect considered in most of these control techniques, the 
severity of the crack also is critical. Only the saw and seal 
method directly addresses this aspect. In addition, reflection 
cracks and deterioration of reflection cracks are primarily an 
issue only if the PCC is jointed and is not an issue if the PCC 
is a properly designed CRC with adequate steel reinforcement 
and PCC thickness.

Fatigue Cracking

Area fatigue cracking, which is typically observed in flexible  
pavements, does not usually initiate at the bottom of the HMA 
layer for HMA/PCC composite pavements because the HMA 
is almost always in compression, unless there is a loss of 
friction between the HMA and PCC layers. Fatigue cracks 
in HMA/PCC composite pavements normally initiate at the 
bottom (and top) of the PCC layer (bottom of the HMA layer 
only if HMA does not exhibit friction with the JPC) and 
propagate to the surface with continued traffic applications. 
The primary pavement response related to fatigue cracking 
is the maximum tensile stress at the top and bottom of the 
PCC layer.

HMA/CRC also can develop fatigue-related distress in the 
form of edge punchout. This distress initiates with repeated 
load erosion of support, the deterioration of closely spaced 
transverse cracks, and fatigue damage at the top of the slab 
to create a “ladder” longitudinal crack about 48 in. from the 
pavement’s edge.

Table 1.1. Pavement Distress Mechanisms for HMA/PCC Composite Pavements

Distress Category

Fracture Distortion Disintegration

Fatigue cracking of JPC Rutting Raveling

Edge punchouts of CRC Reduced skid resistance

Reflection of transverse cracks and joints Freeze–thaw degradation

Reflection of longitudinal joints Spalling at shoulders

Debonding/loss of friction between HMA/PCC
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Because the PCC layer is the primary load-carrying com-
ponent of the HMA/PCC composite pavement system, the 
material properties of the PCC layer (along with thickness and 
joint spacing) affect the structural capacity of the composite 
pavements. Key material properties include flexural strength, 
elastic modulus, coefficient of thermal expansion (CTE), per-
manent built-in temperature gradient, thermal conductivity, 
and heat capacity. In addition, the moisture content at the top 
of the slab beneath an HMA surface is near saturation, as is 
the bottom of the slab, thus eliminating a moisture gradient 
through the slab. One or more of these factors are affected by 
cement type, cementitious material content in the mix, water–
cement ratio, aggregate type, ultimate shrinkage, and curing.

Rutting

Rutting is a materials-related issue and has been observed on 
a limited basis in HMA/PCC composite pavements. Rutting 
can be prevented through the mixture design and materials 
selection process. The “flexible” layers above the PCC layer 
usually consist of one or multiple layers of HMA. The most 
important property of the HMA layer is its stability of resistance 
to permanent or plastic deformation. The fatigue resistance 
of the HMA mixtures is less important because of the PCC layer 
that reduces the deflections and horizontal strains throughout 
the HMA layers. Thickness of the HMA layer will affect rutting 
potential. Rutting in the HMA layer (which is the only place 
where HMA/PCC can permanently deform) is related to the 
state of stress or strain in the HMA layers. When a heavy load 
is applied and repeated on a composite pavement, some per-
manent deformation develops in the HMA layer. Permanent 
deformation may, depending on the stress levels, develop in 
asphalt-bound or unbound layers beneath the PCC slab after 
the slab cracks into many pieces. Permanent surface deflection 
reflects the permanent deformation of the HMA layer only, 
whereas the total loaded deflection (elastic and plastic) reflects 
the permanent deformation of the HMA layer, as well as any 
permanent deformation in the layers beneath the PCC slab. 
The magnitude of the rutting in the unbound aggregate base  
layers and subgrade is nonexistent under the intact PCC layer 
because the vertical compressive strains in those unbound 
layers are small.

Debonding or Loss of Interlayer Friction

Another problem that has been observed on a few HMA/PCC 
composite pavements is the lack or loss of interface friction 
or bond between the HMA surface and PCC base. Inadequate 
bond will result in fatigue cracking, potholes, and slippage 
cracks.

A permanent and full adhesion and friction between the 
HMA and rigid layer is critical for the durability of the entire 

structure. Thus, a tack coat has to be applied. A tack coat 
is a light application of asphalt, normally asphalt emulsion 
(asphalt diluted with water). It is also beneficial to texture 
the PCC surface to enhance permanent bonding and friction 
between the HMA and PCC layer with no slippage. A detailed 
literature review on friction and debonding is included in 
Appendix O.

Low-Temperature Thermal Cracking

Low-temperature thermal cracking is a minor issue that is 
not very likely to occur in HMA/PCC composite pavements, 
assuming that adequate bond is retained between the different 
layers. Thermal cracking results when tensile stresses, caused 
by temperature variations or low temperatures, exceed the 
material’s fracture strength. Joint reflection cracks relieve 
low-temperature stresses, but regular low-temperature cracks 
have not been observed in HMA/CRC pavements in cold areas.

Longitudinal Cracking

Longitudinal cracking is not a critical issue for HMA/PCC 
composite pavements and usually results from paving operation 
problems. Surface-initiated cracks for good quality composite 
pavements are small because the tensile strains at the surface 
of the HMA layer are small, if they occur at all.

Freeze–Thaw Degradation

The freeze–thaw durability of the underlying PCC layer is a 
key factor that affects the long-term performance of HMA/
PCC composite pavements. Although the surface layer can 
be expected to be removed and replaced every 10 to 15 years, 
the underlying PCC layer is expected to be designed for 
more than 30 years. Freeze–thaw durability is particularly 
important if recycled concrete aggregate (RCA) is used in the 
underlying PCC layer.

Construction Defects

Construction defects that occur during placement can result in 
distresses on HMA/PCC composite pavements. Construction 
defects include segregation in the HMA (both longitudinal 
and truck-to-truck segregation), inadequate densities along 
longitudinal construction joints, centerline streak down the 
center of the paver, and so forth. These defects can be related 
to placement or to the materials used. Segregation is probably 
the most common defect that has been exhibited on many 
HMA layers. Segregation will result in raveling and cracking 
of the HMA layer. Construction defects can be reduced only 
with an adequate quality control (QC) and quality assurance 
(QA) and inspection program.
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Use of hMa/pCC  
Composite pavements

A key question that often is asked with regard to HMA/PCC 
composite pavements is “Where will composite pavements be 
used, and what will be the demand?” HMA/PCC composite 
pavements allow the pavement designer to design pavements 
using the best qualities of both HMA and PCC pavements 
to produce a more functional and economical structure that 
generally is more cost-effective in terms of service through-
out its life. Specifically, HMA/PCC composite pavements are 
optimal solutions for the following situations:

•	 In some design situations, based on materials, climate, 
traffic, and support conditions, the life-cycle costs for 
HMA/PCC composite pavements can be lower than those 
for conventional HMA or PCC pavements. This is particu-
larly true when the thickness of the PCC can be reduced 
because of the decrease in thermal and moisture gradients 
in the PCC relative to bare PCC pavement. Comparative 
designs included in this report show a significant reduction 
in PCC slab thickness.

•	 In urban areas with high costs of lane closures, rapid renewal 
is paramount. HMA/PCC pavements can be designed for 
the PCC to have a long life, structurally speaking (if durable 
materials are used). The HMA can be milled and replaced 
rapidly with minimal disruption to traffic.

•	 In some situations, agencies want to design and construct 
pavements with the structural capacity of PCC pavements 
but functional characteristics of HMA surfacing—premium 
pavement.

•	 Where high-quality aggregates for PCC are not available  
(or expensive because of long haul distances), local PCC 
aggregates may be susceptible to polishing and other 
durability-related distresses. In these situations, HMA 
surfaces can protect the structural integrity of the PCC and 
be milled and rapidly replaced as needed.

•	 Similarly, the HMA layer can be used as a sacrificial layer, 
rather than providing a thicker PCC layer (designed for 
future milling/grinding), where studded tires are an issue. 
The HMA layer can be milled and rapidly replaced as 
needed.

•	 Many urban areas and some rural areas exist with old PCC 
pavements that can be removed and processed and recycled 
directly back into lower layer PCC for use in HMA/PCC 
composite pavements. This provides excellent improved 
sustainability opportunities for pavements.

•	 In urban areas with large populations in close proximity 
to the pavements, low pavement noise is needed. HMA 
surfacings of PCC provide riding surfaces with low noise, 
good friction, and good ride quality. Arizona has built many 
miles of major freeways with porous rubberized asphalt 
surface over new JPC and CRC to minimize noise. Noise 
considerations also are a major reason HMA/PCC composite 
pavements are constructed in many European countries.

•	 Where transverse cracks and deterioration of transverse 
cracks are a problem, HMA/CRC is a good alternative to 
eliminate reflection of transverse cracks.

•	 HMA/PCC composite pavements may be used for widening 
existing PCC or HMA/PCC pavement such that the widened 
section is compatible structurally with the existing pavement. 
The new and existing lanes typically are covered with one 
or more lifts of HMA.

Differences Between HMA Overlay  
of Old Concrete and New HMA/PCC  
Composite Pavement

There are several key differences that should provide for supe-
rior performance of a new HMA/PCC composite pavement 
as compared with an HMA overlay of existing jointed plain 
concrete pavement (JPCP):

•	 The concrete slab is undamaged.
	4 No fatigue damage or fatigue cracks exist in the concrete 

slabs; thus, with proper design, fewer fatigue cracks are 
expected to develop over the design life.

	4 No durability-related distresses or spalling exist in the 
concrete slabs, thus minimizing the chances of localized 
failures of the HMA surface.

	4 A new concrete slab is less likely to have localized areas 
that rock and cause reflection cracks through the HMA 
surface.

	4 New transverse joints have much higher load transfer,  
leading to lower deterioration rates for the functional 
thin HMA surface. This is a major difference that reduces 
the deterioration of reflection cracks from transverse 
joints.

•	 The new PCC layer should be built to smoothness specifi-
cations, and this provides the opportunity to build a very 
smooth HMA surface on top.

•	 There is improved bond between the HMA surface and 
the concrete slab because of the tack coat and because it is 
cleaner and textured for a mechanical.
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Introduction

The field composite pavement sections used in the structural 
modeling primarily included regularly constructed projects 
from the past 50 years but also a few special research sections.

1. Regularly constructed projects by states, local governments, 
and other countries:
a. Arizona has built many new composite sections consist-

ing of a thin ARFC layer over JPC. Two sections of ARFC 
over CRC also were included. Several heavily trafficked 
sections in the Phoenix and Tucson areas were included 
in the database, including one section on I-10 under very 
heavy traffic for 16 years that shows only a little surficial 
deterioration. One Arizona HMA/RCC section from the 
Long-Term Pavement Performance (LTPP) program also 
was included.

b. Ontario has built several sections of HMA/JPC compos-
ite pavements, and several were included in the database.

c. Washington state has built a few HMA/JPC composite 
pavements, including one built in 1966 that has gone 
through three cycles of HMA surface rehabilitation. 
However, no repair to the JPC has been needed. This 
pavement section was included in the database.

d. Texas has constructed new HMA/CRC composite pave-
ments and one of these—a remarkable 25 years old 
without any HMA overlays—was included.

e. Oregon added a thin HMA overlay to an older CRC in 
excellent condition under very heavy traffic, and this 
section was included even though it does not meet the 
“new” definition. The existing pavement was not visibly 
damaged at time of the surfacing with HMA.

f. Columbus, Ohio, has built many HMA/RCC composite 
pavements over the years. Several of these were included 
in the database as examples of lower truck volume 
pavements.

g. The Illinois Tollway constructed several widening 
sections with new HMA/JPC in the Chicago area under 

very heavy traffic. They also constructed two sections 
(one on an on-ramp and one on an off-ramp) designed 
and planned by the SHRP 2 R21 research team on I-94 
north of Chicago.

h. The Netherlands has built more than a dozen porous 
HMA/CRC composite projects on major freeways since 
1998. These projects include 2 to 4 in. of porous HMA 
over about 10 in. of CRC over an HMA base and other 
layers for a design life of 40 years (for the CRC). The 
main motivations are very low noise, no splash/spray, 
no reflection cracking, and very smooth pavements with 
surface that lasts more than a dozen years and has no 
noticeable structural damage. The oldest section was 
surveyed and included in the database.

i. Germany constructed a section of composite SMA/JPC 
on a very heavily trucked freeway south of Munich that 
was surveyed and included in the database. This section 
is more than 13 years old and has carried 47 million 
trucks with only minor surface deterioration.

j. Illinois and Virginia have constructed some new HMA/
CRC composite pavement as widening sections in recent 
years. These were included in the database. No reflection 
cracking has developed over time.

k. LTPP General Pavement Studies (GPS)-2 sections 
include a few with HMA over lean concrete, concrete-
treated base (CTB), or RCC that could be labeled as 
composite pavements, and these were included in the 
database.

l. The United Kingdom has built several major highways 
with a thin surface course system (TSCS) over CRC that 
have produced excellent performance and low noise.

2. Specially constructed research sections:
a. MnROAD included two HMA/JPC composite sections 

on I-94 under heavy truck traffic and severe weather 
conditions:
•	 Cell 70 was constructed in May 2010 under SHRP 2 

R21. This section was 3-in. HMA over 6-in. JPC 

C h a p t e r  2

HMA/PCC Test Sections
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(using RCA). The inner lane transverse joints included 
no dowels, and the outer lane included dowels. Special 
sawing and sealing of the transverse joints was per-
formed. This section exhibited no distress after a full 
year of 1 million heavy trucks.

•	 Cell 106/206 was constructed in May 2009 under a 
pooled fund study (not officially part of R21). This 
section was 2-in. HMA over 5-in. nondoweled and 
doweled JPC. This section was designed to test the 
limits of composite pavement, and it performed as 
expected, developing major structural cracking after 
2 years of heavy traffic (2 million trucks).

b. UCPRC Advanced Transportation Infrastructure 
Research Center (ATIRC) facility at the University of 
California at Davis constructed test sections for loading 
by the Heavy Vehicle Simulator (HVS). The composite 
HMA/JPC pavement has four lanes consisting of two 
HMA mixtures, with two HMA thicknesses, two JPC 
thicknesses, and JPC with and without dowels.

c. New York City has constructed many new composite 
pavements. A series of experimental sections was built 
in 2000 that evaluate joint reflection crack treatments 
that are included in the database.

Figure 2.1 shows the geographic locations of the HMA/JPC 
and RCC composite sections, and Figure 2.2 shows the loca-
tions of the HMA/CRC composite sections. The sections can 
be seen to offer a reasonable spread across different geographic 
and climatic conditions in the United States and Ontario, 
Canada. The sections in Germany and the Netherlands are 
also shown.

These composite pavement sections include different types 
of relatively thin surfacing, such as dense-graded HMA, porous 
HMA, ARFC, SMA, and warm mix asphalt (WMA). These 
sections also include different types of PCC slabs, such as 
nonjointed PCC, JPC with dowels, JPC without dowels, CRC, 
and RCC with joints (nondoweled).

These sections show a wide range of designs, including the 
following:

•	 The asphaltic surfaces range from conventional HMA to 
ARFC to WMA to porous HMA to SMA. The thicknesses 
range from 0.5 to 5 in.

•	 The PCC slabs range from no joints to short JPC to RCC 
with joints to CRC. The thickness ranges from 5 to 14 in. JPC 
sections include both doweled and nondoweled transverse 
joints. Shoulder types range from HMA to tied concrete.

•	 Age of the sections ranges from 1 to 45 years. Numbers of 
trucks range from 1 to 30 million in the heaviest trafficked 
lane (or, for interior widening, the widening lane).

test Sections at MnrOaD

Introduction

In May 2010, a full-scale HMA/PCC test section was con-
structed on I-94 at MnROAD to emulate best practices of 
constructing HMA/PCC composite pavements. A summary 
of the construction of the test section from initial site grading 
and aggregate base compaction to PCC and HMA placement 
and instrumentation installation is presented in this section. 
Details of each of these topics are included in Appendix F. 

Figure 2.1. Map showing geographic dispersion of HMA/JPC, HMA/CTB 
and LCB, and HMA/RCC.

Germany

HMA/JPC HMA/RCC HMA/CTB&LCB
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Figure 2.3 shows the location of the MnROAD test section 
relative to Minneapolis. An aerial view of a portion of the 
MnROAD facility is shown in Figure 2.4.

Design and Specifications

The project consisted of recycling an existing concrete pave-
ment; the coarse aggregate (RCA) from the recycled pavement 

was used to construct the lower PCC layer. There were several 
candidate HMA materials that were considered, including  
porous HMA, rubber-asphalt porous friction course, Novachip, 
and SMA. The cost of placement of any specialized material 
on such a short roadway section prohibited the use of any 
of these surfaces. A typical Superpave HMA conforming to  
Minnesota Department of Transportation (MnDOT) speci-
fications was specified. The relatively thin (3 in. [75 mm]), 

Netherlands

Figure 2.2. Map showing geographic dispersion of HMA/CRC composite 
pavements.

Figure 2.3. Location of the MnROAD HMA/PCC on I-94 near  
Albertville, approximately 40 miles northwest of Minneapolis.

Source: © 2012 Google.
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high-quality, dense-graded HMA layer was placed and bonded 
to the newly placed PCC layer after the PCC had hardened 
sufficiently.

The HMA/PCC section was designed to feature a 3-in. 
(75-mm) high-quality Superpave HMA layer over a 6-in. 
(150-mm) low-cost RCA PCC lower lift. The design is shown 
in Table 2.1.

Construction of the Test Section

The construction project was awarded to C. S. McCrossan 
of Maple Grove, Minnesota. WSB and Associates, Inc., was 
responsible for the administration of the construction contract 
and the inspections. Table 2.2 shows a timeline of the major 
steps involved in the construction process.

Table 2.1. HMA/PCC Design for MnROAD Section

Section Cell 70 HMA/PCC (475 ft [145 m])

HMA Thickness 3 in. (75 mm) placed in two lifts

Binder PG 64-34

Mix Superpave wearing course designated SPWEB440F with 0.5 in. (12.5 mm) nominal maximum aggregate size (SP 12.5)

PCC Thickness 6 in. (150 mm)

Mix Low portland cement concrete (~360 lb/yd3) plus 240 lb/yd3 (40%) fly ash, Class C (FAC)

Coarse 50% RCA, 50% Mn/DOT Class A

Aggregate Maximum aggregate size 1.25 in. (32 mm)

Base 8 in. (200 mm) Class 5 unbound

Subgrade Clay

Joint spacing 15 ft (4.6 m)

Dowels 1.25 in. (32 mm) placed on baskets in driving lane at PCC middepth and nondoweled passing lane

Joints Saw and seal HMA over PCC joints (except last six joints)

Figure 2.4. Aerial view of MnROAD facility and location of HMA/PCC test 
section. Note that the mainline I-94 traffic is diverted to the center lanes 
during construction and testing.

Low-volume 
test loop 

Location of 
HMA/PCC section 
on I-94 mainline 
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Because of the unique nature of this project, special provi-
sions were used as part of the bid package to modify the DOT’s 
existing specifications. The special provisions included:

1. Salvage concrete pavement: Specifications for the salvage 
operation to recycle and reuse coarse aggregate from existing 
on-site concrete pavement.

2. Structural concrete: Specifications for the concrete mix 
design and lower layer concrete design details.

3. Concrete curing and texturing: Specifications for the curing 
and texturing of the PCC surface to ensure adequate bond 
with the HMA layer.

4. Concrete pavement joints: Specifications covering details 
of saw cutting the joints in the PCC layer.

5. HMA joints: Specifications covering details of saw cutting 
and sealing of joints in the HMA layer.

6. HMA/PCC composite pavement operation: Sequence of 
paving activities for the construction of HMA/PCC com-
posite pavements.

Recycling Operations

The recycling operations consisted of breaking, removing, 
transporting, crushing, washing, screening, and stockpiling the 
concrete pavement material from an existing MnROAD cell 
to be used as coarse aggregate in the recycled concrete mix. 
The concrete portions of the existing cells were broken with 
a guillotine crusher (Figure 2.5), removed (Figure 2.6), and 
transported to a crushing location.

The crushing method and system determines some of the 
qualities of the RCA, such as mortar content and the grada-
tion. An increase in the number of crushing processes reduces 
the mortar content (Sanchez de Juan and Gutierrez 2009). 
As specified, all joint material, reinforcing members, and 
other inert materials (such as wood) were separated from 
the concrete sections before the existing concrete was crushed 
into coarse aggregate. For this project, the contractor used 

an industrial crushing operation that included a primary jaw 
crusher (Figure 2.7) operating at less than full capacity and a 
secondary cone crusher (Figure 2.8), then washed, screened, 
and stockpiled. The jaw crusher jaws were distanced to adjust 
the maximum aggregate size produced. The cone crusher 
was used as secondary crusher to further remove the mortar 
from the natural aggregates. A cone crusher squeezes material 
between an eccentrically gyrating spindle and a bowl below. 
As the pieces are broken, they fall to the lower, more closely 
spaced part of the crusher and are further crushed until small 
enough to fall through the bottom opening.

Laboratory tests on the recycled aggregate (American 
Association of State Highway and Transportation Officials 
[AASHTO] T84 and T85) revealed that the RCA absorption 
was 2.93%.

Subgrade Soil Grading and Compaction

A string line was set for trimming of the subgrade and the base. 
The subgrade was cut with a trimming machine (Figure 2.9) 

Table 2.2. Construction Timeline for Major Tasks

Major Task Date

Salvage and recycling operations April 12–16, 2010

Trimming and grading of subgrade April 19–22, 2010

Aggregate base placement April 23, 2010

Trimming base and prepping for PCC 
instrumentation placement

April 26–30, 2010

PCC placement and instrumentation May 5, 2010

HMA placement and instrumentation May 20, 2010

Saw and seal bituminous joints May 22, 2010

Open to traffic June 7, 2010
Figure 2.5. Guillotine crusher breaking existing  
concrete for recycling into the PCC layer of  
the HMA/PCC composite pavement.

Figure 2.6. Removal of existing concrete  
pavement for recycling.
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and compacted with a steel drum roller (Figure 2.10). Hand 
holes and conduits were set for the instrumentation cables  
(Figure 2.11). Testing was performed on the compacted sub-
grade using a dynamic cone penetrometer (DCP), light weight 
deflectometer (LWD), and falling weight deflectometer (FWD). 
The Class 5 aggregate base was constructed in two 4-in. lifts.

PCC Mix Design

Per the special provisions, the RCA comprised 50% of the 
total coarse aggregate in the PCC mix. In addition, aggregate 
fines less than 4.75 mm (No. 4) and coarse aggregates greater 
than 25.4 mm (1 in.) used in the PCC mix were specified to 
come from virgin aggregate sources. The special provisions 
also required the contractor to clean and wash the RCA. As 

much as 10% of the total recycled coarse aggregate could con-
sist of bituminous particles per the special provisions. The 
cementitious fraction was specified to consist of as much as 
60% supplementary cementitious materials, including but 
not limited to fly ash (actual fly ash substitution was 40%). 
Table 2.3 shows the mix design for the HMA/PCC pavement 
constructed at MnROAD. A comparison of the design grada-
tion with the designated upper and lower limits specified in 
the special provisions is shown in Figure 2.12.

HMA Mix Design

The job mix formula (JMF) for the HMA mix proposed by the 
contractor and approved by the DOT included local granite 
and limestone sand and gravel. The target HMA amount was 

Figure 2.7. The primary crusher was the jaw crusher 
operating at less than full capacity.

Figure 2.10. Compacting the subbase using a steel 
drum roller.

Figure 2.8. A cone crusher was used as a  
secondary crusher to further remove the mortar 
from the natural aggregates.

Figure 2.9. Trimming the subgrade using a string 
line and trimmer.
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5.4% with 4.0% air voids. Tests indicated a gyratory density of 
2,386 kg/m3 (149 lb/ft3) at 90 design gyrations. One hundred 
percent of the aggregates pass the 19-mm (¾-in.) sieve, and 
4.5% of the aggregates pass the No. 200 sieve.

Instrumentation Plan

To determine the overall response of the pavement to envi-
ronmental loads, the physical response of the pavement and 

the climatic conditions within the structure were monitored. 
Environmental sensors were installed to document the tem-
perature and moisture gradients that develop throughout the 
depth of the slab. Temperature sensors were located in each of 
the different pavement structures so that the seasonal, daily, 
and construction temperature profiles that developed could be 
documented. Moisture sensors were installed in the concrete 
to study the effects of the surface layers on the moisture dis-
tribution through the depth of the slab. Static strain gauges 
were used to monitor the effects of uniform moisture and 
temperature changes, as well as moisture and temperature 
gradients on the slab shape. Figure 2.13 shows the elevation 
and plan view of the instrumentation layout.

The response of the structures to applied vehicle loads was 
measured using dynamic strain sensors installed within the 

Figure 2.11. Installing conduits to carry and protect 
the instrumentation cables.

Table 2.3. PCC Mix Design for HMA/PCC 
Construction at MnROAD

Materials Weight per Cubic Yard (lb/yd3)

Water  234

Cement  360

Fly ash  240

Sand 1,200

CA No. 1 (virgin aggregate)  825

CA No. 2 (recycled aggregate)  920

Water–Cement ratio  0.39

Maximum slump  3 in.

Entrained air content  7%
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pavement structure. An on-site weather station recorded air 
temperature, relative humidity, and wind speed every 15 min-
utes. The various sensors installed at the MnROAD test sec-
tion are described below:

•	 Temperature sensors: Thermocouples were used for mea-
suring temperature throughout the pavement structure. 
Critical locations for monitoring temperature included 
the midslab, the slab corner, and midslab adjacent to the 
longitudinal joint.

•	 Concrete moisture: To measure moisture levels within 
the concrete, 24 Sensirion SHT75 relative humidity and 
temperature sensors were installed. The SHT75 sensor is 
a relatively small (approximately 0.75 × 0.25 × 0.125 in.) 
and cost-effective means of measuring relative humidity 
in concrete.

•	 Static strain: The PCC response to static loads generated 
was measured with vibrating wire (VW) strain gauges. The 
VW gauges were used to provide several critical pieces of 
information related to the performance of the HMA layer, 
including

	4 Degree of bonding between HMA layer and PCC slab;
	4 Slab curvature; and
	4 In-place drying shrinkage and thermal coefficient of 

expansion.
Geokon Model 4200 vibrating wire concrete embedment 

strain gauges were used. The gauges operate on the VW 
principle. A steel cable is tensioned between two metal end 
blocks. When the gauge is embedded in concrete and con-
crete deformations occur, these end blocks move relative to 
one another. The movement of the end blocks influences the 
degree of tension in the steel cable. The tension in the cable 
is quantified by an electromagnetic coil, which measures 
the cable’s resonant frequency of vibration upon being 
plucked. The sensor is also equipped with a thermistor so 
corrections for temperature can be made.

•	 Dynamic strain: Dynamic strain sensors were installed to 
measure the slab and HMA layer response to loads applied 
by truck traffic and the FWD. The dynamic sensors used in 
the concrete were Tokyo Sokki PML-60-2L strain gauges, 
which consist of a copper/nickel alloy resistance foil gauge 
attached to two lead wires. This foil is attached to an 
electrically insulated backing and, with the use of a spe-
cial adhesive, is attached to one of two thin acrylic plates. 
The two plates are sealed together to protect the gauge from 
contamination when installed in the concrete. These acrylic 
plates are coated with a fine granular material to improve 
bonding to the surrounding concrete. The insulated back-
ing expands and contracts with the concrete, causing the 
resistance in the foil gauge to change.

•	 Data acquisition: Automated static and dynamic data 
(or “online” data) were entered into the MnROAD database 

through the MEGADAC acquisition system. This system 
of dynamic cabinets, computers, fiber-optic cables, and  
copper-wire sensors automatically retrieved data from instru-
ments at the MnROAD facility in Albertville and returned 
this information to the MnROAD database in Maplewood.

Instrumentation Installation

Figure 2.14 shows dynamic strain gauges, static strain gauges, 
humidity sensors, and thermocouples affixed to the aggregate 
base prior to PCC placement. The lead wires are buried in the 
sublayers and carry the signal from the gauges to the data 
acquisition unit. The gauges were packed in the concrete, and 
the concrete was vibrated with a hand vibrator to ensure con-
solidation of concrete around the gauges (Figure 2.15).

Paving Operations

The paving operations for the construction of HMA/PCC 
composite pavement at MnROAD are summarized here:

1. Place lower PCC layer. The lower PCC layer was paved on 
May 5, 2010 (Figure 2.16). The tie bars and dowel bars 
(with the use of dowel baskets) were placed in the lower 
layer of the concrete at the middepth (75 mm [3 in.]) of 
the PCC layer. Dowels were used only in the driving lane, 
whereas the passing lane was nondoweled as per plans. 
The pavement layers were instrumented with embedded 
thermocouples, moisture sensors, dynamic strain gauges, 
and vibrating wire strain gauges. There were some issues 
present with the air content of the mix, and four loads were 
rejected. The slump was generally close to 1.5 to 1.75 in. 
(the low slump concrete was chosen as a trial run for paving 
the PCC/PCC composite pavement the following day).

2. Finish smooth. The surface was finished smooth to remove 
surface irregularities (Figure 2.17).

3. Texture surface (longitudinal tined). The surface of the PCC 
layer was longitudinally tined to texture the surface and 
ensure a mechanical bond between the PCC and HMA 
layer (Figure 2.18). Texturing the surface of the concrete has 
been shown in previous studies to improve bond strength 
(Al-Qadi et al. 2008, Leng et al. 2008).

4. Spray on a curing compound. The surface of the PCC 
layer was sprayed with a curing compound to control the 
surface drying of the PCC and minimize early-age dis-
tresses (Figure 2.19). The PCC was specified to be cured 
for 7 days or until the flexural strength of the concrete 
samples reached 550 psi, before the HMA layer was to be 
placed. There was some concern that the curing compound 
would reduce the bond between the HMA and PCC. 
Bonding will be examined over time through coring and 
nondestructive testing.

Composite Pavement Systems, Volume 1: HMA/PCC Composite Pavements

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22685


30

Figure 2.14. Instrumentation installed prior to placement of the PCC to measure pavement responses to  
temperature and traffic loads (static strain gauge, top left; dynamic strain gauges, bottom left; humidity  
sensors, top right; temperature sensors (thermocouple tree), bottom right).

Figure 2.15. Overview of instrumentation packed in concrete before PCC paving.
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Figure 2.16. Placement of PCC layer on the  
aggregate base.

Figure 2.17. Finishing the PCC surface to remove 
surface irregularities.

5. Saw concrete joints. Unsealed single saw cuts for both 
transverse and longitudinal joints were cut in the PCC as 
soon as it gained adequate strength to perform the saw 
cutting operation without spalling the PCC. Both transverse 
and longitudinal joints were cut at depth of T/3, where  
T indicates the thickness of the PCC (50 mm [2 in.] for 
the 150-mm [6-in.] PCC).

6. Pave HMA surface. The HMA surface was specified to  
be paved after 7 days or a concrete flexural strength of 
550 psi. The paving of the HMA layer was performed on  
May 20, 15 days after the construction of the PCC layer, at 
the discretion of the paving contractor, because of weather-
related delays. A bituminous tack coat was sprayed on 
the concrete before the HMA paving to further help ensure 
adequate long-term bonding between the PCC and the 
HMA (Figure 2.20). Applying a tack coat to the PCC surface 
has been shown in previous laboratory and field studies to 

improve bond strength (Donovan et al. 2000, Al-Qadi et al. 
2008, Leng et al. 2008).

7. Saw and seal HMA over the PCC transverse joints. Bitu-
minous transverse joints were cut with a single saw cut 
of 12.5 mm (0.5 in.) wide by 16 mm (5⁄8 in.) deep for the 
HMA layer (Figure 2.20). The sawed bituminous joints 
were specified to be located within 12.5 mm (0.5 in.) of 
the concrete joints. The contractor ensured this by using 
stakes beyond the aggregate shoulders to mark the loca-
tion of the joints in the PCC. Six joints were left unsealed 
for research purposes.

As-Constructed Properties

The FHWA Mobile Concrete Lab visited the R21 construction 
site and collected PCC cores and material samples. The results, 
which are the average of two tests, are summarized in Table 2.4. 

Figure 2.18. Tining the PCC surface to provide  
texture for mechanical bonding between PCC  
and HMA layers.

Figure 2.19. Applying curing compound to the  
surface of the PCC to control surface drying  
of the PCC and minimize early age distresses.
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Figure 2.20. Tack coat applied to PCC surface (top left) prior to HMA paving (top right). Sawing (bottom left) 
and sealing (bottom right) HMA layer; saw cuts in the HMA were matched to the saw cuts in the PCC below  
to within 12.5 mm (0.5 in.).

Table 2.4. As-constructed RCA PCC Properties

Property Fresh Concrete 7 Day 14 Day 28 Day

Entrained air content 6.5% na na na

Unit weight 146.4 lb/ft3 na na na

Compressive strength na 3,012 (psi) 4,168 (psi) 4,945 (psi)

Flexural strength na 579 (psi) 629 (psi) 689 (psi)

Modulus of elasticity na 4.55 × 106 (psi) NA 5.04 × 106 (psi)

Poisson’s ratio na NA NA 0.25

Split tensile strength na NA NA 368 (psi)

Coefficient of thermal 
expansion

na NA NA 10.4 × 10-6/°C

Note: NA = not available; na = not applicable.

Composite Pavement Systems, Volume 1: HMA/PCC Composite Pavements

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22685


33   

As-constructed material properties for the HMA mix are shown 
in Table 2.5.

test Sections at UCprC

The SHRP 2 R21 HVS test track was constructed at the UCPRC 
ATIRC facility at the University of California, Davis. A summary 
of the construction of the test track from initial site grading 
and aggregate base compaction to PCC and HMA placement 
and instrumentation installation is presented in this section. 
HVS test sections and test track joint load transfer efficiencies 
from deflection testing are also summarized. Details of each 
of these topics are included in Appendix G.

The test section pavements were designed to support the 
HVS experimental design and testing plan to evaluate rutting 
and cracking performance and provide data for validation 
of performance models. Figure 2.21 shows an aerial photo-
graph of the ATIRC facility and the R21 test sections along 
the north-south test track. Finished total test track size is 
48 × 135 ft (15 × 41 m).

Figure 2.22 shows the pavement plan design. The composite 
HMA/PCC pavement has four lanes (A through D) consisting  
of two HMA mixtures, with two HMA thicknesses, two PCC 
thicknesses, and PCC with and without dowels. The three 

sections (1, 2, 3) in each lane consist of three slabs, each 15 ft  
in length, totaling 45 ft in length, to ensure that the HVS is 
properly supported and that each test section trafficked by 
the HVS includes one complete slab and two PCC joints.

Construction of the Test Track

Table 2.6 shows a timeline of the major steps involved in the 
construction process.

Subgrade Soil Grading and Compaction

The native subgrade was graded and compacted before aggre-
gate base placement. Typical grading plans are shown in 
Figure 2.23 for subgrade, aggregate base, and HMA with a total 
material area of 250 yd2 (225 m2). The transverse cross-slope 
built into the subgrade and maintained in the aggregate base 
and PCC layers was 1.5% to a drainage line on the east side of 
the track. Scarification was performed to 12 in. (300 mm) below 
natural subgrade before compaction. A Vibramax sheepsfoot 
roller was used to compact the subgrade in two 6-in. (150-mm) 
lifts to meet the Caltrans Standard Specifications Section 19 
for earthwork (subgrade) relative compaction of 95%. Based 
on the Caltrans CTM 216 procedure, the subgrade maximum 
dry density is 118 lb/ft3 (1.9 g/cm3), at an optimum moisture 
content of 12%. For clay soils, the CTM 216 procedure tends to 
produce maximum dry densities and optimum water contents 
between those of Standard and Modified Proctor compaction. 
Field measurements at 6-in. (150-mm) depth and at subgrade 
surface level gave results of 95% to just more than 100%  
of Modified Proctor AASHTO T180 relative compaction. 
Laboratory tests determined Atterberg limits for the subgrade 
as Liquid Limit 40, Plastic Limit 24, and Plasticity Index 16. 
The soil is classified as CL based on the Unified Classification 
System.

Aggregate Base Placement and Compaction

Virgin aggregate base with a nominal thickness of 6 in. was 
placed using a Caterpillar G140 Motor Grader and rolled 

Table 2.5. As-constructed HMA  
Mix Properties

Property Value

% Passing 12.5-mm (½-in.) sieve 93%

% Passing No. 200 sieve 4.4%

Asphalt binder percent by weight 5.5%

Voids in mineral aggregate 15.8%

Bulk specific gravity 2.435

Maximum specific gravity 2.511

Percent fine aggregate angularity 46%

Density 151.7 lb/ft3

R21 Test 
Track

Figure 2.21. Aerial photograph of ATIRC facility taken  
December 2009.
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Figure 2.22. Plan view of R21 test track sections.

Table 2.6. Construction Timeline for Major Tasks

Major Task Date

Excavation and grading of subgrade November 2008

Aggregate base placement December 2008

Prime coat application to protect base  
in winter

December 2008

Instrumentation purchase and assembly January to August 2009

PCC instrumentation placement on base July and August 2009

PCC placement August 2009

HMA placement and instrumentation October 2009

with a vibratory steel drum roller. Total material placed and 
compacted was approximately 435 tons (395 metric tons) of 
Caltrans ¾-in. (19 mm) Class 2 aggregate base. The Class 2 
aggregate base has a minimum R-value of 78. The gradation 
specification is summarized in Table 2.7. The aggregate base was 
compacted to meet the Caltrans specification of 95% density 
relative to CTM 216, which tends to produce densities similar 
to those of the Modified Proctor method for granular materials. 
Maximum dry density of the aggregate base was measured at 
140 lb/ft3 at an optimum moisture content of 5.7%. Figure 2.24 
shows grading and compaction of the aggregate base course.

Prime Coat Application

An SC-70 asphalt prime coat meeting Caltrans specifications 
section 93-1.01 was applied in December 2008 to the 250 yd2 

(225 m2) aggregate base to minimize winter rain damage prior 
to PCC paving in 2009. The application rate was 0.20 g/yd2 
(0.90 l/m2).

Instrumentation Preparation and Installation

Figure 2.25 shows a plan view of the layout for PCC instru-
mentation placed on top of the aggregate base. The letters in 
the figure correspond to the following: J is the joint deflec-
tion measurement device (JDMD), H is the horizontal joint 
deflection measurement device (HJDMD), T is the thermo-
couple, D is the dynamic strain gauge, S is the static strain gauge, 
and M is the moisture sensor. The numbers above each letter 
indicate the number of sensors placed at different heights 
above the aggregate base at each location. The sensor types are 
described below. Figure 2.26 shows, top to bottom, dynamic 
strain, static strain gauges, and thermocouples, affixed to the 
aggregate base prior to PCC placement.

•	 Joint deflection measurement device: JDMDs are devices 
designed to measure absolute vertical movement of PCC slab 
joints, from which the relative movement of the two slabs 
on each side of the joint can be measured.

•	 Horizontal joint deflection measurement device: HJDMDs 
are similar to vertical JDMDs except they are used to mea-
sure relative horizontal joint movement caused by the 
opening and closing of PCC slab joints. They typically are 
placed at joint corners where maximum movement occurs 
under load.
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Figure 2.23. Typical transverse cross section of test track showing elevations and cross-slopes.

Table 2.7. Class 2 Aggregate Base 
Gradation Specification

Percent Passing

 
Sieve Size (mm)

Operating  
Range (%)

Contract  
Compliance (%)

1 in. (25) 100 100

¾ in. (19)  90–100  87–100

No. 4 (4.25)  35–60  30–65

No. 30 (1.18)  10–30   5–35

No. 200 (0.075)   0–2   0–12

•	 Thermocouple: Thermocouples for measuring PCC tem-
perature were placed in three locations in the PCC slabs, 
two slab corners, and center slab. At each of these three 
locations, the sensors were placed at five uniformly spaced 
depths within the PCC slabs. Thermocouple depths are 
approximately 0.5 in. from the top and bottom of the slabs, 
and the five thermocouples are spaced at 1.5 in. apart for 
7-in. and 5-in. slabs, respectively.

•	 Dynamic strain gauge: Dynamic strain gauges were placed 
at slab corners and centers. Two gauges were placed for each 
location selected, nominally at 0.5 in. (13 mm) below and 
above the top and bottom of the slab, respectively, to measure 
strains occurring under the moving HVS wheel.

•	 Static strain gauges: Static strain gauges were installed to 
measure slowly changing PCC strains at the top and bottom 

of the slab caused by creep, shrinkage, warping, and curling. 
They were placed parallel to the direction of traffic loading 
and nominally 0.5 in. from the top and bottom of the 
PCC slab.

•	 Moisture sensors: Three moisture sensors were placed in 
the PCC. All sensors were placed parallel to direction of 
traffic and parallel to the slab 1.0 in. from bottom and top of 
the slab to provide relative measurement of top and bottom 
slab moisture.

Control and Data Acquisition

The data acquisition system consisted of an HVS-based system 
for JDMDs and dynamic strain gauges, and a data logger-based 
system for all other instrumentation.

Figure 2.24. Compaction and grading of test track 
aggregate base.
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Figure 2.25. Test track plan view showing sensor placement.

Dynamic 

Static

Thermocouple 

Figure 2.26. Dynamic strain gauges, static strain 
gauges, and thermocouples affixed to the aggregate 
base prior to PCC placement.

•	 HVS data acquisition system (DAS): The JDMD data 
acquisition relies on the HVS DAS built by the Council 
for Scientific and Industrial Research, South Africa. This 
system consists of a 64-channel National Instruments data 
acquisition board mounted in a PC and an electronics 
equipment chassis box. The DAS is designed to collect data 
while the pavement is undergoing dynamic loading under 
the HVS test wheel. As the test wheel moves closer to an 
instrument, the clock triggers the first data point and the 
acquisition system continues to record data until the wheel 
stops moving.

•	 Data logger-based DAS: The data logger-based DAS is con-
trolled by CR10X data loggers manufactured by Campbell  
Scientific. The online system consists of five CR10X data 
loggers, two AM16/32 analog multiplexers, 12 AM25 
thermo couple multiplexers, and one AVW200 vibrating wire 

spectrum analyzer, all of which are enclosed in a plastic 
outdoor garden tool box.

Instrument Installation

Crews placed the harnesses and the instruments in their 
wire holders and fixed them to the prime coated base in 
preparation for PCC paving. The cabling was placed either 
parallel or perpendicular to the expected pavement joints and 
their locations documented so that cracking patterns could be 
compared with cable locations. The cables were then placed 
in their final positions and fastened with an asphaltic strip 
and nails. Figure 2.27 shows an overview of the test track with 
the fixed cables. A trench was dug at the west end of the track, 
and the cables were placed in a PVC pipe in the trench, which 
was later backfilled, to protect them during construction.

HVS Test Sections

The HVS test section layout, test setup, trafficking, and mea-
surements followed standard testing protocols. Pavement cells 

Figure 2.27. Track overview showing sensor wires 
fixed to track.
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on which HVS rutting test sections were performed are shown 
in Figure 2.28. Cracking tests were performed on cells D1 
and D2 under separate Caltrans funding. Additional cracking 
tests will be performed after completion of R21 using state 
funding.

Pavement Instrumentation and Monitoring

Instrumentation for the HVS rutting test sections is shown in 
Figure 2.29 and included the following types and collection 
intervals:

•	 Laser profilometer, a portable beam with a traveling laser 
collecting 260 points across its 8-ft (2.3-m) length, used 
to measure transverse surface profile across the wheelpath, 
with measurements taken at each 1.65-ft (0.5-m) station and 
at load repetition intervals selected to provide characteriza-
tion of the rut development.

•	 Thermocouples, to measure ambient and pavement tem-
perature, with measurements taken at Stations 4 and 12 and 
for ambient temperature at 1-hour intervals during HVS 
operation.

•	 HMA strain gauges at 50 mm depth in the HMA.

Surface and in-depth deflections were not measured during 
the HVS rutting tests. HMA strain gauges were used to collect 
pavement response in the HMA layers throughout the HVS 
tests. These strain gauges were located under the wheelpath 

and at the edge of the wheelpath to provide information about 
the response of the HMA layer to the shearing action of the 
tires. Results for the strain gauge measurements are presented 
in Appendix L.

Concrete Pavement Construction

Dowel Bars, Instrumentation, and Forms

Dowel bar assemblies (12 dowels) were placed at all eight 
joints in Lane A. The ones used were steel, 1-in. (25-mm) 
diameter, epoxy- and Tectyl-coated dowels that were soldered 
on one end to the basket assembly. Dowel bar spacing was 
1 ft on center. The basket assemblies were attached to the 
aggregate base with the supplied fastening pins beaten into 
the base with sledgehammers to withstand the force of the 
pumped concrete.

All instrumentation (approximately 200 sensors) was veri-
fied for full functionality before PCC placement. The con-
trol and data acquisition box was completed, and cabling was 
attached and verified for correct placement. Each sensor was 
excited, and responses were measured at the box. Calibrations 
were performed to ensure that strain and temperature mea-
surements were accurate.

PCC paving was performed by Teichert Construction of 
Sacramento, California. On August 5, Teichert Construction 
placed wooden forms on the test track according to the grid 
placed on the aggregate base, which were then checked for 
accuracy.
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Figure 2.28. Test track with HVS rutting cells highlighted.
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Concrete Mix

PCC was supplied that met the Caltrans Standard Specification 
Section 90: Portland Cement Concrete mix design. The concrete 
was classified as a Type 3, having a cementitious material con-
tent of 564 lb/yd3, which includes 85 lb of fly ash. No chemical 
admixtures were used in the concrete. Concrete was batched at 
the ready mix plant and hauled approximately 20 miles to the 
test track site. Mix design details are presented in Appendix G.

Concrete Placement and Finishing

PCC construction began on August 7, 2009. Starting on the 
south end, concrete was placed on Lanes A and C by a 160-ft 
concrete boom pump. It was deemed necessary to pump the 
concrete because of difficulties in using slipform paving on 
the short sections with heavy instrumentation. Figure 2.30 
shows the pumping process. Wet concrete was placed by hand 
around and over each instrument and carefully rodded and  

vibrated. The concrete was placed just ahead of the pumping 
for the rest of the slab to minimize differential curing between 
the concrete around the instrument and the rest of the slab. 
Light vibration was applied around the instruments without 
touching them using Minnich Manufacturing and Wacker Co. 
¾-in. electric flex shaft vibrators (“stingers”) as shown in 
Figure 2.31. Construction flags were placed to the wire holder 
at each instrument to indicate their position in the concrete 
to alert construction crew personnel. One sensor was lost when 
it was stepped on under the wet concrete. A motorized screed 
was used for surface vibration, strike-off, and initial finishing, 
as shown in Figure 2.32.

The surface was floated and textured by hand. Two layers 
of white curing compound were sprayed on the surface for 
a total spread rate of approximately 1 gallon/100 ft2. Joints 

Thermocouple Thermocouple

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

y

x

Station Number (unit: 0.5 m)

1 m

N

LEGEND

Thermocouple

8.0 m

0

)

609HB – 611HB
114 mm
178 mm

150 mm Aggregate Base

Subgrade

PCC
ACThermocouples:

0 mm  - surface
25 mm 
50 mm
90 mm
120 mm

64 mm
178 mm

150 mm

610HB – 612HB
Thermocouples:
0 mm  - surface
25 mm 
50 mm
60 mm
90 mm

AC
PCC

Aggregate Base

Subgrade

SECTIONS     
610HB – 612HB

SECTIONS     
609HB – 611HB

Longitudinal strain gauges at 50 mm depth Transverse strain gauges at 50 mm depth

Wheel path

Figure 2.29. HVS rutting test section layout and location of thermocouples.

Figure 2.30. View from east, concrete pump.
Figure 2.31. Hand packing concrete around  
instrumentation.
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were cut to one-quarter slab thickness within 5 hours of con-
crete placement using an early entry saw. The cut joints were 
sprayed again with curing compound where the curing com-
pound had been removed during the cutting process.

Both curing compound and tarps were used to minimize the 
risk of early-age slab cracking caused by the hot, dry weather. 
When the curing compound was sufficiently dry to walk on, 
Burlene tarps (proprietary product consisting of 10 oz/yd2 
burlap and 4 mil polyethylene sheeting sewn together) were 
soaked with water and placed on the concrete surface, burlap 
side down.

During both construction days, beams and cylinders were 
produced from most of the delivery trucks according to 
AASHTO T23-08. Specimens were rodded, and curing com-
pound was sprayed on the surface of each specimen. Wet 

Burlene tarps were placed on all specimens. A set of beams 
and cylinders was randomly selected for strength monitoring.

Two beams and two cylinders were connected to maturity 
meters to monitor curing progression. The Burlene tarps were 
removed 3 weeks after concrete placement, following the 
manufacturer’s recommendations. Details of curing, maturity, 
strength, and coefficient of thermal expansion on all beams 
and cylinders tested are presented in Appendix G.

HMA Construction

HMA Materials

Two types of HMA, both meeting their respective Caltrans 
specifications, were placed on the test track. On Lanes A and B,  
the mix placed was a ¾-in. (19-mm) maximum aggregate size, 
dense graded mix with polymer modified PG64-28 binder, 
referred to as PG64-28PM. On Lanes C and D, the mix placed 
was a ½-in. (12.5-mm) maximum aggregate size mix with 
gap graded aggregate and an asphalt rubber binder produced 
using the wet process, referred to as RHMA-G. The mix design 
information provided by the plant for both mixes is summa-
rized in Table 2.8.

Construction Process

The first lift of each mix type was placed over 90 ft of the track 
(Sections 1 and 2), and the top lift was placed over the first 

Figure 2.32. Motorized screed on Lane C, Day 1 PCC 
paving.

Table 2.8. Plant Mix Designs for RHMA-G and PG64-28PM Mixes

½-in. RHMA-G ¾-in. PG64-28PM

Sieve Size Operating Range (%) Target (%) Sieve Size Operating Range (%) Target (%)

1 in. 100 100 1 in. 100 100

3⁄4 in. 100 100 3⁄4 in. 95–100 99

1⁄2 in. 95–100 97 1⁄2 in. na 87

3⁄8 in. 80–95 86 3⁄8 in. 65–80 74

No. 4 55–65 60 No. 4 45–55 59

No. 8 38–48 42 No. 8 31–41 36

No. 16 na 31 No. 16 na 27

No. 30 19–29 23 No. 30 15–25 21

No. 50 na 17 No. 50 na 16

No. 100 na 11 No. 100 na 10

No. 200 3–8 6.7 No. 200 3–8 6.2

Design binder content: 7.5% by dry weight of 
aggregate

Design binder content: 5.0% by dry weight of 
aggregate

Theoretical maximum density (RICE): 2.55 Theoretical maximum density (RICE): 2.57

Note: na = not applicable.
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45 ft (Section 1) of the track. This was done to evaluate the 
effects of different HMA thickness on rutting and cracking 
performance for thin HMA layers on concrete slabs. HMA 
densities comparable to that typically found in the field were 
sought in the construction, with target values of approxi-
mately 7% air voids for the PG64-28PM mix and 10% for 
the RHMA-G. With such short test sections, overcompaction 
could easily occur, and approximate densities using the nuclear 
gauge after each roller pass were monitored. HMA construction 
began with the application of an anionic SS-1h emulsion tack 
coat over Sections 1 and 2 of all four lanes. The emulsion 
contained 61.5% solids by weight of emulsion. The asphalt 
in the emulsion had a penetration value of 51.

Once the tack coat had broken, 2.5 in. (65 mm) of the 
PG64-28PM was placed and compacted on Lanes A and B in 
Sections 1 and 2. The paver used was a Terex-Cedar Rapids 
CR552 with the 10-ft standard paving screed extended to 12 ft.  
The compactor used was a Caterpillar model CB-534D XW with 
24,860-lb gross weight, 79-in. drum, operated at 2,520 cycles 
per minute at 0.01-in. vibration magnitude when in vibratory 
mode. Figure 2.33 shows this process, and Figure 2.34 shows the 
compaction and placement of the RHMA-G lifts.

Nuclear density testing was performed, and the testing results 
are shown in Table 2.9. Detailed density testing reports are 

presented in Appendix G. Air void contents were calculated 
from theoretical maximum density (TMD) tests (AASHTO 
T209) performed on loose mix collected during construction. 
The average field mix TMD for the PG64-28PM was 2.590, 
and for the RHMA-G it was 2.558. Laboratory-measured 
binder content for the PG64-28PM was 5.0%, and for the 
RHMA-G it was 7.55%.

Asphalt strain gauges were placed on the first lift in Lanes 
A and B of PG64-28PM while it was cooling prior to placement 
of the second lift (Figure 2.35). These strain gauges were located 
under and adjacent to the planned HVS wheelpath as part of a 
study of HMA movement under wheel load. Gauges were simi-
larly placed on the first lift in Lanes C and D in the RHMA-G.

The same emulsified SS-1h tack coat was applied between 
lifts over all four lanes in Section 1 only. After tack coat place-
ment and breaking, 2.0 in. (50 mm) of RHMA-G was placed 
and compacted on Lanes C and D. The paver was cleaned, and 
a 2.0-in.-thick lift of PG64-28PM was placed and compacted 
on Lanes C and D, Section 1 only. Figure 2.36 shows the com-
pleted test track with the second lift applied to the first 45 ft 
of the track.

Laboratory-compacted HMA specimens using rolling wheel 
compaction from the field mix in parallel with the place-
ment and compaction of the test track were prepared. The  

Figure 2.33. Start of PG64-28PM placement following 
application of tack coat.

Figure 2.34. Compaction and placement of RHMA-G 
in Lanes C and D.

Table 2.9. Nuclear Density Gauge Testing on HMA Lifts

 
Section

 
Description

Air Voids 
(%)

A1, A2, B1, B2
2.5 in. PG64-28PM

Bottom lift for 90 ft Lanes A  
and B

7.8

A1, B1
2.0 in. PG64-28PM

Top lift for 45 ft Lanes A and B 7.8

C1, C2, D1, D2
2.5 in. RHMA-G

Bottom lift for 90 ft Lanes C  
and D

8.0

C1, D1
2.0 in. RHMA-G

Top lift for 45 ft Lanes C and D 7.3

Figure 2.35. Measurement of the positions of strain 
gauges on first lift of PG64-28PM, before placement 
of second lift.
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compacted “ingots” were later cut into 15 in. (380 mm) × 
2.5 in. (62.5 mm) × 2.0 in. (50 mm) beams and 6 in. (150 mm) 
× 2 in. (50 mm) cores for flexural fatigue and repeated shear 
testing, respectively, to determine performance modeling 
parameters. Figure 2.37 shows the HMA in the mold frame. 
Additional details on test results for specimens produced 
from these ingots are presented in Chapter 3 and Appendix G.

test Sections at  
the Illinois tollway

Introduction

Two HMA/PCC segments were constructed by the Illinois Toll-
way on the ramps from I-94 to Milwaukee Avenue (off-ramp  
in the eastbound direction and on-ramp in the westbound 
direction) near Gurnee, approximately 40 miles north of 
Chicago and 5 miles from the Illinois-Wisconsin border. The 
ramps were constructed in October and November 2010 to 
emulate best practices of constructing HMA/PCC composite 
pavements using recycled aggregate. Figure 2.38 shows the 
location of the Tollway ramp sections.

Design and Specifications

The project consisted of using stockpiled recycled asphalt 
pavement (RAP) coarse aggregate in the PCC mix with a 

Figure 2.36. Completed test track showing two HMA 
lift thicknesses and PCC sections.

Figure 2.37. Compaction of ingots with rolling wheel 
compactor.

Figure 2.38. Location of the Illinois Tollway HMA/PCC on I-94 to Milwaukee 
Avenue.

Source: © 2012 Google. 
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WMA surface layer. The relatively thin (2 in. [50 mm]), high-
quality, dense-graded WMA layer was placed and bonded 
to the newly placed 9-in. (225-mm) low-cost PCC lower lift 
after the PCC had hardened sufficiently. The design is shown 
in Table 2.10.

Construction of the Test Section

This test section was designed and constructed to implement 
various sustainability features, including

•	 Recycled coarse aggregate from old asphalt pavements (RAP).
•	 Partial replacement of cement with fly ash (~20% to 25%). 

Fly ash is a by-product of coal-fired electric generating 
plants. The use of RAP and fly ash offers environmen-
tal advantages by diverting the material from the waste 
stream, reducing the energy investment in processing 
virgin materials, conserving virgin materials, and mini-
mizing pollution.

•	 Use of WMA wherein the mix is heated to a lower tempera-
ture (~60°F to 90°F reduction compared with conventional 
HMA). Lower temperatures mean less fuel consumption, 
lower stack emissions, and less fume and odor generation 
at the plant and job site.

As in the case of the MnROAD sections, because of the 
unique nature of this project, special provisions were used 
as part of the bid package to modify the Tollway’s existing 
specifications. The special provisions included

1. Structural concrete: Specifications for the concrete mix 
design and lower layer concrete design details.

2. Concrete curing and texturing: Specifications for the curing 
and texturing of the PCC surface to ensure adequate bond 
with the HMA layer.

3. Concrete pavement joints: Specifications covering details 
of saw cutting the joints in the PCC layer.

4. HMA joints: Specifications covering details of saw cutting 
and sealing the joints in the HMA layer.

5. HMA/PCC composite pavement operation: Sequence of 
paving activities for the construction of HMA/PCC com-
posite pavements.

PCC Mix Design

Per the special provisions, the coarse aggregate fractionated 
from the RAP comprised 30% of the total coarse aggregate in 
the PCC mix (allowable range was 30% to 50%). In addition, 
aggregate fines less than 4.75 mm (No. 4) used in the PCC mix 
were specified to come from virgin aggregate sources. The spe-
cial provisions also required the contractor to fractionate, clean, 
and wash the RAP (Figure 2.39). As much as 15% of the total 
recycled coarse aggregate could consist of agglomerated sand/
asphalt particles per the special provisions. Table 2.11 shows the 
PCC mix design for the HMA/PCC pavement constructed at 
the Illinois Tollway.

HMA Mix Design

The JMF for the HMA mix proposed by the contractor and 
approved by the Tollway included 90% local aggregates and 
10% RAP (with 5.2% asphalt binder content). The target 
HMA amount was 5.5% with 4.0% air voids. Tests indicated 

Table 2.10. WMA/PCC Design for Illinois  
Tollway Section

Illinois Tollway Milwaukee Avenue Ramp 
Reconstruction

Tri-State Tollway (I-94) MP 9.9 to 10.1 
WB On-Ramp 683 ft; EB Off-Ramp 981 ftSection

HMA Thickness 2 in. (50 mm) placed in one lift

Binder PG 70-22 polymer modified

Mix WMA wearing course Illinois DOT desig-
nation 19536R with 3⁄8 in. (9.5 mm) nom-
inal maximum aggregate size (N90F)  
and 0.5% Evotherm J1 additive

PCC Thickness 9 in. (225 mm)

Mix Portland cement (~515 lb/yd3 [310 kg/m3])
Fly ash (~140 lb/yd3 [85 kg/m3])

Coarse 30% RAP, 70% “A” quality

Aggregate Maximum aggregate size 1.5 in. (38 mm)

Base 4 in. (100 mm) unbound

Subgrade Clay

Joint spacing 15 ft (4.6 m)

Dowels 1.25 in. (32 mm) placed on baskets in 
driving lane at PCC middepth and non-
doweled passing lane

Joints Saw and seal HMA over PCC joints

Note: EB = eastbound; WB = westbound; MP = milepost.

Table 2.11. PCC Mix Design for HMA/PCC 
Construction at the Illinois Tollway

Materials Weight per Cubic Yard (lb/yd3)

Water 228

Cement 494

Class C fly ash 134

Sand 1,095

CA No. 1 (virgin aggregate) 1,334

CA No. 2 (recycled aggregate) 536

Water-Cement ratio 0.363
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a gyratory density of 150 lb/ft3 at 90 design gyrations. One 
hundred percent of the aggregates pass the 12.5-mm (½-in.) 
sieve, and 4.8% of the aggregates pass the No. 200 sieve.

Paving Operations

The paving operations for the construction of HMA/PCC 
composite pavement at the Illinois Tollway followed the same 
general sequence as at MnROAD, including placing the lower 
PCC layer, finishing the PCC layer, texturing (tining) the 
surface of the PCC layer, application of curing compound, 
sawing transverse joints in the PCC, marking the location of 
the sawed transverse joints, application of tack coat, paving 
the HMA surface, and sawing and sealing the HMA over the 
PCC transverse joints (see Figures 2.40 and 2.41).

As-Constructed Properties

As-constructed properties were collected as part of the QC/QA  
program on this construction. The results, which are the 
average of multiple tests, are summarized in Table 2.12 and 
Table 2.13.

Field Survey Sections

Introduction

In addition to the constructed test sites, additional field sites 
were identified to cover other types of HMA/PCC composite 
sections and to bring some long-term performance data into 
the analysis. An on-site condition survey was conducted, and 
detailed information regarding traffic, materials, and additional 
performance data was collected from the highway agencies and 
the LTPP database.

Table 2.14 provides a list of the HMA/PCC composite pave-
ments that were included, along with images of LTPP compos-
ite sections that included an HMA surface over a lower strength 
concrete slab. These sections have all of the measured data 
needed, including FWD, cores and testing of the specimens, soil 

Figure 2.39. Fractionating, cleaning, and washing 
the RAP for use in the PCC mix.

Figure 2.40. Application of tack coat on PCC and 
marking the shoulder (to identify saw cut locations 
for sawing and sealing HMA).

Figure 2.41. Placement of HMA lift onto lower  
PCC layer.

Table 2.12. As-constructed RCA PCC Properties

Property 7 Day 14 Day 28 Day

Entrained air 
content

4.4%–7.1% 
(average 
5.6%)

na na na

Unit weight 146.4 lb/ft3 na na na

Compressive 
strength

na 4,165 psi 4,430 psi 5,210 psi

Note: na = not applicable.
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borings, and long-term condition surveys with measurement 
of International Roughness Index (IRI), fatigue cracking, 
rutting, and joint faulting. Most of these sections were built 
in the 1980s and 1990s.

These tables show a range of characteristics and performance 
of these composite pavements:

•	 Asphaltic surfaces include 1.2-in. SMA over PCC and over 
HMA, 2- to 5-in. dense-graded HMA, 1-in. permeable HMA 
over dense HMA, porous friction course over HMA, 1-in. 
ARFC over PCC, and a 0.6-in. Novachip over HMA.

•	 The concrete layers show a wide range of thicknesses, from 
5 to 14.5 in. JPC. The RCC ranges from 6 to 15 in.

•	 Joint spacing for JPC ranged from 15 to 30 ft typically. 
Joints were often not cut in RCC; however, some were cut 
at 15- to 45-ft intervals.

•	 Dowels were on some heavily trafficked sections but were 
not used on many. No dowels were used with RCC. Reflec-
tion cracks often dramatically showed the benefits of dowel 
bars to control joint load efficiency.

•	 Truck traffic ranged from low to very heavy. Typically, the 
following ranges existed in units of trucks per year in the 
heaviest travel lane:

	4 Interstates and freeways: 1.4 million trucks/year (range, 
0.5 to 3.6);

	4 Highways: 0.2 million trucks/year (range, 0.1 to 0.3); and
	4 Local streets: 0.05 million trucks/year (range, 0.004 to 0.08).

•	 The total trucks in the design lane ranged up to 47 million, 
and the age ranged up to 45 years.

•	 One section had a total life of 45 years, during which the 
asphaltic surface was replaced three times but the PCC 
did not require repair in any way. In fact, fatigue cracks 
developed only on the exceptionally thin PCC layers on 
some experimental sections. None of the typical thickness 
JPC developed any structural fatigue cracking of the slab.

•	 The composite pavements exist in all major climatic zones 
and over many types of subgrade soil.

Table 2.13. As-constructed WMA  
Mix Properties

Property Value

% Passing 12.5-mm (½-in.) sieve 100.0%

% Passing No. 200 sieve 4.9%

Asphalt binder percentage by weight 5.5%

Voids in mineral aggregate 15.0%

Bulk specific gravity 2.398

Max specific gravity 2.482

Average core density 143.8 lb/ft3

Table 2.14. HMA/PCC Composite Pavement Field Sections

Composite Pavement Type Location Construction Year and Traffic Comments

HMA/CRC Composite Pavements

4-in. HMA over 12-in. CRC San Antonio, Texas
I-10 eastbound (southbound)
MP 560–562
24 million trucks in 25 years in 

outer lane

1986
Outside lane widening of existing 

continuously reinforced con-
crete pavement (CRCP)

2011: No reflection transverse 
cracks. Some longitudinal 
cracks in both wheelpaths 
(~5%) and full length near 
shoulder (reflection from CRC/
shoulder joint). Medium  
severity raveling. No other  
distresses. 0.4-in. rutting.

(continued on next page)
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2-in. SMA over 2.25-in. HMA 
binder over 8-in. CRC

O’Fallon/Fairview Heights, Illinois
I-64 westbound
MP 9-16
1.4 million trucks in 5 years in 

inner lane

2006
Inside lane widening of existing 

CRC pavement

2011: No transverse reflection 
cracking. Pavement is in  
excellent condition. Occasional 
minor midlane longitudinal 
cracking (could be PCC longi-
tudinal joint reflection). No other 
distresses. ~0.0-in. rutting.

2-in. porous HMA over 9-in. CRC Wilsonville/Oregon City, Oregon
I-205 eastbound
MP 3-8
5.2 million trucks in 4 years in 

outer lane

2007 porous HMA
1968 CRCP
Outside lane widening of existing 

CRCP

2011: No reflection transverse 
cracks. Some longitudinal 
cracks in both wheelpaths 
(~5%) and full length near 
shoulder (reflection from CRC/
shoulder joint). Medium severity 
raveling. No other distresses. 
0.4-in. rutting.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments

(continued on next page)
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1.5-in. SMA over 3.0-in. HMA 
binder over 8-in. CRC

Henrico County/Richmond, 
Virginia

I-64 westbound
MP 184-185
1.7 million trucks in 5 years in 

outer lane

2006
Outside lane widening of existing 

CRCP

2011: Pavement is in excellent 
condition. No observable  
distresses. No transverse 
reflection cracks. Condition 
rating 97/100. 0.14-in. rutting.

2-in. porous HMA over 10-in. 
CRC

The Netherlands, West of Utrecht
A12
19 million trucks in 10 years in 

outer lane

1998 construction
Heavy truck traffic
New HMA/CRC construction

2008: Excellent performance 
over 10 years. Minor rutting. 
No reflection cracking. Some  
raveling of porous asphalt  
surface. Raveling not exces-
sive but likely will necessitate 
that the surface layer be 
replaced within about 5 years.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments

(continued on next page)
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(continued on next page)

2.8-in. porous HMA over 10-in. 
CRC

The Netherlands, Province of 
Limburg, between Venlo and 
Echt-Susteren

A73
2 million trucks in 1 year in outer 

lane

2007
New HMA/CRC construction

2008: Excellent condition. No 
distresses. No reflection crack-
ing or any other kind of crack-
ing. Very low noise and 
extremely smooth ride. Dele-
gation’s hosts stated that the 
construction quality was excel-
lent on this project.

0.5-in. Asphalt rubber friction 
course (ARFC) over 13-in. CRC

90 miles west of Phoenix, 
Arizona

I-10 westbound
MP 76
20 million trucks in 16 years in 

outer lane

1994 construction
New ARFC/CRC construction 

outer lane

2011: Pavement in poor condition 
over 16 years and very heavy 
truck traffic. Minor rutting. Most 
transverse reflection cracks 
have come through due to thin 
surface. 20 punchouts per mile. 
Raveling of porous asphalt  
surface. Project needs 
rehabilitation.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments
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1.0-in. ARFC (2005) over 9-in. 
CRC (1989)

Phoenix, Arizona
Loop 101, MP 7-14
2.6 million trucks over 5 years in 

outer lane

2010
ARFC (2005) over CRC (1989) 

construction

2011: Excellent condition. No 
distresses. Very low noise and 
extremely smooth ride.

HMA/RCC Composite Pavement

3.0-in. HMA over 8-in. RCC Grove City/Columbus, Ohio
White Road, ~700 ft east of 

Buckeye Parkway
70,000 trucks over 7 years in 

outer lane

2003
New HMA/RCC construction

2010: Very good condition. 
Excellent ride. No RCC cracks 
or any other transverse crack-
ing. RCC sawed at 45 ft spac-
ing. HMA sealed immediately 
after reflection cracks came 
through. Very minor wheelpath 
raveling in parts. 0.04-in. 
rutting.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments

(continued on next page)
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1.5-in. HMA over 8-in. RCC Columbus, Ohio
Lane Avenue, approximate 

address is 350 West Lane 
Avenue

270,000 trucks over 9 years in 
outer lane

2003
New HMA/RCC construction

2010: Very good condition. 
Excellent ride. One unsealed 
reflection crack observed.  
Others were sealed after 
crack came through. RCC 
sawed at 30-ft spacing. 
Cracks at 90 ft spacing and 
some additional cracking sug-
gest (40%) have reflected to 
date. 0.04-in. rutting.

HMA/JPC Composite Pavement

3.5-in. HMA over 12.5-in. JPC
20-ft joint spacing
Slab width 12.5 ft (milled original 

3.5-in. HMA in 2001 and new 
3.0-in. HMA placed)

Chicago, Illinois
I-294 eastbound and westbound
MP 17.7 to 36.4
30 million trucks over 19 years in 

outer lane

1992 and 2001
Outside lane widening of existing 

JPCP from three to four lanes
Milled original 3.5-in. HMA in 

2001 and new 3.0-in. HMA 
placed

2010: Four sections surveyed. 
Only reflection cracking from 
20-ft spaced transverse joints, 
no midpanel cracks. Some 
roughness caused by minor 
raveling and reflection crack 
sealing and deterioration of 
reflection cracks. 0.2-in. rutting.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments

(continued on next page)
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3.0-in. HMA over 8-in. JPC
20-ft joint spacing

Grove City/Columbus, Ohio
Hoover Road, between String-

town Road and Dartmoor 
Road

400,000 trucks over 8 years in 
outer lane

2003
New HMA/JPC construction

2010: Good condition. ~60% of 
the sawed joints in the JPC 
have reflected through. HMA 
sealed after reflection cracks 
came through. Only transverse 
cracks are reflection cracks. 
Some roughness attributable 
to crack sealant and utility 
cuts. 0.04-in. rutting.

3.0-in. HMA over 8-in. JPC
20-ft joint spacing

Grove City/Columbus, Ohio
Buckeye Parkway, ~2,000 ft 

south of Holton Road
100,000 trucks over 10 years in 

outer lane

2003
New HMA/JPC construction

2010: Very good condition. 
~90% of the sawed PCC joints 
have reflected through. HMA 
typically sealed after reflection 
cracks came through. Only 
transverse cracks are reflec-
tion cracks. Some minor pol-
ishing in wheelpath. No other 
distresses. 0.02-in. rutting.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments

(continued on next page)
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3.0-in. HMA over 7-in. JPC
18-ft joint spacing

Columbus, Ohio
Approximate address is 3218 

McCutcheon Crossing Drive,  
a residential subdivision street

42,000 trucks in 9 years in one 
lane

2003
New HMA/JPC construction

2010: Very good condition. 
~90% of the sawed PCC joints 
have reflected through. Some 
HMA sealed after reflection 
cracks came through. Only 
transverse cracks are low-
severity reflection cracks.  
0.00-in. rutting.

1.2-in. SMA over 10.3-in. JPC 
(widened slab)

16.4-ft joint spacing

Germany, south of Munich
A93
47 million trucks over 13 years in 

outer lane

1995
New SMA/JPC construction

2008: Excellent performance 
over 13 years. All transverse 
and longitudinal joints sawed 
and sealed. Minor rutting. No 
additional reflection cracking 
or midslab cracking. Some 
SMA patching at transverse 
joints for unknown reasons.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments

(continued on next page)
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4-in. HMA over 6-in. JPC Seattle, Washington
I-5 northbound and southbound
MP 178 to 198
30 million trucks over 45 years in 

outer lane

1966 (1.8-in. HMA overlays in 
1979, 1995, and 2006)

New HMA/PCC construction

2011: Pavement overlay in 2006 
and existing pavement in 
excellent condition. Very few 
reflection cracks. No other 
distresses.

3-in. HMA
9-in. JPC
20-ft joint spacing
12 sections constructed to evalu-

ate various reflection crack 
treatments

New York, New York
Jamaica Avenue
Between 127th Street and Van 

Wyck West Service Road
300,000 trucks in 7 years in outer 

lane

2000
New HMA/PCC construction

2007: Two 20-ft sections 
included in analysis: one with 
sawed and sealed joints and 
one with no reflection crack 
treatments (control). 0.05-in. 
rutting. Pavement in good con-
dition with all control joints 
(80% total length) reflected 
through. Various reflection 
crack treatment options had 
varying performances by 
sawed and sealed joints best 
performing.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments

(continued on next page)
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3-in. HMA
9-in. JPC
15-ft joint spacing
12 sections constructed to evalu-

ate various reflection crack 
treatments

New York, New York
Jamaica Avenue between Van 

Wyck East Service Road and 
Sutphin Boulevard

300,000 trucks in 7 years in outer 
lane

2000
New HMA/PCC construction

2007: Two 15-ft sections 
included in analysis: one with 
sawed and sealed joints and 
one with no reflection crack 
treatments (control). 0.05-in. 
rutting. Pavement in good  
condition with all control joints 
(60% total length) reflected 
through. Various reflection 
crack treatment options had 
varying performances by 
sawed and sealed joints best 
performing treatment.

1-in. ARFC
14.5-in. JPCP doweled
13-, 15-, 17-ft joint spacing

Tucson, Arizona (01-86)
I-10 urban freeway
MP 255
20 million trucks in 9 years in 

outer lane

2002 construction of new ARFC/
JPC

2011: Only transverse joint low 
severity reflection cracks, no 
transverse fatigue cracks. Very 
smooth, 0.12-in. rutting. Pave-
ment in excellent condition.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments

(continued on next page)
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1-in. ARFC
13-in. JPCP, doweled
Widened slab
13-, 15-, 17-ft joint spacing

California/Arizona state line,  
MP 8 (02-24)

I-10
11 million trucks in 6 years in 

outer lane

2004 construction both ARFC 
and JPC

2011: Only transverse joint low 
severity reflection cracks, no 
transverse fatigue cracks. Very 
smooth, 0.08-in. rutting. Pave-
ment in excellent condition.

1-in. ARFC
14-in. JPCP, doweled, widened 

slab 13 ft
13-, 15-, 17-ft joint spacing

100 miles west of Phoenix, 
Arizona

I-10 (92-39)
MP 60 EBL
20 million trucks in 17 years in 

outer lane

1994
New ARFC/JPC construction

2011: Only transverse joint low 
severity reflection cracks, no 
transverse fatigue cracks. Very 
smooth, 0.08-in. rutting. Pave-
ment in good condition after 
15 years.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments

(continued on next page)
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1-in. ARFC
11.5-in. JPCP, nondoweled
13-, 15-, 17-ft joint spacing

Phoenix, Arizona
L-101 (98-159)
Urban freeway
5 million trucks over 9 years in 

outer lane

2001
New ARFC/JPC construction

2011: Only transverse joint low 
severity reflection cracks, no 
transverse fatigue cracks. Very 
smooth, 0.06-in rutting. Pave-
ment in excellent condition 
after 10 years.

1-in. ARFC
13-in. JPCP, nondoweled
13-, 15-, 17-ft joint spacing

Phoenix, Arizona
L-202 (03-06)
Urban freeway
600,000 trucks in 5 years in outer 

lane

2005
New ARFC/JPC construction

2011: Only transverse joint low 
severity reflection cracks, no 
transverse fatigue cracks. Very 
smooth, 0.07-in. rutting. Pave-
ment in excellent condition 
after 6 years.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments

(continued on next page)
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1-in. ARFC
14-in. JPCP, doweled
13-, 15-, 17-ft joint spacing

Flagstaff, Arizona
I-40 (04-68)
5 million trucks over 3 years in 

outer lane

2007
New ARFC/JPC construction
Heavy truck loadings

2011: Only transverse joint low 
severity reflection cracks, no 
transverse fatigue cracks. Very 
smooth, 0.08-in. rutting. Pave-
ment in excellent condition 
after 4 years.

3-in. HMA
6-in. JPCP, doweled and non-

doweled, 15-ft joint spacing

R21 MnROAD site 40 miles west 
of Minneapolis, Minnesota

I-94 WBL
600,000 trucks in 1 year in outer 

lane
70,000 trucks in 1 year in inner 

lane

2010
New HMA/JPC construction

2011: Transverse joints sawed 
and sealed in good condition, 
other low severity reflection 
cracks, no transverse mid-
panel fatigue cracks. Very 
smooth, minor rutting. Pave-
ment in excellent condition 
after 1 year.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments

(continued on next page)
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2-in. HMA
5-in. JPCP, doweled and non-

doweled, 15-ft joint spacing

MnROAD site (pooled fund) 40 
miles west of Minneapolis, 
Minnesota

I-94 WBL
1,000,000 trucks in 2 years in 

outer lane
116,000 trucks in 2 years in  

inner lane

2009
New HMA/JPC construction 

(pooled fund project)

2011: Reflection transverse non-
doweled joints high severity, 
doweled joints low-medium. 
About 50% slabs cracked 
outer lane and 10% cracked 
inner lane. Reconstruction 
after 2 years.

Additional HMA/JPC or HMA/RCC Composite Pavement

5/8-in. Novachip
3-in. HMA
11-in. JPC doweled
Random 18-,19-, 21-, and 27-ft 

joint spacing

Raleigh, North Carolina
I-40
MP 270 to 279
4.4 million trucks over 5 years in 

inner lane

2005
Inside lane widening of existing 

JPC

2010: Rides very well, no reflec-
tion cracking or any other 
cracking. JPCP and Novachip 
in good condition. 0.2-in. 
rutting.

3-in. HMA
8-in. JPC
15-ft joint spacing

Franklin County, Ohio
Route 161
MP 16.75 to 23.84 (from I-270 to 

East County Line)
2.4 million trucks over 11 years

1993
New HMA/JPC construction

2004: Condition rating 78/100. 
0.1-in. rutting. Milled and over-
laid in 2005/2006.

1-in. porous HMA
1.6-in. HMA
10-in. JPC, dowels
15-ft joint spacing

Scarborough/Pickering
Ontario, Canada
Hwy 401
1 km east of White Road to  

Brock Road
18 million trucks over 13 years in 

outer lane

1996
Outside lane widening of existing 

JPC

2009: Condition rating 84/100, 
IRI 70 in./mi, 0.15-in. rutting. 
Good condition. All PCC trans-
verse joints have reflected 
through the HMA layers.

1-in. porous HMA
1.6-in. HMA
10-in. JPC
15-ft joint spacing

Scarborough/Pickering
Ontario, Canada
Hwy 401
Neilson Road to 1 km east of 

White Road
21 million trucks over 14 years in 

outer lane

1995
Outside lane widening of existing 

JPC

2009: Condition rating 84/100, 
IRI 81 in./mi, 0.16-in. rutting. 
Good condition. All PCC trans-
verse joints have reflected 
through the HMA layers.

1.6-in. SMA
2.0-in. HMA
9-in. JPC
15-ft joint spacing

Toronto
Ontario, Canada
Hwy 401
Renforth Drive to Hwy 27
15 million trucks over 5 years in 

outer lane

2002
Outside lane widening of existing 

JPC

2009: Condition rating 90/100, 
IRI 70 in./mi, 0.21-in. rutting. 
Excellent condition. Majority 
PCC transverse joints have 
reflected through the HMA 
layers.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments

(continued on next page)
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3.2-in. HMA
10-in. JPC
15-ft joint spacing

Toronto
Ontario, Canada
Hwy QEW
Stoney Creek to St. Catharines
27 million trucks over 16 years in 

outer lane

1993
Heavy truck traffic
Outside lane widening of existing 

JPC

2009: Condition rating 67/100, 
IRI 95 in./mi, 0.20-in. rutting. 
Average condition. All PCC 
transverse joints have reflected 
through the HMA layers.

1.0-in. porous HMA
4.0-in. HMA
10-in. JPC, no dowels
15-ft joint spacing

Rock Hill, South Carolina
South of Charlotte, North 

Carolina
I-77
MP 84 to 90
2 million trucks over 10 years in 

outer lane

2000
Inside two lanes JPC widening of 

existing CRC

2009: Condition rating 4.05/5.0, 
IRI 53 in./mi, 0.15-in. rutting. 
Excellent condition. No 
observed reflection cracks. 
Still looks excellent.

3.2-in. HMA
7.4-in. JPC no dowels
15-ft joint spacing

LTPP Section 872811, London
Ontario, Canada
Route 402
Eastbound driving lane about  

1 km west of Hwy 21 junction
5.4 million trucks over 23 years in 

outer lane

1977
New HMA/JPC construction

2010: IRI 95 in./mi, 0.24-in.  
rutting. Average condition. All 
PCC transverse joints have 
reflected through the HMA 
layers.

1-in. HMA
15-in. RCC
No joints

LTPP Section part of SPS-1
US 93 Northwest Arizona
1.4 million trucks over 13 years

1993
New HMA/RCC construction

2006: Transverse reflection 
cracks moderate severity,  
0.18-in. rutting, minimum  
alligator cracking.

HMA/CTB or LCB Sections from LTPP Database

4.2-in. HMA
6.6-in. LCB

LTPP Section 062038
Del Norte County, California
Route 101
MP 30; 1.7 mi north of Railroad 

Avenue overcrossing and  
0.6 mi south of Grants Pass/
Route 199 exit

5.7 million trucks over 25 years

1972
New HMA/LCB construction

2007: IRI 82 in./mi, 0.16-in.  
rutting. Average condition.  
1 transverse crack every 10 to 
20 ft. Sealcoated in 2000.

2.4-in. HMA
6.3-in. LCB

LTPP Section 382001
West Grand Forks County, North 

Dakota
Route 2
MP 340; 9.5 mi east of State  

Hwy 18, 16.5 mi west of I-29
1.1 million trucks over 11 years

1978
New HMA/LCB construction

1989: IRI 105 in./mi, 0.47-in.  
rutting. Fair condition. 1 trans-
verse crack every 10 to 20 ft. 
Sealcoated in 1990.

2.4-in. HMA
11.2-in. CTB

LTPP Section 562017
Campbell County, Wyoming
Route 387
MP 136.1. 4.3 miles east of Pine 

Tree Junction (State Hwy 50 
and State Hwy 387)

1.7 million trucks over 16 years

1982
New HMA/CTB construction

1998: IRI 124 in./mi, 0.20-in.  
rutting. Poor condition. One 
transverse crack every 10 to 
20 ft. Overlaid in 1999.

4.2-in. HMA
10.6-in. CTB

LTPP Section 562019
Campbell County, Wyoming
Route 59
MP 103.3. 9.1 miles south of I-90 

overpass
1.4 million trucks over 9 years

1985
New HMA/CTB construction

1994: IRI 105 in./mi, 0.20-in.  
rutting. Fair condition. One 
transverse crack every 20 ft. 
Overlaid in 1997.

Note: EBL = eastbound lane; WBL = westbound lane.

Table 2.14. HMA/PCC Composite Pavement Field Sections (continued)

Composite Pavement Type Location Construction Year and Traffic Comments
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Introduction

This chapter summarizes the results of the field testing 
for the constructed test sections, the details of which are 
included in the appendices. These results were used to refine 
and validate rutting and reflection cracking models, as well 
as to perform mechanistic-empirical (M-E) modeling of 
HMA/PCC composite pavements using the DARWin-
ME models and compare the models with observed field  
performance.

Analysis of Field Data  
at MnROAD

As discussed in Chapter 2, a HMA/PCC field test section 
was constructed at the MnROAD facilities. The HMA/PCC 
section (with RCA in the PCC mix) constructed was labeled 
Cell 70. Two other test sections, Cell 71 and Cell 72, also were 
constructed at MnROAD. Both of those were PCC/PCC com-
posite pavements constructed wet-on-wet. Cell 71 had the 
same lower lift PCC mix as Cell 70 with RCA in the PCC mix, 
whereas Cell 72 did not have RCA in PCC mix. Construc-
tion details for Cells 71 and 72 are included in Appendix F 
and discussed in Volume 2. For the sake of comparing HMA/
PCC with PCC/PCC and understanding the effects of the 
HMA surface layer, some information from Cells 71 and 72 is 
included in this chapter.

PCC Slab Temperature Profiles

The simplest way to characterize the temperature distribution 
in the slab is by assuming a linear distribution for the tem-
perature throughout the depth of the slab. The linear tempera-
ture gradient (LTG) is calculated as the temperature difference 
between the top and bottom of the slab taken over the dis-
tance between the two. However, several field studies have 
shown that the distribution of temperature throughout the 

slab depth is primarily nonlinear (Armaghani et al. 1987, 
Yu et al. 1998). To account for the nonlinearity of the tem-
perature distribution in the slab, the equivalent tempera-
ture gradient concept was developed (Thomlinson 1940, 
Choubane and Tia 1992, Mohamed and Hansen 1997). The 
effective linear temperature gradient (ELTG) is a linear gra-
dient that would produce the same curvature in the slab 
as the original nonlinear temperature gradient. The ELTG 
concept was later generalized for nonuniform, multilay-
ered slabs (Khazanovich 1994, Ioannides and Khazanovich 
1998). The latter method in which the ELTG is established 
for an effective slab, with a thickness and stiffness equiva-
lent to that of a composite multilayer section, is employed 
in this study.

Effect of Location on Slab (Midslab versus  
Edge versus Corner)

Temperature distribution throughout the slabs for Cell 70 
was compared at three different locations (midslab, edge, 
and corner) within both instrumented HMA/PCC slabs, as 
shown in Figure 3.1. The figure shows that the LTG for all 
locations throughout the majority of the day is consistent. 
The peak LTG for all locations is observed in the late after-
noon, when the peak ambient temperature and solar radia-
tion are seen. The highest LTG was observed at midslab, and 
the smallest occurred in the corner, although the variation 
is marginal.

The depths of the two thermocouples used at each location 
to establish the gradients affect the magnitude of the LTGs. 
The as-built depths for the thermocouples in Slabs 1 and 2 
are given in Table 3.1. The table shows that the as-built depths 
for the thermocouples in Slab 1 are the same for all locations. 
For Slab 2, corner thermocouples are approximately 0.25 in. 
above the top thermocouples at the edge and midslab loca-
tions. Therefore, the depths of the thermocouples can be 
considered to be approximately the same for all locations. It 
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should be noted that the depth of the sensors throughout the 
slab was established by subtracting the design depth from the 
surveyed position of the top sensor. The possible differences 
between the actual and estimated depths of the sensors most 
likely contributed to some variation in the magnitude of 
the LTGs.

Figure 3.1 shows that there is some variation in the LTG 
as a function of the location of the thermocouples within 
the slab. The magnitude of the gradient is slightly larger at 
midslab for both slabs. The LTGs at the edge are also slightly 
larger than the corner for both slabs.

Effect of HMA Layer

For comparison between the temperature gradients that 
develop in Cells 71 and 72 with respect to Cell 70, only the 
data for Cell 71 were used because the data for Cell 71 were 
complete, unlike those for Cell 72. In the case of Cell 70, 
the curling of the PCC layer covered with HMA is dictated 
by the temperature gradient in the PCC because of the 
relatively lower stiffness of the HMA. Therefore, the tem-
perature gradient through just the PCC layer for Cell 70 is 
considered in the analysis. In Cell 71, the curling induced 
by a temperature gradient is caused by the temperature  

distribution throughout the entire slab. Therefore, the tem-
perature gradient was established in Cell 71 based on the 
composite temperature distribution of both the upper PCC 
layer and the lower PCC layer.

Figure 3.2 and Figure 3.3 show the distribution of the 
LTGs in the PCC layer for Cell 70 and the entire slab for Cell 
71, respectively. Table 3.2 summarizes a statistical compari-
son made between the distributions of LTGs. As shown in 
Table 3.2 and the histograms for the two pavement cells, the 
LTGs are lower for Cell 70 than for Cell 71. This suggests that 
for Cell 70, as expected, the nonlinearity of the temperature 
gradient decreases because of the HMA overlay. Additional 
details are provided in Appendix H.

Figure 3.4 provides a direct comparison between the aver-
age LTGs for both slabs in Cells 70 and 71. Cell 70 shows a 
higher frequency of occurrence of gradients near zero and 
a lower frequency of larger gradients, when compared with 
Cell 71. Again, the upper HMA layer in Cell 70 serves as an 
insulating layer.

The previous two analyses have shown that although the 
magnitude of the weighted average temperature (WAT) 
for Cell 70 was relatively large, the LTGs that developed 
were less. It is hypothesized that not only is the magnitude 
of the gradient lower in Cell 70 when compared with Cells 
71 and 72, but the nonlinear component of the tempera-
ture gradient is also reduced. The upper HMA layer helps 
to buffer the lower PCC layer from more rapid temperature 
swings, thereby reducing the potential for highly nonlin-
ear temperature distributions to develop in the upper por-
tion of the PCC layer. Figure 3.5 and Figure 3.6 illustrate 
the temperature distributions in the slabs throughout a 
single summer day for Cells 70 and 71, respectively. As can  
be seen from these figures, the deviation of the temperature 
profiles from a linear gradient is more pronounced in Cell 71. 
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Figure 3.1. LTG in the PCC layer for various slab locations in  
Cell 70 on July 19, 2010.

Table 3.1. Depths at the Top 
and Bottom Thermocouples  
for the PCC Layer in Cell 70

Corner 
(in.)

Midslab 
(in.)

Edge 
(in.)

Top 3.75 3.75 3.75

Bottom 9.25 9.25 9.25
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Based on this, it can be concluded that the LTG alone is not suf-
ficient in characterizing the actual variation of the temperature 
throughout the depth. The nonlinearity of the temperature 
distribution also should be evaluated.

The ELTGs were estimated for Cells 70 and 71 using Equa-
tions 3.1 through 3.3.
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where
	DTeff =  difference between temperatures at the top and 

bottom surfaces of the effective slab,
 T(z) =  temperature distribution through the PCC concrete,
 T0 = zero-stress temperature,
 z =  vertical coordinate measured downward from the 

neutral axis of the composite pavement,
 htop = thickness of the upper layer,
 hbot = thickness of the lower layer,
 Etop = elastic modulus of the upper layer,
 Ebot = elastic modulus of the lower layer,
	 atop =  coefficient of thermal expansion of the upper layer,
	 abot =  coefficient of thermal expansion of the lower layer, 

and

Table 3.2. Comparison of Statistics of LTG 
Between Cells 70 and 71

LTG, F/in.

Cell 70 Cell 71

Slab 1 Slab 2 Slab 1 Slab 2

Average -0.06 -0.08 -0.09 -0.10

Maximum 3.32 3.37 3.94 4.14

Minimum -1.83 -1.97 -2.20 -2.26

Standard deviation 0.88 0.90 1.14 1.22

Median -0.27 -0.30 -0.36 -0.38

Figure 3.2. LTG distribution for Slabs 1 and 2 for Cell 70.

Figure 3.3. LTG distribution for Slabs 1 and 2 in Cell 71.
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Figure 3.4. Comparison of relative frequencies for LTGs in 
Cells 70 and 71.

Figure 3.5. Temperature distributions in the PCC for Cell 70.

Figure 3.6. Temperature distributions in the composite section 
for Cell 71.
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 heff =  effective thickness of the pavement, which can be 
determined from Equation 3.2:
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 x =  distance between the neutral plane and the top sur-
face of the upper layer, which can be determined 
from Equation 3.3.
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Figure 3.7 shows the variation in the ELTGs between 
Cells 70 and 71. The summary statistics for the ELTGs that 
developed in both cells are presented in Table 3.3 and Table 3.4. 
As noted, Cell 70 shows a higher frequency of occurrence of 
ELTGs close to zero, when compared with Cell 71. As seen in 
Figure 3.7, the shape of the frequency distribution curve of 
LTGs and ELTGs for Cell 70 is quite similar, whereas a consid-
erable variation is observed in Cell 71. Unlike the LTGs, the 
ELTGs for Cell 71 are more evenly distributed over a broader 
range. To investigate the significance of variation in LTGs and 
ELTGs within a cell and the variation of each of these gradients 
between the cells, paired t-tests for two sample means were per-
formed. Results from the t-tests are given in Table 3.3 and Table 
3.4. The variation between the LTGs and ELTGs for Cell 70 is 
not significant, whereas it is quite significant for Cell 71. This 
indicates that the gradients that develop in the HMA/PCC 
pavements tend to be more linear than those in the PCC/PCC 

pavements, as is supported by the temperature profiles pro-
vided in Figure 3.6.

The results of the paired t-test for the ELTGs between Cells 
70 and 71 also conclude the difference in the ELTGs is signifi-
cant at a 95% confidence level. The ELTGs in Cell 71 (PCC/
PCC) are much higher over a larger period of time than are 
those for Cell 70 (HMA/PCC). Figure 3.7 shows clearly that 
the magnitude of the temperature gradients, as well as the 
frequency at which these higher gradients develop, is signifi-
cantly greater for a PCC/PCC pavement than for an HMA/
PCC pavement.

PCC Slab Moisture Profiles

Besides temperature variation within the slab, the moisture 
variation through the depth is important because the mois-
ture variation through the depth of the slab produces an 
upward warping of the slab, which under the influence of 

Figure 3.7. Comparison of relative frequencies for ELTGs 
in Cells 70 and 71.

Table 3.3. Comparing the LTG and ELTG  
for Cells 70 and 71

Cell 70 Cell 71

LTG ELTG LTG ELTG

Average, °F/in. -0.07 -0.07 -0.08 -0.20

Variance, °F/in. 0.79 0.829 1.29 3.85

Observations 28,649

Hypothesized mean 
difference

0

Degrees of freedom 28,648

t-statistic 1.43 14.64

p-value 0.15 0

t-critical two-tail 1.96  1.96
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traffic load can result in additional stresses. To capture the 
variation in the moisture content through the depth of the 
concrete layers, relative humidity was measured at different 
depths and locations.

A total of 108 humidity sensors were installed in the three 
cells. Ambient relative humidity, temperature, and solar radia-
tion were also measured with the weather station on-site. The 
variation in the daily average ambient relative humidity at the 
project location over the analysis period (May 2010 to March 
2011) can be seen in Figure 3.8. The range of the average daily 
ambient relative humidity is between 50% and 100%.

To assess the seasonal trends in the ambient relative humid-
ity, the average ambient relative humidity for each month of 
the analysis period was calculated as shown in Figure 3.9. It 
can be seen that the ambient relative humidity increases in the 
winter, with the highest values in November and December 
and the lowest value in September.

Figure 3.10 and Figure 3.11 present the variation in rela-
tive humidity with depth for the locations in Cell 70. For the 
first 2 to 3 weeks after paving, there is a significant drop in 
relative humidity. This may be attributed to hydration of the 
concrete. Figure 3.10 was produced using the relative humid-
ity data from the edge of the slab in Cell 70. It shows a varia-
tion in the relative humidity in the concrete during the winter 
months, but the variation was less than that experienced at 
the corner location (Figure 3.11).

In late November, the variation in the relative humidity 
increased suddenly and continued throughout the winter and 
early spring. The increase in relative humidity during the win-
ter months is the result of a decrease in the temperature and not 
a change in the moisture content. Unfortunately, the moisture 
content in the concrete cannot be measured directly and must 
be estimated based on the measured relative humidity. There-
fore, when interpreting these data, it is important to remember 
that the relative humidity will increase when the temperature 
decreases even when the moisture content remains constant. 
For this reason, it is important to make comparisons between 
the concrete relative humidity measurements made at the same 
time of the year over a longer time period (5 or 6 years). It 
typically takes about 5 to 7 years before all of the irrecoverable 
drying shrinkage develops at the surface of the slab. Unfortu-
nately, the complete interpretation of the moisture data is not 
possible because less than 1 year’s worth of data were available 
at the time the analysis for this report was performed.

In Cell 70, the relative humidity near the surface of the lower 
PCC layer (4.8 in. from the HMA surface) experienced a 

Table 3.4. Comparing the ELTG Statistics 
for Cells 70 and 71

ELTG, F/in.

Cell 70 Cell 71

Average -0.070 -0.195

Maximum 3.540 5.951

Minimum -1.864 -4.699

Standard deviation 0.911 1.961

Median -0.292 -0.336

Paired t-test results

Variance, °F/in. 0.829 3.845

Observations 28,649

Hypothesized mean difference 0

Degrees of freedom 28,648

t-statistic 15.11

p-value 0

t-critical two-tail  1.96

Figure 3.8. Daily average ambient relative humidity  
at MnROAD from May 2010 to March 2011.
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sudden drop in relative humidity in the third week of May. This 
time coincides with the time during which the HMA overlay 
was placed (May 20, 2010). To further investigate the reason for 
this sudden drop in relative humidity, the daily variation of the 
relative humidity and temperature in the concrete in Cell 70 
can be found in Figure 3.12. The graph depicts approximately 
4 days before and 3 days after the HMA overlay was placed.

The placement of the HMA overlay is indicated by a spike 
in the temperature of the sensor at a depth of 4.8 in. (from the 
overlay surface). The relative humidity drops at the time of 
the placement of the HMA layer because the high temperature 
of the asphalt mix accelerates the evaporation of moisture from 
the surface of the concrete layer. After the HMA layer cools, it 
acts as an insulation layer to the underlying PCC layer. This 
is reflected in the flat trend exhibited for the higher relative 
humidity measured near the surface of the PCC layer after May 
20, 2010. The HMA layer increased the humidity of the underly-
ing PCC surface. This effect is important because it reduces the 

upward curl of the slab from a much dryer surface and reduces 
the amount of top-of-slab fatigue damage and cracking.

Comparison with Bare PCC Pavement

The most reasonable measurements of the relative humidity 
in bare concrete were obtained from Cell 72. These measure-
ments are shown in Figure 3.13 and Figure 3.14. The relative 
humidity measured at the top of Slabs 1 and 2 for this cell 
show the largest daily variations. This is expected because the 
sensors close to the surface are most heavily influenced by 
the ambient conditions. However, the two top sensors in the 
adjacent slab do not show the same behavior over the analysis 
period. The variation in the relative humidity between the 
lower sensors is small and remains constant over the year 
after initial drying of the concrete. It is possible that this vari-
ability is the result of variations in the sensor depth because 
the exact as-built depths are unknown.

Figure 3.9. Monthly average ambient relative humidity  
at MnROAD from May 2010 to March 2011.

70

75

80

85

90

95

100

105

110

5/5

52/5

41/6

4/7

42/7

31/8

2/9

22/9

21/01

1/11

12/11

11/21

13/21

02/1

9/2

1/3

12/3

% ,ytidi
mu

H evitale
R

 

4.8-in 7.3-in 8.3-in 9.8-in

Figure 3.10. Relative humidity in the concrete at the 
edge of Slab 2 in Cell 70.
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Figure 3.13. Relative humidity in the concrete at the edge  
of Slab 1 in Cell 72.
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Figure 3.14. Relative humidity in the concrete at the edge  
of Slab 2 in Cell 72.
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By comparing Cell 70 (HMA/PCC) and Cell 72 (PCC/PCC), 
one can conclude that for HMA/PCC pavements, although 
PCC top surface moisture content continues to decrease for 
a short while after the HMA layer is placed (thus increasing 
moisture gradient through the depth of the slab), eventually 
the PCC top surface moisture content starts to trend toward 
the relative humidity measured by the lower sensors (thus 
effectively having minimal moisture gradients through the 
depth of the slab). This was not the case for the PCC/PCC 
pavements, which showed variability in the surface moisture 
content depending on ambient conditions. This indicates 
that placement of the HMA layer controls both the variability 
and the magnitude of moisture gradients caused by ambi-
ent weather conditions (solar radiation, rainfall, wind, and so 
forth) through the PCC depth. Without the HMA layer, there 
is much greater variability and magnitude of moisture gra-
dients through the PCC depth. These effects are significant 
for design and performance. The MEPDG does not model 
or change the moisture content in the PCC when an HMA 
surface is placed. This will need to be improved. 

Effect of HMA Layer on PCC Slab Curvatures

The data obtained from the strain gauges embedded in the 
composite pavement slabs were used primarily to compare 
the curvature in the different cells. The data analysis con-
sisted of two parts. The first part assessed the variability in 
the data within a given pavement cell, whereas the second 
part assessed the differences in between cells, as discussed in 
Appendix H. The curvatures for the two slabs in Cell 70 varied 
greatly but Cells 71 and 72 showed agreement between the 
two slabs at most locations. It is hypothesized that not all the 
joints cracked at the same time, and the different effective slab 
lengths resulted in inconsistent curvatures between slabs for 
Cell 70. Considering the large variation between the two slabs 
for Cell 70, the curvatures for both Slabs 1 and 2 for Cell 70 are 
compared with the average values of Cells 71 and 72, as shown 
in Figure 3.15. One should note that after the winter, Cell 72 
has far more upward curvature than Cell 70 does.

Figure 3.15 shows no significant difference in curvature 
between Cells 71 and 72. However, a difference can be found 
between these two cells and Cell 70. For both slabs in Cell 
70, a peak in curvature was reached in the middle of June, 
shortly after construction before HMA was placed. However, 
the difference between the two slabs is that Slab 1 presented 
a decreasing curvature since June, whereas Slab 2 regained 
some curvature between June and December. The initial 
peak in curvature likely is caused by the construction of the 
HMA layer. The high HMA temperatures at placement cause 
evaporation of the moisture in the upper portion of the lower 
PCC layer. However, the HMA layer has a higher permeability 
than a concrete layer of the same thickness, which makes it 

possible for rewetting of the concrete to occur more readily. 
This is most likely why Slab 2 of Cell 70 is the only slab that 
presents a decreasing trend in curvature during the summer. 
Regarding Slab 1 of Cell 70, although an increasing curvature 
was observed between June and December, the magnitude 
of the increase is smaller (0.0001 × 1/ft) than that for Cell 71 
(0.0002 × 1/ft) and Cell 72 (0.00025 × 1/ft). This finding still 
implies the effect of the HMA overlay in diffusing moisture 
downward and therefore rewetting the top of the lower PCC 
layer. The effect of the HMA layer also can be verified with 
respect to the LTGs in the slab.

Figure 3.16 and Figure 3.17 present the variation in the LTG 
during the winter for Cells 70 and 71, respectively. The figures 
show that the positive temperature gradients in Cell 71 are 
much larger in magnitude than those in Cell 70. This results in 
larger daily fluctuations in the curvature, indicating the asphalt 
overlay has a significant insulating effect. Note the high upward 
curvature in March in Figure 3.17.

Based on the analysis of the strain gauge data, and consis-
tent with the analysis of the temperature and moisture data, 
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Figure 3.16. LTG over the winter at the midslab  
for Slab 1 in Cell 70.
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it is hypothesized that for Cell 70, the placement of HMA 
layer resulted in a sudden short-term increase in the curva-
ture, which was attributed to the evaporation of moisture from 
the upper portion of the PCC layer. The HMA layer also had 
long-term effects on the behavior of the PCC layer. It acted 
as an insulation layer and reduced the temperature gradients 
that developed in the underlying PCC layer. Furthermore, the 
high permeability of the HMA layer resulted in additional 
rewetting of the PCC layer for Cell 70 in comparison with the 
other cells during the summer, resulting in reduced moisture 
gradients. The HMA layer also reduced the day-to-day vari-
ability of the temperature and moisture gradients in the PCC 
slab, thereby insulating the PCC slab from both temperature 
and moisture gradients. This has major implications regard-
ing reduction of stresses at the top and bottom of the slab 
and resulting in reduced fatigue damage, especially at the top 
of the slab.

Establishing Built-in Gradients

The built-in gradient includes the temperature and moisture 
gradients that “lock” into the PCC slab at the zero-stress time 
(TZ). TZ occurs after final set and is the point in time when 
the slab has grown sufficient strength (essentially changing 
from semisolid to solid state) to respond to temperature 
changes. Although moisture gradients at TZ have been shown 
to be close to zero (Wells et al. 2006), temperature gradients 
at this point in time can have influential values. Built-in 
temperature gradients are important because, as a result of 
this gradient, the slab does not remain flat during its service 
life, even when temperature and moisture gradients are zero. 
Before TZ, the slab is flat regardless of the temperature gradi-
ent in the slab. The temperature gradient that is present in the 
slab at TZ is locked into the slab.

The TZ, WAT, and built-in temperature gradient were 
established for each instrumented cell at MnROAD. To 

establish TZ, two methodologies were employed, one meth-
odology based on the variation seen in the measured strain 
with respect to temperature changes in the slab (Method 1) 
and the other methodology based on the initiation of curl-
ing in the slabs with respect to LTG (Method 2), as detailed 
in Appendix H. For Cell 70, neither Method 1 nor Method 2 
could be used to compute TZ. Therefore, TZ was deter-
mined, based on the maturity concept, to be between 19 
and 20 hours.

The slab WAT at TZ is another parameter that needs to be 
established. This parameter is significant because it defines 
the amount of uniform thermal expansion and contraction 
in the slab. The WAT between 19 and 20 hours after PCC pav-
ing is approximately 53°F.

The ELTG at TZ is the built-in temperature gradient 
that locks into the slab and influences its future shape. The 
ELTGs estimated using thermocouple data from Slab 1 
between hours 15 and 20 after paving are shown in Figure 3.18. 
The data from the thermocouples in Slab 2 were not usable 
until day 5. The figure shows that the built-in temperature 
gradient for Cell 70 (using TZ of between 19 and 20 hours 
after PCC paving) is approximately -1.1°F/in., which cor-
responds to a built-in temperature difference of -6.6°F for 
a 6-in. PCC slab.

Reflection Cracking of the HMA Layer

Reflection cracking from the joints in the PCC layer into the 
HMA layer is an important performance indicator for HMA/
PCC composite pavements. At MnROAD, to study reflection 
cracking, the HMA/PCC test section was constructed with 
the following subsections:

•	 400-ft driving lane with 1.25-in. diameter dowels and sawed 
and sealed joints (78% trucks);

•	 75-ft driving lane (~ 5 joints) with 1.25-in. diameter dow-
els and no sawed and sealed joints (78% trucks);

Figure 3.17. LTG over the winter at the midslab  
for Slab 1 in Cell 71.

Figure 3.18. ELTG over the range of TZs for Slab 1 
in Cell 70, using thermocouple data.
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•	 400-ft passing lane with no dowels and sawed and sealed 
joints (22% trucks); and

•	 75-ft passing lane (~ 5 joints) with no dowels and no sawed 
and sealed joints (22% trucks).

The field survey of the HMA/PCC section after 1 full year 
of traffic (since construction) shows excellent performance 
of the sawed and sealed joints. Only three joints that were 
sawed and sealed exhibited some minor low-severity cracking 
(~ 6 in. in length) near the sealed joints. The joints that were 
not sawed and sealed all reflected through. This was true for 
both the doweled driving lane and the nondoweled passing 
lane. The effect of dowels is not clear because the two lanes 
are not directly comparable. Both lanes exhibited 100% low-
severity reflection cracking at the transverse joints, but they 
are not comparable with respect to traffic level. In addition, 
the reflection cracks in one lane may have propagated trans-
versely from one lane to another. Figure 3.19 shows side-by-
side comparison of sawed and sealed joints with joints that 
were not sawed and sealed.

Analysis of Field Data at UCpRC

PCC Slab Temperature Profiles

Figure 3.20 illustrates the temperature changes within the bare 
PCC layer for a 5-day period measured using the thermo-
couples cast into the slabs. The figure shows that temperature 
measured by the thermocouple at the top of the PCC layer is 
immediately affected by the changes in air temperatures. On 
the other hand, the measurements indicate a time lag between 
the air temperature peak and peak temperature at the bottom 
of the PCC layer. This time lag creates the PCC temperature 
gradients between the top and bottom of the PCC layer, which 
cause thermal stresses at the top and bottom of the PCC.

To identify the effects of HMA and PCC layer thickness and 
HMA type on the variation of the PCC temperature gradients, 
one year-long set of temperature data (January 1, 2010, to 
December 31, 2010) from the thermocouples located on every 
section were analyzed. Figure 2.22 and Figure 2.25 show the 
lane configuration and instrumentation layout, respectively. 
Temperature data for Lane B are assumed to be similar to those 

Figure 3.19. Side-by-side comparison of joints with no saw and seal ( left) exhibiting reflection cracking and 
sawed and sealed joints (right) exhibiting no reflection cracking.
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for Lane A and not considered for the temperature analysis 
because the only difference between Lane A and Lane B is the 
dowel bars in Lane A. Lane C has the RHMA-G HMA layer 
with thick PCC layer (7 in. [178 mm]) underneath, whereas 
Lane D has the same mix with thin concrete (5 in. [127 mm]) 
underneath. Lane A has the PG64-28PM HMA layer with thick 
PCC layer (7 in. [178 mm]). HMA layer thicknesses also vary 
along the test sections.

PCC temperature gradient distributions were analyzed by 
using these distributions along with box plots, design, and 
interaction plots. Detailed information is given in Appen-
dix J. In this section, only the design plot is used to evalu-
ate the changes in temperature gradient between different 
test sections. Design and interaction plots generally are used 
to compare the influence of a factor on the variation of the 
dependent variable with respect to other factors. Absolute 
values of the PCC temperature gradients were used as depen-
dent variables for the analysis because both negative and 
positive PCC temperature gradients will cause critical tensile 
stresses. PCC and HMA thickness and HMA mix type were 
used as the independent variables for the design and inter- 
action plots. Figure 3.21 shows the design plot.

Key findings from the PCC temperature measurements 
were as follows:

•	 The HMA layer significantly reduces the PCC temperature 
gradients by acting as a thermal insulator.

•	 The thickness of the HMA layer (ranging from 2.5 to 4.5 in.) 
does not have a significant effect on the PCC temperature 
gradient.

•	 HMA type has an effect on the PCC temperature gradient. 
Significantly higher positive PCC temperature gradients 
were observed for the section with the RHMA-G HMA layer. 
This shows that the PG64-28PM HMA layer is reflecting 

more solar radiation (higher albedo) than the RHMA-G 
HMA layer. It can be concluded that the section with the 
RHMA-G layer will experience larger thermal stresses at the 
bottom of the PCC layer than the section with the PG64-
28PM HMA layer as a result of the larger positive PCC tem-
perature gradients.

•	 No significant effect of PCC layer thickness on the variation 
of PCC temperature gradients is observed.

•	 Although HMA aging significantly decreased the PCC 
temperature gradients in the underlying PCC layer inves-
tigated in this study (Appendix J), various cases should be 
analyzed by considering the measured solar radiation and 
albedo effects to produce more reliable conclusions.

HVS Rutting Tests

The purpose of the Heavy Vehicle Simulator (HVS) rutting 
tests was to evaluate the effects of HMA thickness on rut-
ting performance for thin HMA layers on PCC slabs. For this 
reason, two HMA thicknesses were tested for each of the two 
mix types placed on the test sections at the UCPRC. Differ-
ences between the failure mechanisms of sections with PG64-
28PM and RHMA-G mixes with two thicknesses also were 
investigated. The data collected from HVS tests will be used 
for model calibration.

HVS Test Criteria and Conditions

The failure criterion was defined as an average maximum 
rut of 12.5 mm (0.5 in.) over the full monitored section 
(Station 3 to Station 13). Note that the AASHTO Manual of 

Note: Fahrenheit = Celsius × 9/5 + 32. 
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Note: Fahrenheit = Celsius × 9/5 + 32; 1 meter = 39.37 inches. 
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Practice (MOP) recommends using maximum rutting thresh-
old values at the end of design life of 0.40, 0.50, and 0.65 in. 
for interstate, primary, and other roadways, respectively. Testing 
was continued past a 12.5-mm average rut depth until the rut-
ting accumulation rate stabilized. The pavement temperature at 
50 mm (2.0 in.) deep was maintained at 50°C ± 4°C (122°F ± 
7°F) to assess rutting potential under typical conditions.

The HVS loading program for each section is summarized 
in Table 3.5. All trafficking was carried out with a dual-wheel 
configuration with the centerlines of the two tires spaced 
360 mm (14.2 in.) apart, using radial truck tires (Goodyear 
G159-11R22.5 steel belt radial) inflated to a pressure of  

690 kPa (100 psi), in a channelized (no wander), unidirec-
tional loading mode in which the wheel travels one direc-
tion loaded and is lifted off the pavement for the return pass. 
Channelized trafficking is used to simulate the tracking of 
radial tires in the wheelpath once a small rut forms and is 
more aggressive than field conditions in the initial stages of 
rutting before tires begin to track in the ruts. The results of 
the HVS rut tests are summarized here, and details are pre-
sented in Appendix L.

Figure 3.22 shows the average maximum rut, defined as 
the downward rut depth compared with the original pave-
ment surface, averaged along the test sections. The wheel 

Table 3.5. Summary of HVS Loading Program

Section Mix Type

As-built 
Thickness 

(mm)

Wheel 
Loada 
(kN)

Temperatures 
at 50 mm (2 in.)

Repetitions
Average 

(C)
SDb 
(C)

609HB PG64-28PM 116 40 49.5 1.1 63,750

60 136,250

610HB PG64-28PM  72 40 49.8 1.0 64,000

60 137,200

611HB RHMA-G 118 40 48.7 1.1 18,503

612HB RHMA-G  74 40 49.7 1.3 90,000

Total 509,703

Note: 25.4 mm = 1 in., Fahrenheit = Celsius × 9/5 + 32.
a 40 kN = 9,000 lb; 60 kN = 13,500 lb.
b SD = Standard deviation.

Note: 1 mm = 0.0394 in.; 40 kN = 9,000 lb; 60 kN = 13,500 lb. 
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load for the two sections with the PG64-28PM mix (609HB 
and 610HB) was increased from 40 kN to 60 kN at around 
64,000 repetitions. However, increasing the load did not 
have any significant effect on the rutting accumulation rate. 
Early failure was observed for the thick RHMA-G section 
(611HB).

The average maximum rut depth (which considers both 
downward deformation and “humping” of material sheared 
to the sides of the wheelpath averaged along the test section) 
is approximately two times greater than the average rut depth 
(which considers only downward deformation) for both of 
the PG64-28PM sections. The average maximum rut depth 
is nearly three times greater for both of the RHMA-G sec-
tions. This indicates that shearing of material to the side of 
the wheelpath is as important a contributor or more impor-
tant than just the downward rut.

To identify the effect of thickness on accumulated rut-
ting, rutting measurements were converted to permanent 
shear strain (PSS), similar to the PSS determined in the 
laboratory repeated shear test, by dividing the measured 
average maximum rut by the HMA layer thickness of each 
section. Figure 3.23 shows the PSS curves for all sections 
and illustrates that the curves for the two thicknesses of the 
PG64-28PM mix (Sections 609HB and 610HB) are very close.

This result indicates that accumulated rutting for these two 
sections is approximately a linear function of thickness for the 
thickness range in this experiment in which the HMA thick-
nesses are less than 125 mm (5 in.). This result is compatible 
with results of viscoelastoplastic finite element simulations 
of rut depth for different HMA thicknesses on concrete pave-
ment performed during the SHRP 1 A-003A project. The 
SHRP 1 A-003A simulations showed a typical increase in rut 

depth with increasing asphalt thickness at approximately a 
1:1 ratio up to a thickness of approximately 200 mm (8 in.) 
for a given asphalt response to repeated wheel loading, and a 
diminishing effect of asphalt thickness at greater thicknesses, 
assuming uniform temperature and properties through the 
full depth of the asphalt and full bonding with the concrete. A 
less consistent result was observed for the RHMA-G sections 
(Section 611HB and Section 612HB), where the thinner sec-
tion rutted at a faster rate relative to thickness than did the 
thicker section.

Key findings from the HVS rutting study were as follows:

•	 Maximum rut depths for same trafficking increased with 
thicker HMA layers for both mix types, with the PG64-
28PM mix showing approximately a 1:1 relationship 
between rut depth development and thickness and a 
greater than 1:1 relationship, although less consistent, for 
the RHMA-G mix.

•	 The downward deformation in the wheelpath was approxi-
mately equal to the upward deformation of material at the 
sides of the wheelpath for the PG64-28PM mix. For the 
RHMA-G mix, the upward deformations at the sides of 
the wheelpath were greater than the downward wheelpath 
deformation.

•	 Increasing the wheel load for the PG64-28PM sections 
from 40 kN to 60 kN at around 64,000 repetitions did not 
appear to have any significant effect on rutting accumula-
tion rate.

In general, all other things being equal, measured rutting is 
less for thinner HMA layers on PCC slabs than it is for thicker 
HMA layers.
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HVS Cracking Tests

HVS cracking tests were used to investigate the failure mech-
anism of composite pavements and the effect of material, 
HMA thickness, and existence of dowels on pavement life. 
The first cracking test (Section 613HB) was conducted on 
Cell D2 of the UCPRC test track, with a 2.5-in. (64-mm) 
RHMA-G layer on 5-in. (120-mm) concrete without dowels. 
The second cracking test (Section 614HB) was conducted on 
Cell D1 of the UCPRC test track, with a 4.5-in. (114-mm) 
RHMA-G layer on 5-in. (120-mm) concrete without dow-
els. The testing began with a pavement response evaluation 
stage (Stage 1), followed by a crack-inducing stage (Stage 2). 
Each stage can be further divided into substages based on 
pavement temperature and wheel load level. Descriptions 
of the stages and substages are provided in Table 3.6 and 
Table 3.7.

All trafficking was carried out with a dual-wheel configura-
tion with the centerlines of the two tires spaced 365 mm 
(14.4 in.) apart, using radial truck tires (Goodyear G159-
11R22.5 steel belt radial) inflated to a pressure of 690 kPa 
(100 psi), in a channelized (no wander), bidirectional loading 
mode in which the wheel travels both directions loaded. The 
center of the test section (halfway between the two tires) was 
located approximately 28 in. (700 mm) from the edge of the 
slab, placing the outside tire edge and the slab edge 15.7 in. 
(400 mm) apart. Trafficking with the 27-kip (120-kN) load 
was carried out using a tubeless, single-wheel aircraft tire (BF 
Goodrich TSO C62C, 46 × 16) inflated to 1,380 kPa (200 psi).

Data collected during HVS testing included (a) pavement 
temperatures at various depths, (b) joint movements and sur-
face deflections under the HVS wheel load, and (c) changes in 
transverse surface profile. For details of the instrumentation 
plan and measurement results, please refer to Appendix K.

Table 3.6. Description of HVS Cracking Testing Program for  
Cell D2 (Section 613HB)

Stage Substage
Beginning 
Repetition

Ending 
Repetition

Wheel Load 
(kip)

Target Pavement 
Temperature

1 1 0 7,200 6.7, 9, 13.5a 50°C/122°F

1 2 7,201 14,400 6.7, 9, 13.5a Ambientb

2 1 14,401 100,000 9 (40 kN) Ambientb

2 2 100,001 200,000 13.5 (60 kN) Ambientb

2 3 200,001 300,000 18 (80 kN) Ambientb

Note: Fahrenheit = Celsius × 9/5 + 32, 1 kN = 225 lb.
a Each wheel load level was maintained for 2,400 repetitions, with 100 repetitions applied at the  
beginning of each hour.
b Pavement temperature at 50-mm depth ranged from 8°C to 25°C during the test under ambient air.

Table 3.7. Description of HVS Cracking Testing Program  
for Cell D1 (Section 614HB)

Stage 
Code

Beginning 
Repetition

Ending 
Repetition

Ending 
ESALs 
(Million)

Wheel Load/
Half Axle Load 

(kip)

Target 
Pavement 

Temperature

ST_1.1 0 7,200 0.013 6.7, 9, 13.5a 50°C/122°F

ST_1.2 7,201 14,400 0.027 6.7, 9, 13.5a Ambientb

ST_2.1 14,401 100,000 0.113 9 (40 kN) Ambientb

ST_2.2 100,001 200,000 0.580 13.5 (60 kN) Ambientb

ST_2.3 200,001 300,000 1.939 18 (80 kN) Ambientb

ST_2.4 300,001 520,000 9.129 23.5 (100 kN) Ambientb

ST_2.5 520,001 522,000 9.259 27 (120 kN) with  
single aircraft 
tire

Ambientb

Note: ESAL = equivalent single-axle load; Fahrenheit = Celsius × 9/5 + 32, 1 kN = 225 lb.
a Each wheel load level was maintained for 2,400 repetitions, with 100 repetitions applied at the 
beginning of each hour.
b Pavement temperature at 50-mm depth ranged from 8°C to 25°C during the test under ambient air.
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Cell D2 (Section 613HB): Reflection cracking over both 
joints (Figure 3.24) was first observed after 140,000 load rep-
etitions (0.30 million ESALs). Slab cracking was first observed 
reflected through the HMA layer after 260,000 load repeti-
tions (1.38 million ESALs) but is believed to have occurred 
after 195,000 load repetitions (0.60 million ESALs) based on 
measured joint and slab deflection data. The cracks traced on 
the surface after HVS loading was stopped are shown in Figure 
3.24. PCC slab cracking occurred at the corner and midslab 
edge of the slab after reflective cracking at the joints.

Cell D1 (Section 614HB): Cracks traced on the HMA sur-
face at selected points in Cell D1 are shown in Figure 3.25. 
Reflection cracking from underlying joints was first observed 
after 298,400 load repetitions (2.5 million ESALs) over Joint 
J1. No additional surface cracking was observed after 520,000 
load repetitions (12.8 million ESALs), at which point the dual 
wheel half-axle was replaced by single wheel aircraft tire and 
the wheel load was increased to 120 kN (27 kip) and 1.38 MPa 
(200 psi). Once the trafficking with the aircraft tire was begun, 

extensive surface cracking started to develop, and after only 
2,000 additional load repetitions (0.13 million ESALs), the 
total length of the surface crack had increased from 0.8 m 
(2.5 ft) to 17.8 m (58.5 ft). Most of the surface cracks run lon-
gitudinally along the edge of the wheelpaths of the dual wheel. 
They were caused by the change of tire types (i.e., from dual 
wheel to single wheel) and thus were not a reflection of cracks 
in the underlying PCC slab. PCC slab cracking is believed 
to have occurred after 320,000 load repetitions (3.4 million 
ESALs) based on measured joint and slab deflection data.

Air Void Content Distribution in HMA Layers

Rectangular prism blocks were cut from Cells B1, B2, C1, 
and C2 for air void evaluation. Air voids were determined 
by the CoreLok (AASHTO T331) method. Air voids for the 
RHMA-G mix averaged 13.4%, and they averaged 10.2% for 
the PG64-28PM mix, both of which are higher than the aver-
age air void contents for these mixes (approximately 11% and 
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Figure 3.24. Surface cracks traced during the HVS cracking test for 
Cell D2 (Section 613HB) at UCPRC: (a) repetition 5 0.14 million, crack 
length 5 2.5 m (8.3 ft); (b) repetition 5 0.26 million, crack length 5 4.4 m 
(14 ft); and (c) repetition 5 0.30 million, crack length 5 6.4 m (21 ft).
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7%, respectively) in practice on the highway network in Cali-
fornia. Air void contents and distributions for the field blocks 
were also evaluated using computed tomography (CT) scan-
ning performed at the University of California Davis Medi-
cal Center. Figure 3.26 shows the distribution of air voids for 
two rectangular samples sawed from HVS test sections. The 
image on the top left is for the PG64-28PM mix from test 
section 609HB (B1), and the image on the bottom left is 
for the RHMA-G mix from test section 611HB (C1). The 
plot on the right shows the air void content distribution 
for samples from test sections 609HB and 611HB (1 mm 
= 0.0394 in.). The figure shows that air void content in the 
middle depth of each lift is lower than the bottom and top 
of the lift, most likely the result of greater temperatures 
being retained longer in the middle of the lift. The figure 
also shows that the bottom lift is better compacted than 
the top lift. This is likely a result of the reheating and addi-
tional compaction of the bottom lift provided during the 
compaction of the top lift.

Changes in the distribution of air voids in HMA blocks also 
were evaluated by analyzing the CT images that were taken at 
the University of California Davis Medical Center, Radiol-
ogy Department before and after the HVS tests. Four asphalt 
concrete specimens were sawed from each HVS rutting test 
section (16 specimens from four sections). The location of 
the CT blocks and the purpose of the study are described in  
Appendix L. Figure 3.27 illustrates the changes in air void dis-
tribution after HVS testing. The image on the left is the HMA  
block before HVS testing, and the image on the right is for the 
same HMA block after HVS testing.

Table 3.8 shows the changes in air void content of the HMA 
blocks after HVS loading. More densification is observed for 
the sections with PG64-28PM mix (609HB and 610HB).

Asphalt Strain Gauges

To quantify the effect of increasing load, temperature, and 
speed on elastic strain measurements at 50 mm depth, a 
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Figure 3.25. Surface cracks traced during the HVS cracking test for 
Cell D1 (Section 614HB) at UCPRC: (a) repetition 5 0.298 million, crack 
length 5 0.8 m (2.5 ft); (b) repetition 5 0.520 million, crack length 5 
0.8 m (2.5 ft); and (c) repetition 5 0.522 million, crack length 5 17.8 m 
(58.5 ft).
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Figure 3.27. Distribution of air voids shown as colored volume.

Table 3.8. Average Distribution of Air Voids in the HVS Test Sections

Section Mix Type

As-built 
Thickness 

(mm)
Before 
AVa (%)

After 
AVb (%)

Before 
AV Hump 

(%)

After AV 
Hump 

(%)

Before 
AV Rut 

(%)
After AV 
Rut (%)

AV Red. 
Rut (%)

AV Red. 
Total (%)

609HB PG 64-28 116 9.8 8.1 10.5 10.0 9.1 6.0 33 17

610HB PG 64-28 72 10.0 7.9 9.6 9.8 10.4 6.0 42 21

611HB RHMA-G 118 13.8 11.4 14.5 13.2 13.1 9.3 29 17

612HB RHMA-G 74 13.4 11.7 13.2 13.6 13.6 9.7 29 12

Note: AV = air void content; Red. = reduction, 1 mm = 0.0394 in.
a Before HVS testing.
b After HVS testing.

Figure 3.26. Air void distributions (colored volumes are air voids) from CT images.

0

20

40

60

80

100

120

0% 10% 20% 30% 40%
Air Void Content

D
ep

th
 (m

m
)

PG64-28PM - 609HB
RHMA-G - 611HB
Lift - 609HB
Lift - 611HB

HMA Surface

PCC Surface 
(609HB)

PCC Surface 
(611HB)

Composite Pavement Systems, Volume 1: HMA/PCC Composite Pavements

Copyright National Academy of Sciences. All rights reserved.

http://www.trb.org/Main/Blurbs/168145.aspx
http://www.trb.org/Main/Blurbs/168145.aspx
http://www.nap.edu/22685


77   

sensitivity study was performed with strain gauges located 
in the HMA layer. The experimental plan for the sensitivity 
study is given in Table 3.9. A total of 72 tests were run. For 
each test, 100 repetitions were applied with the HVS (7,200 
repetitions for the complete test).

Results for the sensitivity study for the thick RHMA-G 
section (611HB) are given in Figure 3.28 for the transverse 
strain gauge at the edge of the wheelpath at 50 mm depth. 
The figure shows that variability in measured strain for all 
tests is negligible. Temperature appeared to be the most sig-
nificant parameter that affected the strain for both gauges. 
Strain levels increased drastically when temperature was 
increased from 40°C to 50°C for the gauge in transverse 
direction, the direction of flow to move material from out 
of the wheelpath to the sides of the wheelpath. Results of 
the analysis of variance (ANOVA) analysis (Appendix L) 
indicated that temperature is the most significant vari-
able that affects the measured strain values, with p-values 
equal to zero for all strain gauge measurements. In addi-
tion, speed, for the narrow range of values considered in 
this sensitivity study, appears to be an important parameter 
affecting the measured strain values, with p-values smaller 
than 0.05 for all strain gauge measurements. On the other 

hand, load does not have a significant effect on measured 
strain for gauges located in the longitudinal direction, 
whereas changes in load significantly affect the transverse 
strain gauge measurements.

Joint Movement

Joint deflection measurement devices (JDMDs) were used 
to monitor horizontal opening and closing of the slab joints 
and vertical movements of the slab corners caused by daily 
temperature variation on a number of slab corners. Data 
were collected before and after HMA construction. The data 
were used to establish the effects of PCC layer thickness, exis-
tence of dowels, HMA thickness, and HMA material type 
on joint movements. Figure 3.29 shows an example of the 
measured data, in this case for a set of instruments measur-
ing simultaneous horizontal opening and closing of joints 
on different sections. These results show less daily variation 
in joint opening for composite pavements compared with 
bare PCC pavement alone. Lower joint opening could mean 
fewer reflection cracks and less deterioration of these cracks 
because of improved joint load transfer.

The joint movement rate (JMR), defined as the amount 
of horizontal or vertical displacement caused by a unit 
increase in ambient air temperature, was calculated as 
the slope of the straight line fitted through the joint dis-
placement versus air temperature data. The normalized 
horizontal and vertical joint movement rates are shown 
in Figure 3.30. In general, composite pavement HMA lay-
ers over PCC resulted in lower values of JMR compared 
with those of plain bare PCC pavement. The decrease in 
JMR tends to increase with HMA thickness, showing the 
beneficial insulation effects of HMA surfaces of PCC slabs 

Table 3.9. Experimental Plan for Sensitivity Study

Sections
Load 
(kN)

Speed 
(km/h)

Temperature 
(C)

609HB - PG64-28PM - 
114 mm thick or  
611HB - RHMA-G - 
114 mm thick

40, 60, 
or 80

3.1, 5.9, 
or 8.7

20, 30, 40,  
or 50

50oC 20oC40oC 30oC
40kN 60kN 80kN 40kN 60kN 80kN 40kN 60kN 80kN 40kN 60kN 80kN

8.7 km/h

5.9 km/h

3.1 km/h

8.7 km/h

5.9 km/h

3.1 km/h

8.7 km/h

5.9 km/h

3.1 km/h

8.7 km/h

5.9 km/h
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Figure 3.28. Results for the sensitivity study for Section 611HB, transverse strain  
at the edge of tire.
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Note: 1 mm = 0.0394 in.
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Figure 3.30. Normalized joint movement rates measured at different lanes and joints after HMA construction.
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to reduce joint openings. This means improved joint load 
transfer at transverse joints.

hMA Fatigue Bottom-Up  
and top-Down Cracking

Bottom-up area fatigue cracking and longitudinal top-down 
fatigue cracking in the wheelpath, typically observed in flexible 
pavements, are virtually nonexistent in HMA/PCC composite 
pavements because the HMA is almost always in compression, 
unless there is a loss of friction between the HMA and PCC lay-
ers. Thus, adequate and effective long-term bonding between 
the HMA and PCC is crucial for the long-term performance of 
HMA/PCC composite pavements. None of the field surveyed 
sections had any HMA fatigue cracking, even after more than 
25 years and as many as 30 million trucks in the HMA/PCC 
lane. These pavements also exhibit improved long-term ride 
quality (IRI) and noise because wheelpath fatigue cracking is 
eliminated. These are key factors to be considered when evalu-
ating the performance of HMA/PCC composite pavements.

Rutting Model

Multiple rut depth transfer functions have been developed 
over time. Most of these transfer functions were reviewed and 
summarized by Sousa et al. (1994) during the Future Strate-
gic Highway Research Program (F-SHRP) work and by Von 
Quintus et al. (2011) in the conduct of National Cooperative 
Highway Research Program (NCHRP) Project 9-30. MEPDG 
software version 1.1 submitted to NCHRP as a product from 
NCHRP Project 1-37A included one rut depth transfer func-
tion, referred to as the Kaloush-Witczak equation (also referred 
to as the Kaloush equation). This transfer function was based 
on the use of repeated load uniaxial tests and was calibrated to 
rut depths measured on more than 100 test sections, most 
of which were included in the LTPP program. This transfer 
function also was used as the basis for developing the Asphalt 
Mixture Performance Test (AMPT) and in judging the accep-
tance of HMA mixtures under NCHRP Project 9-22. The 
rut depth prediction methodology included in the MEPDG, 
however, has received criticism for multiple reasons. Three 
of the more common reasons include the use of uniaxial or 
unconfined repeated load tests, the applicability of the depth 
function, and the resulting high standard error after the  
calibration-validation under NCHRP Project 1-40D. None 
of the pavement structures included in the initial calibration-
validation process, however, included new HMA/PCC com-
posite pavement structures.

The objective of NCHRP Project 9-30A was to recommend 
revisions to the HMA rut depth transfer function in the MEPDG 
software. The recommended revisions were based on the cali-
bration and validation of multiple rut depth transfer functions 

with measured material properties and performance data from 
roadways and other full-scale pavement sections that incor-
porate modified or other specialty mixtures, as well as unmod-
ified asphalt binders. This section summarizes the evaluation 
of the NCHRP 9-30A rutting models for HMA/PCC compos-
ite pavements, and details are provided in Appendix I.

MEPDG Version 9-30A for Predicting  
Rut Depths: Enhancements

Multiple revisions were made to the MEPDG under NCHRP 
Project 9-30A. The modified revision of the software is referred 
to as “MEPDG Version 9-30A.” This section of the report iden-
tifies and discusses the more important revisions or enhance-
ments for predicting rut depths for composite pavement 
structures, including (1) adding multiple rut depth transfer 
functions to the software, (2) adding layer-dependent plastic 
deformation parameters, and (3) revising the function used to 
consider the lateral distribution or wander of wheel loads.

Multiple Rut Depth Transfer Functions

Multiple rut depth transfer functions are included in MEPDG 
Version 9-30A. Three rut depth transfer functions were used 
for the calibration process to determine the applicability and 
accuracy of each for use in composite pavements: (1) the 
original version of the Kaloush rut depth transfer function, 
(2) a modified version of the Asphalt Institute vertical elas-
tic strain and deviator stress transfer function, and (3) the 
WesTrack shear strain and shear stress transfer function.

MEPDG Rut Depth tRansfeR function

The plastic strain relationship included in the MEPDG to 
predict rut depth in the HMA layer increments is shown as 
Equation 3.4 and represents the baseline condition for evalu-
ating a mixture’s susceptibility to distortion (NCHRP 2008).

ε ε β β β
p r Z r

kr
kr r kr rK T N= ( ) ( )1

1 2 2 3 310 3 4( . )

where
	 ep =  incremental plastic strain at the middepth of 

a thickness increment;
	 er =  resilient strain calculated at the middepth of a 

thickness increment;
 T =  temperature at the middepth of a thickness 

increment, °F;
 N =  number of axle load applications of a specific 

axle type and load interval within a specific 
time period;

	 br1, br2, br3 =  local calibration coefficients, which are all 
equal to 1.0 for the global calibration effort 
completed under NCHRP Project 1-40D;
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 kr1 =  plastic deformation factor and equal to 
-3.35412 based on the global calibration effort;

 kr2 =  plastic deformation factor related to the effect 
of temperature and equal to 1.5606 based on 
the global calibration effort;

 kr3 =  plastic deformation factor related to the effect 
of wheel loads and equal to 0.4791 based on 
the global calibration effort; and

 KZ = depth function and equal to

K C C DZ
D= +( )( )1 2 0 328196 3 5. ( . )

C H H1
20 1039 2 4868 17 342 3 6= − + −. . . ( . )HMA HMA

C H H2
20 0172 1 7331 27 428 3 7= − +. . . ( . )HMA HMA

where
 D =  depth to the middepth of the thickness increment, 

in., and
 HHMA = thickness of the HMA layers, in.

The rationale for the plastic to resilient strain ratio trans-
fer functions is to consolidate the effects of stress level. Verti-
cal stress affects the resilient elastic strain, as well as plastic 
strain. Normalizing the plastic strain to the elastic strain is 
hypothesized to capture the stress effect without including it 
in the regression equation or transfer function (Kaloush and 
Witczak 2000).

The regression coefficients or plastic deformation coeffi-
cients (kr1, kr2, kr3) were determined from unconfined, uni-
axial repeated load plastic deformation tests conducted in the 
laboratory and adjusted to field-measured values. The kr3 fac-
tor is the slope in the steady state or secondary range, whereas 
the kr1 is the intercept of the log-log relationship between the 
number of load applications and cumulative plastic strain. 
The kr2 factor is the effect of temperature on the intercept.

The MEPDG uses an incremental thickness and time 
approach in calculating total HMA rut depth. The depth 
function (refer to Equation 3.5) is included to consider the 
effect of confinement from the upper HMA thickness incre-
ments in calculating the incremental rut depths through all 
of the HMA layers. A time-hardening scheme is included to 
accumulate plastic deformation over multiple load levels and 
seasons (NCHRP 2008). There has been some industry criti-
cism of the applicability of the depth function, whereas the 
time-hardening scheme has been used by others in calculat-
ing total HMA rutting with time.

MoDifieD Leahy Rut Depth tRansfeR function

A modified form of the Asphalt Institute or original Leahy 
equation was used in NCHRP Project 1-40B in an attempt 
to explain the large bias between the predicted and measured 

rut depths (Von Quintus 2005). This modified form is shown 
below but did not eliminate the bias or reduce the standard 
error using selected LTPP experiments Special Pavement 
Studies (SPS)-1 and SPS-5 test sections.
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where
 Va = air voids, percent,
 Vbeff = effective asphalt content by volume, percent, and
	 sd = deviator stress, psi.

Temperature and viscosity terms were included in the 
original version of the Asphalt Institute transfer function 
but were removed because dynamic modulus is calculated 
on an incremental basis with HMA depth and time. It was 
hypothesized that the influences of temperature and viscos-
ity on the intercept are adequately accounted for through 
dynamic modulus—smaller computed elastic vertical strains 
with increasing dynamic modulus values. The average inter-
cept coefficient was determined at the equivalent tempera-
ture and calibrated to field-measured values. The effective 
asphalt content by volume and air void terms were left in the 
regression equation because of their significance (Von Quin-
tus 2006). The other major difference between the original 
Asphalt Institute and the modified Leahy transfer function is 
that the modified Leahy equation was based on results from 
repeated load confined triaxial tests.

WestRack Rut Depth tRansfeR function

The WesTrack plastic shear strain transfer function was devel-
oped using data from the WesTrack field experiment (Epps  
et al. 2002). The mathematical formulation, shown in Equa-
tion 3.9, is M-E based for predicting HMA rutting using shear 
strain and shear stress. This formulation was developed to 
provide a more realistic simulation through laboratory test-
ing of the horizontal plastic deformations that can occur in 
the field (Sousa et al. 1994).

γ γτ
p

b
r

cae N= ( . )3 9

where
	 gp =  permanent shear strain at a depth of 2 in. beneath 

the tire edge,
	 t = corresponding elastic shear stress,
	 gr = corresponding resilient shear strain,
 N =  number of axle load applications of a specific axle 

type and load interval within a specific time period, 
and

 a, b, c = regression coefficients.
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The resilient shear strain measured from the repeated load 
simple shear tests conducted at constant height was used in 
the calibration of the plastic deformation coefficients of the 
HMA mixture. The regression coefficients were determined 
at multiple temperatures, but temperature was excluded in 
the final regression equation. For conventional HMA mix-
tures, the recommended values for the transfer function are 
a = 2.114, b = 0.04, and c = 0.124. The form of the equa-
tion included in the MEPDG Version 9-30A software uses the 
intercept measured at the equivalent annual temperature.

The time-hardening principle included in the MEPDG is 
used to estimate the accumulation of plastic shear strains in the 
HMA under varying site conditions. To implement this trans-
fer function in the MEPDG computational framework, the Nvirt 
expression in the software was changed as follows:

ln ln ln ( . )N a b cp rvirt( ) = ( )− ( )−[ ]γ γ τ 3 10

The incremental plastic shear strain is computed for a 
given stress state, load frequency, modulus, and N computed 
in accordance with Equation 3.9. The rutting that is estimated 
in the HMA layer attributable to the plastic deformation (PD) 
is determined from the following equation, where K equals a 
coefficient related to the thickness of the HMA layer, as shown 
in Table 3.10. As a result, the depth function included in the 
MEPDG is “turned off” when using the WesTrack transfer 
function.

PD K p= γ ( . )3 11

HMA Layer Specific Plastic Deformation  
Model Coefficients

In the MEPDG versions released through NCHRP, one set of 
plastic deformation coefficients is used for all HMA layers. 
The MEPDG computational methodology assumes that the 

differences in HMA dynamic modulus will correctly account 
for differences in rutting susceptibility between different 
mixtures. This assumption has been found to result in a bias 
and increases the standard error of the predicted rut depths 
(Von Quintus et al. 2005, Von Quintus 2005).

Under NCHRP Project 9-30A, the MEPDG software was 
revised to permit the user to enter layer-specific plastic defor-
mation coefficients determined from laboratory repeated load 
tests. For composite pavements with one HMA layer, layer-
specific plastic deformation parameters are not needed. How-
ever, some of the composite pavement sections do include two 
layers or lifts of HMA placed above the PCC slab layer.

Lateral Wander Effects

The standard deviation is used to define the practical limits of 
the width of the lateral distribution of wheel loads. A uniform 
distribution of wheel or axle loads is used between the limits 
defined by the standard deviation of wheel loads. A normal dis-
tribution is believed to provide a more realistic distribution of 
wheel loads for computing total rutting. Thus, under NCHRP 
Project 9-30A, the MEPDG was revised to include a normal 
distribution in the lateral location of the wheel loads for cal-
culating the pavement responses in computing total rut depth.

Predicted Rut Depths: Transfer Function  
Coefficient Global Values

The three transfer functions and their global coefficients 
were used to predict the rut depths measured on the HVS 
test sections and on each of the composite field survey sec-
tions as described in Appendix I. The NCHRP Project 1-40B 
procedure (Local Calibration Guide) was followed in judg-
ing whether any of the transfer functions and their global 
coefficients is a reasonable simulation of the measured rut 
depths. Two parameters are used in determining whether the 
transfer function is adequate or needs to be recalibrated to 
the specific features under evaluation (composite pavement 
structures, in this case): the slope and intercept between the 
predicted and measured values. The following summarizes 
the comparisons.

•	 The Kaloush transfer function using the global coeffi-
cients provided a reasonable estimate of the rut depths 
of the HVS test sections for the PG64-28PM mixture but 
underpredicted the rut depths in the RHMA-G mixture. 
However, the Kaloush transfer function using the global 
coefficients generally overpredicted the rut depths mea-
sured along the R21 field survey sections.

•	 The modified Leahy transfer function using the global coeffi-
cients significantly underpredicted the rut depths measured 
along all HVS test sections and R21 field survey sections.

Table 3.10. Values 
of K as a Function 
of HMA Layer 
Thickness for the 
WesTrack Transfer 
Function

HMA 
Thickness 
(in.) K-Value

5–7  5.5

7–9  7.0

9–12  8.5

>12 10.0
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•	 The WesTrack transfer function using the global coefficients 
significantly under-predicted the rut depths measured along 
all HVS test sections and R21 field survey sections.

Rut depth time or loading series data are available for the 
HVS test sections, but only a few of R21 field survey sec-
tions include rut depths measured over time. Most of these 
include the rut depths measured at one point in time. The 
measured rut depths for the HVS test sections at varying 
loading cycles were compared with the rut depths predicted 
with each transfer function using the global values for the 
transfer functions as shown in Appendix I. The magnitudes 
of the predicted rut depths and relative change of predicted 
rut depths with number of load cycles deviate from the 
measured values.

In summary, the slope and intercept of the trend line 
between the predicted and measured rut depths deviate 
significantly from 1.0 (equality), and the trend line does 
not go through the origin for any of the transfer functions, 
except for the Kaloush transfer function in predicting the 
rut depths measured on the HVS PG64-28PM test sections. 
None of the rut depth transfer functions using their global 
coefficients are believed to provide an accurate simulation 
of the measured rut depths exhibited on the HVS test sec-
tions and R21 field survey sections. As such, all rut depth 
transfer functions need to be redefined for composite pave-
ment structures.

Composite Pavement Calibration Parameters

The results from previous calibration studies were used in 
determining the coefficients for each of the three rut depth 
transfer functions, including NCHRP Projects 9-30, 1-40B, 
and 9-30A. The parameters that have been reported to reduce 

model bias and the standard error of the rut depth transfer 
functions include HMA thickness, stress term coefficient, and 
volumetric properties of the HMA layers (air voids, asphalt 
content, and gradation). A discussion of each of these param-
eters relative to HMA/PCC composite pavements is included 
in Appendix I. However, it should be understood that the in-
place volumetric properties were adequately measured for the 
mixtures placed at the UCPRC HVS test sections, but the same 
properties were extracted from construction records for the 
R21 composite pavement field survey sections. The reliability 
of data extracted from construction records is undefined; as a 
minimum, these data include more error than the data for the 
UCPRC HVS test sections.

As discussed in Appendix I, NCHRP Project 9-30A con-
cluded that, with the appropriate coefficients, all of the transfer 
functions can provide an accurate simulation of the measured 
rut depths (ranging from very low to high rut depths) over a 
diverse range of mixtures, conditions, and pavement struc-
tures. The other important observation was that the N-term 
exponent was found to be the same between all of the transfer 
functions.

UCPRC HVS Test Sections

The three transfer functions were used to predict the rut depths 
measured on the UCPRC HVS test sections and measured on 
each of R21 field survey sections. The difference between the 
field survey and HVS test sections is that repeated load con-
stant height shear tests were performed on each of the HMA 
mixtures placed at UCPRC.

HVS-derived plastic deformation coefficients were deter-
mined for the thicker composite test sections that minimize 
the difference between the predicted and measured rut 
depths, as shown in Table 3.11. This analysis was completed to 

Table 3.11. Summary of Field-derived Plastic Strain  
Coefficients from the 4.5-in. HMA Layer HVS Test Sections 
for the Three Transfer Functions

Transfer Function Coefficients

Mixture
Transfer 
Function Intercept

Stress or 
Temperature 

Term 
Exponent

Slope; 
N-term 

Exponent

PG64-28PM Kaloush -2.761 1.5606 0.35

PG64-28PM Modified Leahy -2.163 1.0 0.35

PG64-28PM WesTrack 3.619 0.01 0.35

RHMA-G Kaloush -2.20 1.5606 0.25

RHMA-G Modified Leahy -1.735 1.0 0.25

RHMA-G WesTrack 13.30 0.01 0.25
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determine the intercept coefficient for each transfer function 
that provides an accurate estimate of the rut depths measured 
over time. These HVS-derived coefficients were also used to 
determine the transfer functions that would or would not 
accurately predict the rutting evolution over a diverse range 
of mixtures.

Figure 3.31 compares the predicted and measured rut 
depths for each transfer function for the HVS test sections. 
As shown, all of the transfer functions can provide an accu-
rate simulation of the measured rut depths (ranging from 
very low to high rut depths). The results also suggest, how-
ever, that thickness correction factors are needed for all 
transfer functions, even for the relatively thin HMA layers 
over PCC layers.

Thickness adjustment factors were estimated from these 
results to eliminate model bias caused by layer thickness. 
Table 3.12 summarizes the HMA thickness adjustment 
factors for each transfer function. Figure 3.32 provides a 

comparison between the predicted and measured rut depths 
after applying the thickness adjustment factor. In summary, 
all three transfer functions can provide an accurate simula-
tion of the measured rut depths. Results from the HVS test 
sections were used to estimate the thickness correction fac-
tors for the R21 field survey sections.

(a) Modified Leahy Transfer Function.

(b) WesTrack Transfer Function.

Figure 3.31. Measured and predicted rut depths using the 
Modified Leahy and WesTrack transfer functions for the  
HVS test sections.

Table 3.12. Thickness  
Correction or Adjustment  
Factors for HVS Test Sections

Transfer Function

HMA Layer 
Thickness

2.5 in. 4.5 in.

Kaloush 1.08 1.0

Modified Leahy 1.35 1.0

WesTrack 0.80 1.0
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(c) WesTrack Transfer Function.

(b) Modified Leahy Transfer Function.

(a) Kaloush Transfer Function.

Figure 3.32. Measured and predicted rut depths for the HVS 
test sections.
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R21 Field Survey Sections

The exponent for the number of load cycles for the three trans-
fer functions was assumed for all R21 field survey sections 
because time series data were unavailable for most of these test 
sections. The rut depths measured on these sections are low and 
suggest well-designed mixtures that are resistant to deforma-
tion. Most of the measured rut depths are less than 0.30 in., 
with an average value from all sections of about 0.17 in. Some of 
these sections have heavy truck traffic. The slope value assumed 
for all projects was simply the average value determined for the 
test sections included in NCHRP Project 9-30A representing 
good quality mixtures—a value of 0.235. Plastic deformation 
coefficients were determined for the composite test sections in 
the same way as for NCHRP Project 9-30A.

Table 3.13 summarizes the transfer function intercepts or 
coefficients, which were found to be dependent on HMA layer 
thickness and air voids. Asphalt content was found to have little 
to no impact on reducing the model bias and standard error. 
However, asphalt content is an important parameter based 
on the results from NCHRP Projects 1-40B and 9-30A. It is 
believed that the values extracted from the project files include 
errors in determining the effective asphalt content by volume. 
This may account for the inconsistent results from other stud-
ies. Other important observations from these results for com-
posite pavements are listed below:

•	 The magnitudes of the intercept for the three transfer func-
tions are higher than reported for conventional and deep 
strength flexible pavement. Some of this difference prob-
ably is related to the stress term values and lower HMA 
thicknesses in comparison with other test sections used in 
the calibration process for flexible pavements.

•	 The effect of HMA thickness is inconsistent for all transfer 
functions. The coefficients do not consistently increase or 
decrease with increasing layer thickness. The higher intercept 
values occur in the range of 3 to 4 in.; thinner and thicker 
layers result in a decrease in the values for the intercept.

•	 Air voids in the typical range of construction specification 
have little impact on the measured and predicted rut depths. 
Air voids have an impact on the intercept when they exceed 
typical construction specifications. Higher air voids result in 
greater amounts of rutting.

The following transfer functions and their plastic defor-
mation coefficients are used to predict the rut depths for 
all of the R21 field survey sections. It should be understood 
that the N-term exponent of 0.235 for all transfer func-
tions represents well-designed mixtures resistant to plastic 
deformation.
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The kr1, C1, and a terms or intercept values are defined in 
accordance with Table 3.13.

Figure 3.33a provides a comparison of the predicted and 
measured rut depths for all R21 field survey sections using 
the Kaloush function, whereas Figure 3.33b provides a 
comparison of the residual errors and the predicted values. 
Figure 3.34 and Figure 3.35 provide a similar comparison 
for the other two transfer functions. As shown, all three 
transfer functions provide reasonable estimates of the mea-
sured values. Two of the composite pavement roadway sec-
tions, however, are considered outliers for all three transfer 
functions—Sections LTPP2 and TX1. All three transfer 
functions overpredict the rutting measured on Section TX1 
and underpredict rutting for Section LTPP2. These sections 
are considered outliers.

Figures 3.33 through 3.35 (composite pavement plastic 
deformation coefficients) can be compared to the global plastic 
deformation coefficients (Appendix I) to illustrate the improve-
ment in the model by considering layer thickness and air voids. 
All transfer functions are considered adequate for predicting 
the measured rutting. Although some of the model statistics 
are poor and indicative of a model that does not explain the 
variability in the measured values, trying to predict low rut 
depths is difficult at best, especially without project-specific or 
mixture-specific test data.

Table 3.13. Transfer Function Coefficients Used  
to Predict the Rut Depths for the R21 Field  
Survey Sections

Transfer Function

HMA Layer 
Thickness 

(in.)

HMA Air Voids (%)

<6.0 6.1–9.0 >9.0

Kaloush;  
Equation 3.12, kr1

<3 -2.30 -2.30 -2.05

3–4 -2.15 -2.15 -2.05

>4 -2.30 -2.30 -1.95

Modified Leahy;  
Equation 3.13, C1

<3 -1.90 -1.90 -1.4

3–4 -1.80 -1.80 -1.5

>4 -2.00 -2.00 -1.3

WesTrack;  
Equation 3.14, a

<3 10.5 10.5 10.5

3–4 14.0 16.0 20.0

>4 10.5 10.5 16.0
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Summary

In summary, all three transfer functions did a fair job of pre-
dicting the measured rutting values using mixture properties 
and other pavement layer properties extracted from project 
files. Thus, the three rut depth transfer functions described 
and included in NCHRP Project 9-30A are believed to be rea-
sonable for composite pavements.

Rutting Model and DARWin-ME

As described previously in this section, the MEPDG software 
version 1.1, submitted as a product of NCHRP Project 1-37A, 
included only one rut depth transfer function, the Kaloush 
transfer function with default coefficients of kr1 = -3.35412, 
kr2 = 1.5606, and kr3 = 0.4791. These coefficients were devel-
oped based on global calibration but can be changed by the 
user during execution of the software program. DARWin-ME 

was developed using the same models included in MEPDG 
software version 1.1, and as such includes the same global 
calibration coefficients and provides the functionality of 
allowing the user to change the coefficients.

The Kaloush coefficients described above (kr1 = -1.95 
to -2.30, kr2 = 1.5606, and kr3 = 0.235), which were devel-
oped and refined as part of NCHRP Project 9-30A and 
SHRP 2 R21), cannot be used directly in DARWin-ME, 
although the model forms are identical. This is because 
of the difference in how the two versions account for lat-
eral wander. MEPDG software version 1.1 (and the current 
version of DARWin-ME) uses a uniform distribution to 
account for lateral wander. MEPDG Version 9-30A and 
the R21 coefficients are based on a normal distribution 
model for lateral wander, which is believed to be more 
representative of field conditions. Until the lateral wan-
der is changed from uniform to normal distribution in 
DARWin-ME, it is recommended that the global calibration 

(a)

(b)

Figure 3.33. Measured and predicted rut depths using the 
Kaloush transfer function for the R21 field survey sections.
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default coefficients (kr1 = -3.35412, kr2 = 1.5606, and  
kr3 = 0.4791) be used to model rutting in HMA/PCC com-
posite pavements when using DARWin-ME.

DARWin-ME and SHRP 2 R21 Field Survey Sections

The rutting history of R21 composite pavements field survey 
sections was very good, attributable in part to the relative 
thinness of the HMA layers but also owing to its high-
quality materials. In addition, the stiffness of the PCC layer 
completely eliminates base, subbase, and subgrade rutting. 
Figure 3.36 shows the plot of rutting with age of the HMA 
surface. The trend line shows only 0.006 in./year increase in 
rutting over time.

The surface of HMA/PCC typically is less than about 
4 in. The database includes surfaces from 0.5- to 5-in. 
asphaltic surfaces, including SMA, porous friction courses, 

asphalt rubber friction course (ARFC), permeable HMA, 
and dense HMA. The material was modeled in DARWin-
ME as a distinct layer with the thickness, gradation, volu-
metric binder content and grade, and air voids. Rutting 
was predicted for each section using DARWin-ME, and the 
predicted value was compared with the measured value, 
where data were available. The predicted versus measured 
rutting is shown in Figure 3.37. Overall, rutting is very low 
except for one possible outlier. The one-to-one line shows 
that predicted rutting is reasonably close to measured rut-
ting for these sections using DARWin-ME and the global 
calibration coefficients.

The Kaloush model using MEPDG Version 9-30A is a 
better fit than the Kaloush model using DARWin-ME 
(compare Figure 3.33 with Figure 3.37). Because normal 
distribution for lateral wander of the wheel load is believed 
to be a more accurate representation of field conditions  

(a)

(b)

Figure 3.34. Measured and predicted rut depths using the 
Modified Leahy transfer function for R21 field survey sections.
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(a)

(b)

Figure 3.35. Measured and predicted rut depths using the 
WesTrack transfer function for the R21 field survey sections.

Figure 3.36. Rutting over time for SHRP 2 R21 field survey 
HMA/PCC composite pavement sections.
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(as compared with uniform distribution), it is recommended 
that DARWin-ME be updated with the NCHRP 9-30A 
models. At this point the updated coefficients (kr1 = -1.95 
to -2.30, kr2 = 1.5606, and kr3 = 0.235) can then be used to 
model rutting in HMA/PCC composite pavements.

Level 1 versus Level 3 Data

DARWin-ME and the MEPDG allow the user to enter 
HMA material properties at Level 1, Level 2, or Level 3. For 

Level 1 modeling, the laboratory-tested dynamic modulus 
properties of the asphalt concrete mixture and laboratory-
tested asphalt binder properties are required. These were 
not available for the R21 field survey sections but were 
tested for the MnROAD HMA/PCC test section. For Level 
3 modeling, the dynamic modulus properties are derived 
in DARWin-ME and MEPDG, using typical rheological  
properties of the asphalt binder grade and the aggregate 
gradation of the asphalt concrete mixture. Figure 3.38 and 
Figure 3.39 show comparisons between using Level 1 and 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

M
ea

su
re

d 
Ru

tti
ng

, i
n

Predicted Rutting, in

Figure 3.37. Predicted versus measured rutting for HMA surface 
courses for all R21 composite pavement sections using  
DARWin-ME and global calibration coefficients.
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section at MnROAD.
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Level 3 data for the HMA mix and HMA binder used at 
MnROAD.

The rutting performance of the MnROAD R21 HMA/
PCC section (Cell 70) was modeled using both Level 1 
and Level 3 data in DARWin-ME, then compared with 
field-measured average rut depths for the driving lane and 
the passing lane as shown in Figure 3.40 and Figure 3.41, 
respectively. The figures show an excellent match between 
field-measured rut depths and rutting modeled using Level 
1 data in DARWin-ME. The figures also show that although 

Level 3 data are reasonable on average when considering a 
large number of sections (see Figure 3.37), for designing 
and modeling individual sections, Level 1 data provide the 
results that best match field performance.

Reflection Cracking Model

Reflection cracking is a major distress mode in new HMA/
PCC composite pavements. The basic mechanism of reflection 
cracking is the propagation of cracks through the HMA layer 
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Figure 3.39. Level 1 versus Level 3 modeled viscosity (as a  
function of temperature) for PG64-34 binder used in the 
HMA mix for the R21 HMA/PCC composite pavement  
section at MnROAD (cp 5 centipoise).

Figure 3.40. DARWin-ME–modeled rutting using Level 1 and 
Level 3 data versus field-measured average rut depths in the 
driving lane for the HMA/PCC test section at MnROAD.
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caused by movements in the vicinity of cracks and joints in 
the PCC slab. This movement may be vertical due to loading, 
horizontal due to temperature changes, or a combination of 
both. Load-induced movements are influenced by the thick-
ness of the HMA layer and the thickness, modulus, and load 
transfer in the PCC slab. Temperature-induced movements are 
influenced by daily and seasonal temperature variations, the 
coefficient of thermal expansion (CTE) of the HMA and PCC 
layers, and the spacing of cracks.

The complex combination of tensile and shear strains at the 
bottom of the HMA layer causes cracks to initiate at the bot-
tom of the HMA layer. Over time, the cracks propagate upward 
through the HMA layer. As the process continues, multiple 
reflection cracks will form, and eventually portions of the HMA 
surface will spall and dislodge from the pavement surface. Even 
with routine maintenance, such as crack sealing or thin surface 
treatments, reflection cracks eventually lead to a reduction of 
pavement smoothness and shorten the life of the HMA layer.

Because of the thinness of the HMA layers in HMA/PCC 
composite pavements, a majority of the PCC joints can be 
expected to reflect through the HMA layer(s) within a few 
years after initial construction (depending on climatic condi-
tions, HMA mix properties, load transfer at the joint, and traf-
fic). The deterioration of these reflection cracks over time also 
depends on local climatic conditions, load transfer at the joint, 
maintenance activities (crack sealing, surface treatments, and 
so forth), and traffic.

Although reflection cracking modeling is presented in 
this section, sawing and sealing the HMA layer (at the loca-
tion of the PCC joint), as discussed later in this section, is 

encouraged. Sawing and sealing creates a clean joint that 
lasts longer and deteriorates at a much slower rate than do 
joints that are not sawed and sealed. Note that reflection 
cracking was not observed to be an issue for the field-surveyed 
HMA/continuously reinforced concrete (CRC) composite 
pavements (with adequate steel reinforcement in the CRC). 
This is because the cracks in the CRC are held tight by the 
reinforcing steel and have relatively smaller differential ver-
tical deflections and joint openings than do joints in jointed 
plain concrete (JPC).

During the development of the MEPDG, the state of M-E 
modeling of reflection cracking was limited. As a result, a 
simplified empirical model was included for reflection crack-
ing analysis. The model predicts the percentage of cracks that 
propagate through the HMA layer as a function of time using 
a sigmoidal function. Equation 3.15 presents the general form 
of the sigmoidal model:

RC
ea bt

=
+ +

100

1
3 15( . )

where
 RC = percent of cracks reflected (%),
 t = time (years),
 e = base for natural logarithm = 2.71828, and
 a and b = fitting parameters.

The parameters of the model are a function of HMA thick-
ness and the load transfer at joints and cracks. The regression 
fitting parameters, summarized in Table 3.14, are hard coded 

Figure 3.41. DARWin-ME–modeled rutting using Level 1 and 
Level 3 data versus field-measured average rut depths in the 
passing lane for the HMA/PCC test section at MnROAD.
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in the software. In other words, the designer cannot directly 
alter these parameters as inputs, but they can be changed in 
the software.

NCHRP Report 669

The most updated research on reflection cracking was per-
formed as part of NCHRP Project 01-41 and published as 
NCHRP Report 669 (Lytton et al. 2011). Appendix R of 
NCHRP Report 669 includes a comprehensive review of avail-
able models for reflection cracking. The capabilities, advan-
tages, and disadvantages of these models are also included. 
The three mechanisms of reflection cracking considered in 
this study were

1. Thermally induced fatigue caused by daily temperature 
change and corresponding opening and closing of the 
joints/cracks;

2. Crack growth caused by bending of the HMA layer above 
the joint as a result of traffic load; and

Table 3.14. Reflection Cracking Model  
Parameters in the MEPDG

Pavement Type

Parameters

a b

Rigid, good 
load transfer

3.5 + 0.75 (hac - 1) -0.688584 - 3.37302  
(hac - 1)-0.915469

Rigid, poor load 
transfer

3.5 + 0.75 (hac - 3) -0.688584 - 3.37302  
(hac - 3)-0.915469

3. Crack growth caused by the shearing of the HMA layer 
above the joint as a result of traffic load.

Figure 3.42, originally printed in NCHRP Report 669, shows 
typical development of reflection cracking by various severity 
levels as a function of time or number of load applications. The 
cracking pattern follows a sigmoidal curve, so the functional 
form shown below was used to model reflection cracking for 
various severity levels.

D N ei
Ni( )( ) =

−



% ( . )

ρ β

3 16

where
 D(Ni) =  percent of reflection crack length of maximum 

crack length at, N, 
 i = ith crack observation, and
 Ni = number of days after overlay.

Note that r (the scale factor representing the width of the ris-
ing portion of the curve) is always equal to the total number 
of days to reach 36.8% (= 1/e) of the total amount of expected 
reflection cracking. The shape factor b represents the steep-
ness of the rising portion of the curve (Figure 3.43).

The parameters r and b, the field-observed parameters that 
represent the scale and shape of the progression of reflection 
cracking, were calibrated for three different severity levels as 
a function of number of days for crack growth:

•	 rH and bH for high severity level;
•	 rMH and bMH for medium and high severity levels; and
•	 rLMH and bLMH for all severity levels.

Courtesy of NCHRP (see Lytton et al. 2011). 

Figure 3.42. Typical development of reflection crack by severity level.

Composite Pavement Systems, Volume 1: HMA/PCC Composite Pavements

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22685


93   

Specifically,

ρ α α αLMH = − −
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where
a0 through a14 are coefficients obtained through calibration, 

representing the scale factor r,
b0 through b14 are coefficients obtained through calibration, 

representing the shape factor b,
NfB1 is the number of days for crack growth due to bending 

to reach Position I (see Figure 3.44),
NfT1 is the number of days for thermal crack growth to 

reach Position I,
NfS1 is the number of days for crack growth due to shearing 

stress to reach Position I,
NfT2 is the number of days for thermal crack growth to go 

from Position I to Position II, and
NfS2 is the number of days for crack growth due to shearing 

stress to go from Position I to Position II.

The number of days for crack growth is computed using frac-
ture mechanics principles, particularly Paris and Erdogan’s 
law for modeling crack propagation.

Courtesy of NCHRP (see Lytton et al. 2010).

Figure 3.43. Parameters in reflection cracking severity model.

Courtesy of NCHRP (see Lytton et al. 2011).

Figure 3.44. Definition of number of days for crack growth.
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N
dc

A K
f n

c

h

=
( )∫ ∆0

3 23( . )

where
 c = crack length,
 dc = incremental change in crack length
 Nf =  number of load cycles needed to propagate a 

crack of initial length c0,
 A and n = fracture properties of the asphalt mixture, and
	 DK =  stress intensity factor (SIF) amplitude, which 

depends on the stress level, the geometry of the 
pavement structure, the fracture mode, and the 
crack length.

NCHRP Report 669 included the corresponding software that 
computes the various numbers of days for crack growth. The 
software uses artificial neural networks (ANN) to compute a 
finite element mechanistic-based SIF for thermal, bending, 
and shearing traffic stresses as a crack grows up through dif-
ferent thicknesses of HMA. Some key features of the SIF com-
puted in the NCHRP study and the corresponding reflection 
cracking model include

•	 Use of a traffic load spectrum (similar to DARWin-ME) 
rather than total 18-kip equivalent single-axle loads (ESALs);

•	 Use of climatic data to calculate HMA temperature with 
depth below the surface (hourly air temperature, solar 
radiation, and surface reflectivity);

•	 Use of ANN to compute SIF;
•	 Stiffness, tensile strength, compliance, and fracture 

co efficients of the HMA mixture computed using the mix-
ture properties, volumetric contents of the mixture com-
ponents, aggregate gradation, and binder master curve 
characteristics;

•	 Healing shift factor that increases with the length of time 
between traffic loads;

•	 Computations of crack growth by each of the separate 
mechanisms (thermal, bending, and shearing) combined; 
and

•	 Calibration with field data.

NCHRP Report 669 includes software for design (used to 
predict/model reflection cracking) and also software for 
calibration (which computes the various number of days 
to crack growth that can be used to develop coefficients a0 
through a14 and b0 through b14, using Equations 3.17 through 
3.22 and observed values of rLMH, rMH, rH, bLMH, bMH, and 
bH). The calibration software could not be used to calibrate 
HMA/PCC composite pavements because of insufficient time 
series reflection cracking data and a small number of sections. 
Use of the calibration software requires time series reflection 

cracking data to calculate r and b at various severity levels for 
each section and a sufficient number of sections per climatic 
zone (a minimum of 10, per NCHRP Report 669) to have a 
statistically valid model.

Because of the above limitation, the design software pro-
vided with NCHRP Report 669 was used to compare actual 
field performance with modeled performance. The design soft-
ware was calibrated for HMA/JPC and HMA/CRC for only the 
wet freeze climatic zone using a relatively small number of sec-
tions (69 for HMA/JPC and 21 for HMA/CRC). A comparison 
of predicted versus measured reflection cracking for HMA sur-
face courses for field survey R21 composite pavement sections 
is shown in Figure 3.45. In addition, the measured reflection 
cracking data are estimates based on field surveys (counts of 
number of joints that reflected through) and not precise mea-
surements of actual lengths of reflection cracks.

The NCHRP Report 669 theory and models show promise 
for use in modeling reflection cracking in HMA/PCC com-
posite pavements (Lytton et al. 2011). However, some caution 
is warranted for the following reasons:

•	 The models were calibrated for only a small number of 
sections in the wet freeze climatic zone.

•	 The research and models need to be vetted, verified, and 
validated for projects with various levels of traffic, with 
different materials, and in various locations (i.e., varying 
climatic and support conditions).

•	 There appear to be some bugs in the NCHRP Report 669 
software, particularly with the use of appropriate calibra-
tion coefficients. The software should be incorporated into 
DARWin-ME and quality checks performed to ensure that 
the computations are being performed correctly.

Source: Lytton et al. 2011. 
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Figure 3.45. Predicted versus measured  
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Reflection Cracking Control Strategies

Two strategies that are extremely effective in controlling the 
extent and severity of reflection cracking are (1) CRC (with 
adequate reinforcement) for the lower PCC and (2) sawing 
and sealing the HMA above the JPC joint.

Four other strategies that are less effective in controlling 
reflection cracking but that delay onset and minimize severity 
of reflection cracking include

1. Dowel bars (of sufficient diameter) at the JPC joints to 
provide adequate load transfer;

2. Additives (such as polymers) to the HMA;
3. Separator layers (such as asphalt rubber interlayers, fabrics 

and geotextiles, and geogrids) between the HMA and the 
JPC (particularly at the joint); and

4. Increased thickness of the HMA layer (not a particularly 
cost-effective option and one that is not recommended).

Use of CRC for the Lower PCC

Properly designed CRC layers (with adequate thickness and 
reinforcement to hold cracks tight) are very effective in con-
trolling reflection cracking. The cracks in the CRC layer have 

high load transfer efficiencies and small differential deflections. 
In addition, because the cracks are spaced closely (typically 
less than 8 ft), the horizontal movements attributable to 
thermal movements also are minimal. All of this substan-
tially reduces the strains in the asphalt layer, thus delaying 
and more often completely eliminating reflection cracking. 
This is also the experience of many states, such as Texas and 
Illinois, which have constructed continuously reinforced 
concrete pavements (CRCPs) and then overlaid them as part 
of maintenance and rehabilitation.

Field surveys of HMA/CRC composite pavements in 
Virginia, Illinois, Oregon, and Europe show no reflection 
transverse cracks. A special mention is the HMA/CRC com-
posite pavement on I-10 in San Antonio, Texas, which had no 
reflection transverse cracking after 25 years of heavy traffic 
(see Chapter 2). The only section with reflection transverse 
cracking surveyed was the 0.5-in. ARFC over 13-in. CRC sec-
tion on I-10, west of Phoenix, Arizona. However, this sec-
tion had wide crack openings and major loss of load transfer 
efficiency because of low steel content and thus was not ade-
quately designed (with respect to percent steel). The small 
amount of reflection cracking for HMA/CRC pavements is 
also predicted in the NCHRP Report 669 model, an example 
of which is shown in Figure 3.46. The figure shows less than 

Source: Lytton et al. 2011. 
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2% reflection cracking length for a section in Illinois, even 
after 30 years.

Saw and Seal the HMA Above the JPC Joint

In 2007, Mallela and Von Quintus investigated several new 
HMA/JPC composite pavements as part of an experimental 
study to determine cost-effective materials and methods to 
minimize reflection cracks in the Queens borough of New 
York City. The as-constructed experimental plan includes the 
following variables:

•	 JPC joint spacing (two levels, 15 ft and 20 ft) saw and seal;
•	 Petrotac fabric (two levels differentiated by placement);
•	 Paveprep fabric;
•	 ISAC fabric; and
•	 Glasgrid (two levels).

Control sections without any treatments were also built for 
each of the two different joint spacings as baseline references. 
Evaluations, in the form of visual condition surveys and fall-
ing weight deflectometer (FWD) surveys, were conducted to 
monitor the performance of these sections. Performance was 
measured in terms of crack initiation, crack length, and crack 
severity, as well as load transfer deterioration across reflection 
cracks. The time history of reflection crack development as 
a percentage of total joint length is shown in Figure 3.47 and 
Figure 3.48 for the 20-ft sections and 15-ft sections, respec-
tively. The figures show varying levels of performance for the 
various reflection crack treatments, all of which performed 
better than the control section. The sawed and sealed sections 
had far superior performance (both in terms of extent and 

severity) compared with all other sections, but particularly 
compared with the control sections. This was also observed 
during the R21 field survey of composite pavements. Sec-
tions in Columbus, Ohio, where the cracks are sealed (or are 
routed and sealed) immediately after they first come through, 
showed good performance. At MnROAD, the sawed and sealed 
joints on the R21 HMA/JPC section have performed well after 
1 year of heavy traffic. Most of the control joints that were not 
sawed and sealed have reflected through and can be expected 
to deteriorate over time.

CalME Models for Rutting  
and Reflection Cracking

As an alternate to using the NCHRP 9-30A models for rut-
ting and NCHRP 1-41 models for reflection cracking, as part 
of R21 research, the CalME models for rutting and reflec-
tion cracking were evaluated for HMA/PCC composite pave-
ments. Details of this analysis are included in Appendix P.

Structural Modeling

The pavement sections described in Chapter 2 provide an 
extensive data set from which to perform structural model-
ing and compare model performance with field performance. 
For these sections, data were collected for each of the inputs 
to the DARWin-ME software. Inputs were measured or esti-
mated at all levels (1, 2, and 3). Each HMA/JPC, HMA/RCC, 
and HMA/CRC was modeled in DARWin-ME, and the 
accumulated fatigue damage of the PCC slabs was computed 
over the service life of the pavement.
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Figure 3.47. Time history of reflection crack development as a percentage 
of total joint length for the 20-ft sections (Joint Series 1 through 12).
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HMA/JPC and HMA/RCC Sections

Tables 3.15 through 3.22 summarize the measured and pre-
dicted transverse fatigue cracking results for all HMA/JPC 
and HMA/RCC sections. The extent of transverse fatigue 
cracking was measured in units of percent slabs cracked 
transversely as reflected through the HMA surface course. 
Some observations of the results are as follows:

•	 Very few HMA/JPC or HMA/RCC composite pavements 
had any transverse fatigue cracking, even under very heavy 
traffic. Only a few experimental sections with a relatively 
thin slab (e.g., 5 in. to 6 in.) showed any fatigue cracking. 
Virtually no longitudinal cracking was observed.

•	 The fatigue damage is calculated on the top and bottom 
of the PCC slab. For these composite pavements, most of 
the damage occurred in the bottom of the slab. Very little 
top-down damage was computed. This is not the typical 
phenomenon that occurs in bare JPC pavements, where 
top-down cracking often dominates. This change is attrib-
utable to the reduced thermal gradients in the slab (ther-
mal and moisture insulation of the slab) as modeled by 
DARWin-ME and validated through field measurements 
at UCPRC and MnROAD (described earlier in this chap-
ter). The thicker the HMA surfacing, the lower the amount 
of top-down fatigue damage.

•	 A plot of accumulated fatigue damage versus measured 
transverse slab cracking is shown in Figure 3.49 for all of the 
HMA/JPC and RCC pavements. The figure also includes 
the current DARWin-ME bare JPCP calibration curve. The 

figure shows that the composite pavement damage curve 
follows the calibration curve of bare JPCP developed in 2007 
using hundreds of sections under NCHRP Project 1-40. 
This is a validation of the JPCP fatigue cracking model and 
also suggests that the Enhanced Integrated Climatic Model 
(EICM) programmed into DARWin-ME automatically, cor-
rectly, and sufficiently accounts for the reduction in thermal 
gradients in the PCC attributable to the HMA layer.

The fact that the composite HMA/JPC fatigue cracking fol-
lows the bare JPCP damage calibration curve means that this 
same curve (and corresponding calibration coefficients) can 
be used for structural design of composite pavement. Note 
that this does not mean that a composite pavement will be 
the same thickness for the same reliability and cracking cri-
teria. This will depend on the thickness of the HMA surface, 
among other factors. It only means that modified calibration 
factors are not required in DARWin-ME to use it for design 
of HMA/JPC or jointed RCC composite pavement.

HVS Testing Slab Cracking at UCPRC

Two test sections (613HB and 614HB) were loaded using the 
HVS until the PCC slab beneath the HMA layer failed struc-
turally (cracked), as described in the analysis of field data at 
UCPRC section of this chapter. The structural failure was noted 
based on the slab and joint deflections and resulted in reflection 
cracking through the HMA layer soon after (see Figure 3.50 
and Figure 3.51).
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Figure 3.48. Time history of reflection crack development as a  
percentage of total joint length for the 15-ft sections (Joint Series 13 
through 24).

(text continues on page 102)
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Table 3.15. Summary of the Arizona HMA/JPC Composite Pavement Sections Design, Traffic, Climate,  
and Measured/Predicted Structural Performance

Section, Location Climate
No. of Trucks/Time 
on Composite Lane

HMA/JPC Year 
Construction, Joint 

Spacing, Dowels

Transverse 
Midpanel Fatigue 

Cracks Comments

Arizona, I-10 AZ-3 
(01-86) Tucson, 
Arizona

Dry Nonfreeze 20 million/9 years 1-in. ARFC/14.5-in. 
JPC, 2002, 13–17 ft, 
dowels

Predicted: 0% 
Measured: 0%

Transverse joint reflection cracks 
low severity, rutting minor

Arizona, I-10 AZ-4 
(02-24) California/
Arizona state line

Dry Nonfreeze 11 million/6 years 1-in. ARFC/13-in. 
JPC, 2004, 13–17 ft, 
dowels

Predicted: 0% 
Measured: 0%

Transverse joint reflection cracks 
low severity, rutting minor

Arizona, I-10 AZ-5 
(92-39) 100 miles 
west of Phoenix

Dry Nonfreeze 20 million/17 years 1-in. ARFC/14-in. 
JPC, widened slab, 
1994, 13–17 ft, 
dowels

Predicted: 0% 
Measured: 0%

Transverse joint reflection cracks 
low severity, rutting minor

Arizona, L-101 AZ-6 
(98-159) Phoenix

Dry Nonfreeze 5 million/9 years 1-in. ARFC/11.5-in. 
JPC, 2002, 13–17 ft, 
no dowels

Predicted: 0% 
Measured: 0%

Transverse joint reflection cracks 
low severity, rutting minor

Arizona, L-202 AZ-7 
(03-06) Phoenix

Dry Nonfreeze 0.6 million/5 years 1-in. ARFC/13-in. 
JPC, 2005, 13–17 ft, 
no dowels

Predicted: 0% 
Measured: 0%

Transverse joint reflection cracks 
low severity, rutting minor

Arizona, I-40 AZ-8 
(04-68) Flagstaff

Wet Freeze 5 million/3 years 1-in. ARFC/14-in. 
JPC, 2007, 13–17 ft, 
dowels

Predicted: 0% 
Measured: 0%

Transverse joint reflection cracks 
low severity, rutting minor

Arizona, US-93 AZ-9 
LTPP Northwest 
Arizona

Dry Nonfreeze 3.4 million/13 years 1-in. HMA/15-in. RCC, 
1993, no dowels

Predicted: 0% 
Measured: 0%

Transverse joint reflection cracks, 
low severity, rutting minor

Table 3.16. Summary of the Ontario HMA/JPC Composite Pavement Sections Design, Traffic, Climate,  
and Measured/Predicted Structural Performance

Section, Location Climate
No. of Trucks/Time 
on Composite Lane

HMA/JPCP Year Construction, 
Joint Spacing, Dowels

Transverse 
Fatigue Cracks Comments

Ontario, Hwy 401 
ONT-1 Scarborough/ 
Pickering

Wet Freeze 18 million/13 years Rehabilitation and widening, 1-in. 
Open-graded friction course 
(OGFC), 1.6-in. HMA, 10-in. 
JPC, 15 ft, dowels

Predicted: 0% 
Measured: 0%

All transverse joints 
reflected through

Ontario, Hwy 401 
ONT-2 Scarborough/
Pickering

Wet Freeze 21 million/14 years Rehabilitation and widening,1-in. 
OGFC, 1.6-in. HMA, 10-in. JPC, 
15 ft, dowels

Predicted: 0% 
Measured: 0%

Predicted estimates 
measured well

Ontario, Hwy 401 
ONT-3, Toronto

Wet Freeze 14 million/5 years Rehabilitation and widening,  
1.6-in. SMA, 2-in. HMA, 9-in. 
JPC, 15 ft, dowels

Predicted: 0% 
Measured: 0%

Predicted estimates 
measured well

Ontario, Hwy 401 
ONT-3, Toronto

Wet Freeze 15 million/5 years Widening, 1.6-in. SMA, 2-in. HMA, 
9-in. JPC, 15 ft, dowels

Predicted: 0% 
Measured: 0%

Predicted estimates 
measured well

Ontario, Hwy QEW 
ONT-4, Toronto

Wet Freeze 27 million/16 years Widening, 1.5-in. DFC, 1.5-in. 
HMA, 10-in. JPC, 15 ft, dowels

Predicted: 0% 
Measured: 0%

Predicted estimates 
measured well
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Table 3.17. Summary of South Carolina, North Carolina, Illinois, Washington, and Germany HMA/JPC  
Composite Pavement Sections

Section, Location Climate

No. of Trucks/ 
Time on 

Composite 
Lane

HMA/JPCP Year Construction, 
Joint Spacing, Dowels

Transverse Fatigue 
Cracks Comments

South Carolina, I-77 
SC-1, south of 
Charlotte

Wet 
Nonfreeze

2 million/ 
10 years

Widening, 2 inner lanes, 1-in. Open 
graded. HMA, 4-in. HMA, 10-in. 
JPC, 15 ft joint spacing, no 
dowels

Predicted: 0% 
Measured: 0%

Predicted estimates 
measured well

Illinois, I-294 Illinois 
Tollway-1, Chicago

Wet Freeze 30 million/ 
19 years

Widening outside lane (from 3 to 4 
lanes), 3.5-in. HMA over 12.5-in. 
JPC, 20-ft joint spacing, HMA 
shoulder. Milled original HMA in 
2001 and 3-in. new HMA placed

Predicted: 0% 
Measured: 0%

Predicted estimates 
measured well

Washington, I-5, 
Seattle

Wet 
Nonfreeze

Initial period:  
5 million/ 
13 years

Full period:  
30 million/ 
45 years

Original composite pavement, 4-in. 
HMA and 6-in. JPC in 1966, 
assume 15-ft joint spacing, HMA 
shoulder. 1.8-in. HMA overlays in 
1979, 1995, and 2006

Initial 13-year period 
predicted: 0%

Full 40-year period pre-
dicted: 0% (1966–
2006) Measured: 0% 
at either point

Predicted estimates 
measured well for 
initial period and 
over long term

North Carolina, I-40 
Raleigh

Wet 
Nonfreeze

4.4 million/ 
5 years

Widening, 0.625-in. Novachip, 
3-in. HMA, 11-in. JPC, 18-, 19-, 
21-, and 27-ft joint spacing

Predicted: 0% 
Measured: 0%

Predicted estimates 
measured well

Germany, A93, Munich Wet Freeze 47 million/ 
13 years

Original composite, 1.2-in. SMA, 
10-in. JPC, 16.4-ft joint spacing, 
dowels

Predicted: 0% 
Measured: 0%

Reflection cracking 
of all joints, 
medium severity

Table 3.18. Summary of the Ohio HMA/JPC Composite Pavement Sections Design, Traffic, Climate,  
and Measured/Predicted Structural Performance

Section, Location Climate

No. of Trucks/
Time on 

Composite Lane
HMA/JPCP Year Construction, 

Joint Spacing, Dowels
Transverse 

Fatigue Cracks Comments

Ohio, White Road, 
Columbus COLOH01

Wet Freeze 70,000/7 years 3-in. HMA, 8-in. RCC, 45-ft joint 
spacing, no dowels

Predicted: 0.1%
Measured: 0%

Predicted estimates 
measured well

Ohio, Hoover Road, 
Columbus COLOH02

Wet Freeze 400,000/8 years 3-in. HMA, 8-in. JPC, 20-ft joint 
spacing, no dowels

Predicted: 0.1%
Measured: 0%

Predicted estimates 
measured well

Ohio, Lane Avenue, 
Columbus COLOH03

Wet Freeze 270,000/9 years 1.5-in. HMA, 8-in. RCC, 30-ft joint 
spacing, no dowels

Predicted: 13.7%
Measured: 10%

Predicted estimates 
measured well

Ohio, Buckeye Parkway, 
Columbus COLOH04

Wet Freeze 100,000/10 years 3-in. HMA, 8-in. JPC, 20-ft joint 
spacing, no dowels

Predicted: 0%
Measured: 0%

Predicted estimates 
measured well

Ohio, McCutcheon Cross-
ing Drive, Columbus 
COLOH05

Wet Freeze 42,000/9 years 3-in. HMA, 7-in. JPC, 18-ft joint 
spacing, no dowels

Predicted: 0%
Measured: 0%

Predicted estimates 
measured well

Ohio, Route 161 Franklin 
County OH01

Wet Freeze 2.4 million/ 
11 years

3-in. HMA, 8-in. JPC, 15-ft joint 
spacing, dowels

Predicted: 0%
Measured: 0%

Predicted estimates 
measured well
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Table 3.19. Summary of New York HMA/JPC Composite Pavement Sections

Section, Location Climate

No. of Trucks/
Years on 

Composite Lane
HMA/JPCP Year Construction, Joint 

Spacing, Dowels
Transverse 

Fatigue Cracks Comments

New York, NY-1 
Jamaica Avenue, 
New York City

Wet Freeze 0.3 million/4 years 3-in. HMA, 9-in. JPC, 20-ft joint spacing,  
no dowels, no reflection crack control

Predicted: 0%
Measured: 0%

Predicted estimates 
measured well

New York, NY-2 
Jamaica Avenue, 
New York City

Wet Freeze 0.3 million/4 years 3-in. HMA, 9-in. JPC, 20-ft joint spacing, 
saw and seal joints, no dowels

Predicted: 0%
Measured: 0%

Predicted estimates 
measured well

New York, NY-3 
Jamaica Avenue, 
New York City

Wet Freeze 0.3 million/4 years 3-in. HMA, 9-in. JPC, 15-ft joint spacing,  
no dowels, no reflection crack control

Predicted: 0%
Measured: 0%

Predicted estimates 
measured well

New York, NY-4 
Jamaica Avenue, 
New York City

Wet Freeze 0.3 million/4 years 3-in. HMA, 9-in. JPC, 15-ft joint spacing, 
saw and seal joints, no dowels

Predicted: 0%
Measured: 0%

Predicted estimates 
measured well

Table 3.20. Summary of LTPP Sections in Wyoming, California, North Dakota, and Ontario, Canada,  
HMA/JPC Composite Pavement Sections

Section, Location Climate
No. of Trucks/Time on 

Composite Lane
HMA/JPCP Year Construction, 

Joint Spacing, Dowels
Transverse 

Fatigue Cracks Comments

California, CA-1, US 
101, del Norte 
County

Wet 
Nonfreeze

5.7 million/25 years 4.2-in. HMA, 6-in. LCB, no joints 
(assume 15-ft spacing, which is 
mean transverse crack spacing), 
no dowels

Predicted: 1%
Measured: 0%

Predicted estimates 
measured well

North Dakota, ND-1 
(LTPP-2) US 2, 
Grand Forks 
County

Dry Freeze 1.1 million/11 years 2.4-in. HMA over 6.3-in. LCB 
(assume 15-ft spacing, which is 
mean transverse crack spacing)

Predicted: 39%
Measured: 30%

Predicted estimates 
measured well

Wyoming, WY-1 
(LTPP-3), Route 
387, Campbell 
County

Dry Freeze 1.7 million/16 years 3.2-in. HMA over 11-in. JPC 
(assume 15-ft spacing, which is 
mean transverse crack spacing)

Predicted: 0%
Measured: 0%

Predicted estimates 
measured well

Wyoming, WY-2 
(LTPP-4), Route 59, 
Campbell County

Dry Freeze 1.4 million/9 years 4.2-in. HMA over 10.6-in, JPC 
(assume 20-ft spacing, which is 
mean transverse crack spacing)

Predicted: 0%
Measured: 0%

Predicted estimates 
measured well

Ontario, ONT-5, 
(LTPP-5), HWY 402

Wet Freeze 5.4 million/23 years 3.2-in. SMA, 7.4-in, JPCP, 15-ft 
joint spacing, no dowels

Predicted: 0%
Measured: 0%

Reflection cracking 
of all joints

Table 3.21. Summary of MnROAD HMA/JPC Composite Pavement Sections Design, Traffic, Climate,  
and Measured/Predicted Structural Performance

Section, Location Climate
No. of Trucks/Time on 

Composite Lane
HMA/JPCP Year Construction, 

Joint Spacing, Dowels
Transverse Fatigue 

Cracks Comments

Minnesota, I-94 
MnROAD Site, 
R21 project site

Wet Freeze Outer: 600,000/1 year
Inner: 70,000/1 year

Original composite 2010 3-in. 
HMA, 6-in. JPC (RCA) (with 
and without dowels), 15-ft joint 
spacing, HMA shoulders

Predicted: 0%
Measured: 0%

Transverse joints. 
reflection cracking: 
doweled: low non-
doweled: medium

Minnesota, I-94 
MnROAD site, 
pooled fund site

Wet Freeze 1.0 million/2 years Original composite 2009 2-in. 
HMA, 5-in. JPC (with and 
without dowels), 15-ft joint 
spacing, HMA shoulders

Outer Predicted: 52%
Measured: 45%
Inner Predicted: 6%
Measured: 10%

Section structurally 
failed in 2 years
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Table 3.22. Summary of HMA/JPC and HMA/RCC Composite Pavement 
Fatigue Damage and Cracking

AC/JPC 
Section

Composite 
Type

Age 
(years)

Trucks 
(millions)

Accumulated 
Damage

Measured 
Transverse 
Crack (%)

Predicted 
Transverse 
Crack (%)

AZ-3 ARFC/JPC 9 20.0 6.00E-03 0.0 0.0

AZ-4 ARFC/JPC 6 11.0 1.46E-02 0.0 0.0

AZ-5 ARFC/JPC 17 20.0 6.40E-03 0.0 0.0

AZ-6 ARFC/JPC 9 5.0 5.70E-03 0.0 0.0

AZ-7 ARFC/JPC 5 0.6 1.30E-03 0.0 0.0

AZ-8 ARFC/JPC 3 5.0 1.54E-02 0.0 0.0

GER-1 SMA/JPC 13 47.0 1.38E-02 0.0 0.0

OH-1 AC/JPC 11 2.4 1.00E-04 0.0 0.0

ONT-1 AC/JPC 13 18.0 1.00E-06 0.0 0.0

ONT-2 AC/JPC 14 21.0 1.00E-06 0.0 0.0

ONT-3 AC/JPC 5 14.0 1.00E-06 0.0 0.0

ONT-4 AC/JPC 16 27.0 1.00E-06 0.0 0.0

SC-1 AC/JPC 9 1.6 1.00E-06 0.0 0.0

ILToll-1 AC/JPC 19 30.0 1.00E-06 0.0 0.0

WA-1 AC/JPC 13 5.3 1.00E-04 0.0 0.0

WA-1 AC/JPC 45 30.0 7.00E-04 0.0 0.0

NC-1 AC/JPC 5 4.4 1.00E-06 0.0 0.0

MN-1 AC/JPCa 1 0.2 4.60E-03 0.0 0.0

MN-2 AC/JPCb 1 0.6 9.90E-03 0.0 0.0

MN-3 AC/JPCa 3 0.3 2.48E-01 10.0 6.0

MN-4 AC/JPCb 3 1.0 1.05E+00 45.0 52.0

NYC-1 AC/JPC 4 0.3 3.00E-04 0.0 0.0

NYC-2 AC/JPC 4 0.3 3.00E-04 0.0 0.0

NYC-3 AC/JPC 4 0.3 1.00E-07 0.0 0.0

NYC-4 AC/JPC 4 0.3 1.00E-07 0.0 0.0

CA-1 AC/LCB 25 5.7 1.01E-01 0.0 1.0

ND-1 AC/LCB 11 1.1 7.92E-01 20.0 39.0

WY-1 AC/CTB 16 1.7 1.00E-05 0.0 0.0

WY-2 AC/CTB 9 1.4 1.10E-03 0.0 0.0

ONT-5 AC/JPC 23 5.4 7.20E-03 0.0 0.0

COLOH01 AC/RCC 10 0.1 3.30E-02 0.0 0.1

COLOH02 AC/RCC 8 0.4 2.22E-02 0.0 0.1

COLOH03 AC/RCC 9 0.3 4.00E-01 10.0 14.0

COLOH04 AC/RCC 10 0.1 9.40E-02 0.0 0.9

COLOH05 AC/RCC 9 0.0 1.40E-02 0.0 0.0

AZ-9 AC/RCC 13 3.4 1.00E-06 0.0 0.0

a Inside lane.
b Outside lane.
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The two cells tested are identical in construction, except 
for the HMA thickness. Both cells are 5-in. (125-mm) non-
doweled PCC with 15-ft joint spacing. Section 613HB has a 
2.5-in. (64-mm) RHMA-G layer over the PCC slab, whereas 
Section 614HB has a 4.5-in. (114-mm) RHMA-G layer over 
the PCC slab. The loading sequences for the two sections are 
shown in Table 3.6 and Table 3.7, respectively. Based on data 
collected from the deflection sensors, the PCC in Section 
613HB is believed to have structurally failed after approxi-
mately 195,000 load repetitions (14,400 repetitions of pave-
ment response evaluation stage at 6,700, 9,000, and 13,500 lb, 
followed by 85,600 repetitions at 9,000 lb, and 95,000 rep-
etitions at 13,500 lb). The PCC in Section 614HB is believed 
to have structurally failed after a total of approximately 

320,000 load repetitions (14,400 repetitions of pavement 
response evaluation stage at 6,700, 9,000, and 13,500 lb, fol-
lowed by 85,600 repetitions at 9,000 lb, 100,000 repetitions at 
13,500 lb, 100,000 repetitions at 18,000 lb, and 20,000 repeti-
tions at 23,500 lb). All loads were half-axle, dual-wheel loads, 
as described previously and detailed in Appendix K.

Design files were created for DARWin-ME to match closely 
the climate, load, structure, and materials for the two HVS 
test sections. The results of the DARWin-ME runs for the two 
sections are shown in Figure 3.52 and Figure 3.53. Figure 3.52 
shows DARWin-ME–predicted cumulative damage as 1.2 and 
0.8 at observed failure for Sections 613HB and 614HB, respec-
tively. The PCC slabs at the two test sections cracked after 
approximately 195,000 and 320,000 load repetitions, respec-
tively. All fatigue damage and midpanel transverse cracking 
predicted by DARWin-ME is bottom-up, whereas the predicted 
top-down damage is close to zero. This is because the upward 
curling of the slab is substantially reduced due to the HMA 
layer above the PCC and because of the loading configuration 
used. Figure 3.53 shows DARWin-ME–predicted probability 
of slab cracking as 56% and 40% at observed failure for Sec-
tions 613HB and 614HB, respectively. The PCC slabs at the two 
test sections cracked after approximately 195,000 and 320,000 
load repetitions, respectively. The two figures show excellent 
correspondence between DARWin-ME–predicted cumulative 
damage and probability of slab cracking versus actual field-
observed slab cracking.

HMA/CRC Sections

There are seven HMA/CRC composite pavements in the R21 
database. The design, performance, and prediction of these 
sections are summarized in Table 3.23. These sections were 

Figure 3.49. Fatigue damage versus measured 
transverse fatigue cracking (midslab) for all 
HMA/JPC or HMA/RCC composite pavements 
over their service life compared with existing 
JPCP calibration curve (derived in 2007 and 
used in the current version of DARWin-ME).

Crack_At_8

Crack_At_6

Figure 3.50. Structural failure of PCC slab beneath 
the HMA layer, followed by reflection cracking 
through the HMA layer, for Section 613HB at UCPRC.

Crack_1

Figure 3.51. Structural failure of PCC slab beneath 
the HMA layer, followed by reflection cracking 
through the HMA layer, for Section 614HB at UCPRC.

(continued from page 97)
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analyzed using DARWin-ME, and selected results are shown 
in Table 3.24. The results are summarized as follows:

•	 DARWin-ME cannot predict reflection cracks through the 
HMA surface, but it does predict the CRC crack width and 
load transfer efficiency over time. For six of these HMA/
CRC sections, the cracks were predicted to be very tight 
(e.g., <0.020 in.) over the pavement life and to have very 
high load transfer efficiency (>90%). The field surveys 
revealed that none of these sections showed any reflection 
cracks over time periods ranging from 4 to 25 years (with 
an average of 10 years). The number of heavy trucks in 
the lane under consideration varied from 1 to 25 million, 
with an average of 11 million. The one section that showed 
considerable reflection cracking in the field was the 0.5-in. 
ARFC surface over CRC on I-10 in Arizona. DARWin-ME 

predicted excessively wide cracks and major loss of load 
transfer efficiency after 16 years because of low steel con-
tent and 20 million trucks.

•	 DARWin-ME predicts structural edge punchouts of CRC 
through a plot of measured punchouts/mile versus cumu-
lated fatigue damage, as shown in Figure 3.54. A summary 
of the fatigue damage calculated for each section is shown 
in Table 3.24. This relationship initially was established 
in 2004 and revised in the 2007 update to the DARWin-
ME. This curve represents data from several hundred CRC 
projects throughout the United States for the latest 2007 
calibration. The seven HMA/CRC sections are also plot-
ted on the graph to determine if the composite pavements 
generally follow the national calibration. The results show 
that these sections fit reasonably into the scatter of data 
from the national CRCP calibration, so it appears the 
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Figure 3.52. DARWin-ME–predicted cumulative damage 
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Table 3.23. Summary of the HMA/CRC Composite Pavement Sections’ Design, Traffic, Climate,  
and Measured/Predicted Performance

Section, 
Location Climate

Trucks/Years on 
Composite Lane

HMA/CRCP, Year 
Construction

Transverse 
Shrinkage Cracks

Punchout and 
Fatigue Damage Comments

AZ-1 (92-39) I-10 
westbound,  
90 miles west 
of Phoenix, 
Arizona

Dry 
Nonfreeze

20 million, 16 years 0.5-in. ARFC, 
13-in. CRC, 
both 1994

Measured: 80% 
reflected Wide 
cracks, Poor LTE

Measured:  
20/mile

Predicted: 5/mile

Performance  
predicted well 
(crack width 
and LTE)  
but low for 
punchouts

AZ-2 (7079) Loop 
101 Phoenix, 
Arizona

Dry 
Nonfreeze

2.6 million, 5 years 
for composite;  
7 million, 21 years 
CRCP

1.0-in. ARFC 
(2005), 9-in. 
CRC (1989)

Measured: 0% 
reflected

Tight cracks, 100% 
LTE

Measured: 0/mile
Predicted: 0/mile

Performance  
predicted well

TX-1 Texas I-10 
San Antonio, 
Texas

Wet 
Nonfreeze

24 million, 25 years 4-in. HMA, 12-in. 
CRC, both 
1986 widening

Measured: 0% 
reflected tight 
cracks, 100% LTE

Measured: 0/mile
Predicted: 0/mile

Performance  
predicted well

IL-2 Illinois I-64 
north of St. 
Louis

Wet Freeze 1.4 million, 5 years 4.5-in. HMA, 8-in. 
CRC, both 
2006 widening

Measured: 0% 
reflected tight 
cracks, 100% LTE

Measured: 0/mile
Predicted: 0/mile

Performance  
predicted well

OR-1 Oregon 
I-205 Portland, 
Oregon

Wet, 
Nonfreeze

5.2 million, 4 years 2.0-in. porous 
HMA (2007), 
8-in. CRC 
(1968)

Measured: 0% 
reflected

Tight cracks,  
100% LTE

Measured: 0/mile
Predicted: 0/mile

AC overlay on 
older CRCP in 
good condition

VA-1 Virginia I-64 
Richmond, 
Virginia

Wet, Freeze 1.7 million, 5 years 4.5-in. HMA, 8-in. 
CRC, both 
2006 widening

Measured: 0% 
reflected

Tight cracks,  
100% LTE

Measured: 0/mile
Predicted: 0/mile

Performance  
predicted well

The Netherlands 
A12, west of 
Utrecht

Wet, Freeze 19 million, 13 years 2.0-in. porous 
HMA, 10-in. 
CRC, both 1998

Measured: 0% 
reflected

Tight cracks,  
100% LTE

Measured: 0/mile
Predicted: 0/mile

Excellent perfor-
mance over  
13 years

Note: LTE = load transfer efficiency.

Table 3.24. Summary of HMA/CRC Composite Pavement  
Fatigue Damage and Cracking

AC/CRC 
Section Composite Type

Age 
(years)

Trucks 
(millions)

Accumulated 
Damage

Measured 
Punchouts 
(per mile)

Predicted 
Punchouts 
(per mile)

NL-A12 HMA/CRC 13 19.3 1.13E-06 0.0 0.0

AZ-1 ARFC/CRC 16 20.0 6.72E-01 20.0 5.0

AZ-2 ARFC/CRC 21 7.4 7.00E-05 0.0 0.0

TX-1 HMA/CRC 25 24.0 1.00E-07 0.0 0.0

IL-1 HMA/CRC  5 1.4 1.00E-07 0.0 0.0

VA-1 HMA/CRC  5 1.7 1.00E-07 0.0 0.0

OR-1 HMA/CRC  4 5.2 1.94E-04 0.0 0.0
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national calibration of CRCP can be used for HMA/CRC 
composite pavement.

DARWin-ME predicted well the performance of transverse 
shrinkage cracks in the CRC for the composite HMA/CRC 
pavements in the database. Thus, the conventional criteria 
for CRCP design of crack width and load transfer efficiency 
should be used for new HMA/CRC composite pavements.

Functional performance

Functional performance analysis of the database sections 
includes analysis of smoothness as measured using the Inter-
national Roughness Index (IRI). Figure 3.55 shows the change 
in IRI over time for all sections included in the R21 data-
base. The smoothness of these pavements over time is quite 

exceptional. The mean increase in IRI per year was 0.56 in./mi.  
Of course, if the surface deteriorates it can be replaced rap-
idly, and a very smooth surface can be obtained that typically 
would last for more than 10 years. DARWin-ME predicts IRI 
for composite pavements using empirical equations for both 
HMA/JPC and HMA/CRC. The predicted IRI is a function of 
the following for HMA/JPC composite pavements: initial IRI, 
transverse slab (midpanel) reflection cracking, transverse joint 
reflection cracking, and site factor that depends on age, sub-
grade percent fines, plasticity index (PI), and freezing index.

The predicted IRI is a function of the following for HMA/
CRC composite pavements: initial IRI, punchout reflected 
through the asphaltic surface, and site factor that depends on 
age, subgrade percent fines, PI, and freezing index.

The IRI predicted using DARWin-ME is plotted versus 
the measured IRI for all of the composite pavement sections 

Note: The DARWin-ME bare CRCP (national) calibration curve is shown for comparison. 
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Figure 3.54. Plot of fatigue damage versus measured punchouts 
per mile for HMA/CRC projects in the R21 database.

Figure 3.55. IRI over time for all composite pavements in the  
R21 database.
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where there were data available, as shown in Figure 3.56. The 
one-to-one line shows that predicted IRI is reasonably close 
to measured IRI for these sections; however, some overpre-
diction is apparent. This likely will be remedied if the updated 
rutting and reflection cracking models described previously 
are incorporated into DARWin-ME.

Summary of Analysis and  
performance Modeling

A detailed summary of information for HMA/JPC and RCC 
and HMA/CRC was prepared. A structural and functional 
analysis was conducted to show how these types of composite 
pavements have performed. Each section was modeled using 
the latest version of the DARWin-ME software and the results 
analyzed and plotted in many ways. Major findings are sum-
marized below:

•	 Although HMA/JPC, HMA/RCC, or HMA/CRC compos-
ite pavements have not been constructed extensively, some 
states, Canadian provinces, and cities have built a variety 
of projects ranging from very heavily traveled interstate 
truck routes to low-volume collector types of streets. A 
large sample of these pavements was included in the R21 
database, providing an excellent source of information for 
designers to become acquainted with this type of pave-
ment.

•	 The structural performance of these composite pavements 
has been exceptional in terms of minimal structural fatigue 
damage. Many of these pavements are long-life pavements 
that likely will last more than 50 years and require only 
the replacement of the thin asphaltic surfacing over time.

•	 The functional performance of these composite pave-
ments has been exceptional in terms of minimal rutting 
and ride quality over time. The rates of increase in rutting 

and IRI were very low, as averaged over all of the compos-
ite pavements.

•	 Bottom-up area fatigue cracking and longitudinal top-down 
fatigue cracking in the wheelpath, typically observed in flex-
ible pavements, are virtually nonexistent in HMA/PCC 
composite pavements because the HMA is almost always in 
compression. These pavements also exhibit improved long-
term ride quality and noise because of the elimination of 
contribution to IRI and tire-pavement noise from HMA 
wheelpath fatigue cracking.

•	 As the surface eventually deteriorates from raveling and/
or reflection cracking, it can be removed and replaced rap-
idly using the latest technology for thin asphaltic or other 
surfaces over a structurally sound concrete slab. This will 
provide a very smooth surface with other desirable quali-
ties, such as low noise and high friction, for many years 
to come.

•	 The HMA layer reduces temperature and moisture gradients 
(both magnitude and nonlinearity) in the PCC slab. The 
effect of this is a reduction in slab curvature and related load 
and thermal stresses. The reduction is substantial enough to 
dramatically increase structural capacity for the same PCC 
thickness. Alternatively, the PCC thickness can be reduced by 
1 to 3 in., depending on factors such as traffic, climate, sup-
port conditions, material properties, and so forth, to have an 
equivalent structural capacity as compared with a bare PCC 
pavement.

•	 Although not modeled in DARWin-ME, the reduction  
in temperature gradients and slab curvature (particularly 
upward curling) is expected to reduce longitudinal crack-
ing and corner breaks. None of the HMA/PCC sections 
surveyed exhibited any structural longitudinal cracking or 
corner breaking.

•	 Increasing thickness of the HMA layer increases struc-
tural capacity but not to the same extent as increasing 
PCC thickness. Increasing the thickness of the HMA layer 
also delays onset of reflection cracking. However, a conse-
quence of increasing HMA thickness is an increase in the 
amount of rutting.

•	 The HMA mixture and asphalt binder properties have a 
large effect on the extent of rutting in the HMA layers. 
However, because of the presence of the stiff PCC layer, the 
rutting in the sublayers beneath the PCC (base, subbase, 
and subgrade) is eliminated (as compared with conven-
tional flexible pavements). Thus, the total rutting in HMA/
PCC pavements is lower than that in conventional flexible 
pavements of equivalent thickness.

•	 The HMA mixture and asphalt binder properties also have 
an effect on the extent and severity of reflection cracking. 
The onset of reflection cracking can be delayed and the 
severity of reflection cracking reduced through proper 
design of the HMA mix.

Figure 3.56. Plot of predicted versus 
measured IRI for HMA/JPC and 
HMA/CRC composite pavements.
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•	 The insulating effects of the HMA layer result in smaller 
thermal movements (opening/closing) at the PCC joints. 
Thus, load transfer efficiency at PCC joints of HMA/JPC 
composite pavements can be expected to be higher than 
bare PCC pavements, which is beneficial for faulting per-
formance. However, it is still recommended that the JPC 
be designed with respect to dowel diameter and faulting 
performance assuming a bare PCC pavement. Note that 
dowels also delay the onset and minimize the severity of 
reflection cracks.

•	 Proper design of the CRC layer (thickness and reinforce-
ment percent) is crucial for long-term performance of 
HMA/CRC composite pavements. With adequate reinforce-
ment, punchouts and reflection cracking are virtually zero 
over the life of the pavement. Only the HMA surface needs 
to be replaced periodically to address functional and dura-
bility issues (raveling, friction, and so forth).

•	 DARWin-ME can model composite pavements reasonably 
well in terms of structural performance and functional 
performance although there are some limitations with 
respect to rutting, reflection cracking, and IRI, as follows:

	4 PCC transverse fatigue cracking: The calibration model 
for transverse fatigue cracking of bare JPCP used in the 
current DARWin-ME software was validated for use with 
new HMA/JPC and new HMA/RCC composite pave-
ments (see Figure 3.49 and Figure 3.53).

	4 PCC punchouts: The calibration model for edge 
punch outs of bare CRCP used in the current version 

of DARWin-ME was validated for use with new HMA/
CRC composite pavements (see Figure 3.54).

	4 Rutting: The rutting model included in the current 
version of DARWin-ME with the global calibration 
coefficients can be used to obtain reasonable predic-
tions of rutting in HMA/PCC composite pavements. 
However, the updated NCHRP 9-30A research results 
are recommended to be implemented in DARWin-
ME, after which the updated calibrations coefficients 
are recommended for use (see Figure 3.33). Ideally, 
Level 1 data should be used in DARWin-ME to model 
HMA/PCC composite pavements to improve predic-
tive capabilities.

	4 Reflection Cracking: The empirical DARWin-ME trans-
verse joint reflection model for HMA/JPC was not found 
to predict adequately. It is not recommended for usage. 
Instead, a fully calibrated model based on the results 
reported in NCHRP Report 669 is recommended to be 
implemented in DARWin-ME and used with caution (see 
Figure 3.45). In addition, alternatives such as sawing and 
sealing the HMA above the PCC joints (or use of CRC for 
the PCC layer) are strongly recommended.

	4 IRI: The IRI model appeared to be reasonable for com-
posite pavements. However, the updated rutting and 
transverse joint reflection cracking models described 
earlier in this chapter are recommended, which will  
have some effect on the IRI models (see Figure 3.55 and 
Figure 3.56).
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Guidelines and Design  
Procedure Using DARWin-ME

Design recommendations for using DARWin-ME to design 
HMA/JPC, HMA/RCC, and HMA/CRC are provided below:

1. General use of DARWin-ME for composite pavements.
a. Design Type: Select “AC Overlay”. Although a new com-

posite pavement is being designed and not an overlay, 
this is the proper Design Type to select until a Design 
Type specifically for new composite pavement is added 
by AASHTO.

b. Pavement Type:
•	 Select “AC/JPCP” for AC/JPC and AC/RCC composite 

pavements.
•	 Select “AC/CRCP” for AC/CRC composite pavements.

c. Design Life: Select desired life of structural design 
until major rehabilitation is needed. Composite pave-
ments are very appropriate to a long structural life, 
exhibiting little structural deterioration over many years. 
DARWin-ME can design pavements for a design life as 
long as 100 years. To design a “long-life” pavement, select 
a longer life of more than 40 years. The HMA surface 
can be replaced as needed, but the PCC slab will remain 
over the long design life with little structural fatigue 
damage or joint load transfer efficiency loss.

2. Trial design: Select all design inputs for a trial design. 
The unique inputs for a HMA/PCC composite pavement 
are as follows:
a. Design reliability and performance for composite pave-

ments. Note that these are the only distress and IRI 
performance outputs worth considering in design.
•	 Design reliability should be based on traffic level 

of the highway. Higher traffic levels warrant higher 
reliability levels.
1. Interstates, freeways, divided highways: 95% to 99%;
2. Other highways and urban collectors/arterials: 

90% to 94%; and

3. Local residential and farm-to-market roads: 75% 
to 89%.

•	 Structural fatigue cracking and punchouts:
1. JPCP: 10% slabs (range, 5% to 15%) transverse 

fatigue cracking; and
2. CRCP: 10 punchouts per mile (range, 5% to 15%).

•	 Smoothness, Terminal IRI should be based on traffic 
level of the highway. Higher traffic levels warrant lower 
terminal smoothness levels.
1. Interstates, freeways, divided highways: 150 in./mile;
2. Other highways and urban collectors/arterials: 

160 in./mile; and
3. Local residential and farm-to-market roads:  

175 in./mile.
•	 Permanent deformation (rutting of HMA only, which 

is total also): This should be 0.50-in. mean wheelpath.
•	 Joint faulting for bare JPCP comparisons: This should 

be 0.15 to 0.20 in.
•	 Initial IRI: The initial IRI for HMA/PCC composite 

pavements can be very low because of the multiple 
layering of the pavement. Initial IRI values as low as 
35 in./mile have been achieved, with routine values 
from 40 to 50 in./mile.

•	 Type and thickness of HMA surface layer. The type 
depends on the design objectives. If reducing noise 
levels to a minimum is required, some type of porous 
asphalt surface can be used. Thickness should be the 
minimum possible to provide durability and surface 
characteristics desired for a given truck traffic and 
climate. In warmer weather locations, a thinner sur-
facing is feasible, such as 1 in., but for colder weather 
and heavier traffic, as much as 3 in. total may be 
required.

b. Type (JPCP or CRCP) and thickness of the PCC layer. 
This is the load carrying capacity layer for the com-
posite pavement. The trial design should start with a 
typical thickness used for bare pavement. Depending 

C h A P t E R  4

HMA/PCC Design Guidelines

Composite Pavement Systems, Volume 1: HMA/PCC Composite Pavements

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22685


109   

on the thickness of the HMA surface, the slab thickness 
may be reduced by 1 to 3 in. of concrete.

c. Joint design for JPCP. Joint design includes joint spacing 
and joint load transfer.
•	 Joint spacing is considered directly in the DARWin-

ME analysis and affects transverse fatigue cracking as 
well as joint faulting. A shorter slab has two distinct 
advantages:
1. Thinner slab to control cracking; and
2. Less joint reflection cracking and deterioration  

through the HMA surface. For nondoweled joints, 
the shorter the joint spacing, the higher the joint 
load transfer efficiency, reducing the deterioration 
of the reflection crack.

•	 Joint load transfer requirement is similar to bare JPCP 
design in that dowels of sufficient size are required to 
prevent erosion and faulting for any significant level 
of truck traffic. The greater the dowel diameter, the 
higher the joint load transfer efficiency and the more 
truck loadings the pavement can carry to the terminal 
level of faulting.
1. Simplified dowel design: The dowel diameter should 

be at least 1⁄8 the slab thickness. For example, a 
slab thickness of 12 in. requires a dowel diameter 
of at least 12⁄8 = 1.5 in. For exceptionally heavy 
truck traffic highways, it may be necessary to add 
0.25-in. diameter.

2. Use of DARWin-ME: DARWin-ME can be run 
with all the same inputs but without the HMA 
surface to calculate joint faulting. In this case, joint 
faulting should be limited to no more than 0.15 
to 0.20-in. at the design reliability level to ensure 
sufficient joint LTE.

3. Low-volume roadways, where dowels would not 
normally be used for bare JPCP, do not require 
dowels for composite pavement. This is true for 
residential or farm-to-market streets, where JPC 
or RCC is used as the lower layer. When dowels are 
not used, it is highly recommended to reduce the 
joint spacing to 10 ft to reduce reflection cracking 
severity and increase joint load transfer efficiency.

•	 Joints can be formed with a single saw cut or for RCC 
formed with a knife edge and do not require filling 
or sealing.

d. Joint design for RCC. Joints should always be provided 
for RCC at spacing even shorter than for JPCP for rea-
sons described previously (e.g., 10 ft is recommended). 
These joints will not have dowels and can be formed in 
various ways other than sawing. Joints do not require 
sealing or filling.

e. Reinforcement design for CRC. The reinforcement con-
tent should be similar to bare CRCP. All of the same crack 

spacing, long-term width, and long-term load transfer 
efficiency are applicable. The reinforcement design is 
provided in the DARWin-ME. If these recommenda-
tions are followed, HMA/CRC composite pavements 
have shown no reflection cracking over many years and 
with very heavy traffic.

f. Concrete slab recommendations. The formed concrete 
or roller compacted concrete to be used for the lower 
layer of an AC/PCC composite pavement can vary 
widely, as described here:
•	 Typical concrete used in bare JPCP or CRCP can be 

used with no changes. There are no special require-
ments different from those for bare pavement.

•	 Lower cost concrete based on local aggregates or recy-
cled concrete. The strength, modulus of elasticity, CTE, 
and drying shrinkage of the concrete can be varied be-
cause it is a direct input to the DARWin-ME software.
1. The MnROAD experimental AC/JPC clearly showed 

that properly recycled concrete from a local road-
way can be used for the lower layer.

2. The MnROAD experiment AC/JPC also showed 
that a local aggregate source can be used success-
fully for the lower layer.

•	 Both of these alternatives provide for substantial 
sustainability advantages and cost savings, yet show 
adequate durability. Certainly attention must be paid 
to good construction practices.

g. Base layer and other sublayers should be selected sim-
ilar to bare JPCP or CRCP designs based on minimiz-
ing erosion, construction ease, and cost effectiveness. 
No attempts should be made to reduce the friction 
between the slab and the base because good friction is 
required to form joints in JPC/RCC and cracks in CRCP. 
Good friction also helps control erosion and pumping 
and reduces stress in the slab.

3. Design outputs interpretation
a. Run the trial design and examine the outputs. Note that 

although there are other DARWin-ME outputs, they 
should not be used for design at this time for HMA/PCC 
composite pavement.
•	 JPCP and Jointed RCC: Transverse fatigue cracking, 

IRI, and HMA rutting must all meet the design reli-
ability requirements for a trial design to be feasible.

•	 CRCP: Edge punchouts, transverse crack width, trans-
verse crack load transfer efficiency, IRI, and rutting 
must all meet the design reliability requirements for 
a trial design to be feasible.

b. If any of these do not “Pass” at the reliability level, a 
modification in the design is required. Some guidelines 
are as follows for making modifications:
•	 Excess transverse cracking of JPC or jointed RCC slab: 

increase slab thickness, shorten joint spacing, add a 
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tied PCC shoulder or 1-ft widened slab, use a stabilized 
base course, increase PCC strength (with appropriate 
change in the modulus of elasticity), or use a different 
aggregate source (one with lower CTE).

•	 Excess punchouts for CRC: increase slab thickness, 
increase reinforcement content, use a tied PCC shoul-
der or 1-ft widened slab, use a stabilized base course, or 
use a different aggregate source (one with lower CTE).

•	 Excess rutting of HMA surface: modify binder grade; 
modify mixture parameters, such as as-built air voids 
and binder content; and reduce layer thickness. If these 
changes are not effective or acceptable, program a 
surface removal and replacement at the point of pre-
dicted rutting reaching the critical level.

•	 Excess IRI: reduce JPC or jointed RCC transverse 
cracking and HMA rutting, or require a smoother 
initial pavement. Composite pavements can be 
constructed with an exceptionally low initial IRI 
(e.g., 40 to 50 in./mile). Include incentive smooth-
ness specifications with significant incentives so that 
the initial IRI is reduced. Smoothness incentives have 
been used with great success over several decades to 
improve initial IRI.

4. Other Joint Considerations
a. As described in Chapter 3, various options are available 

to design joints to control for reflection cracking in 
the HMA layer. In decreasing order of effectiveness, these 
include
•	 Use CRC (with adequate reinforcement) for the PCC 

layer (instead of JPC). For JPC slabs, dowels can be 
used to provide load transfer at the joints and delay 
onset and minimize severity of reflection cracking.

•	 Use sawed and sealed joints.
•	 Use special additives (e.g., polymers) in the HMA 

mix to delay onset and minimize severity of reflec-
tion cracking.

•	 Use reflection cracking treatment between PCC and 
HMA (such as asphalt rubber interlayers, fabrics and 
geotextiles, and geogrids).

•	 Do nothing, which can be a viable option in certain 
climatic areas (e.g., dry nonfreeze) where historically 
reflection crack severity and deterioration are lower.

b. Bond breakers between the HMA and the PCC are not 
recommended because a good bond between the HMA 
and PCC is desirable to prevent other distresses.

c. Thicker HMA layer(s) to control or delay reflection 
cracking is not recommended because they typically 
do not justify the higher costs.

d. In all of these instances, it is desirable to route and seal 
or even just seal a reflection crack immediately after it 
reflects through the HMA to minimize and delay addi-
tional deterioration of the crack.

Illustrative Designs

Four different designs are provided below using the DARWin-
ME procedure with recommended inputs and procedures for 
composite pavements:

1. HMA/JPC Composite Design for Interstate Highway—
Tucson, Arizona.

2. HMA/JPC Composite Design for State Highway— 
Albertville, Minnesota.

3. HMA/RCC Composite Design for Local Street—Columbus, 
Ohio.

4. HMA/CRC Composite Design for Interstate Highway—
San Antonio, Texas.

HMA/JPC Composite Design for  
Interstate Highway: Tucson, Arizona

a. Design reliability and performance requirements
• Design life: 30 years.
• R = 95%.
• Transverse slab cracking: 10% maximum.
• Transverse joint faulting (bare JPCP): 0.20 in. Note 

that this requirement is specified to help control joint 
LTE to minimize reflection cracking severity. Start with 
minimum dowel diameter = slab thickness/8.

• Rutting: 0.50 in.
• IRI: 150 in./mile.

b. Materials
• ARFC: Binder is rubber modified asphalt with equivalent 

grade of PG 70-22.
• Concrete slab: Mean compressive strength is 5,000 psi; 

modulus of elasticity is 4.3 million psi.
• Aggregate base course: Resilient modulus is 30,000 psi.

c. Site conditions
• Traffic.

1. Four lanes in each direction.
2. Initial two-way average annual daily truck traffic 

(AADTT): 16,060 (directional distribution = 50%, 
lane distribution = 70%).

3. Growth rate: 3% compound.
4. Use Arizona specific DARWin-ME defaults for other 

traffic inputs.
• Subgrade

1. Subgrade soil survey revealed A-7-6 predominated.
2. A subgrade “lab” resilient modulus is required at 

optimum moisture and density. To estimate this 
input, FWD testing was performed along the old 
existing pavement and the data used to backcalculate 
a modulus. An additional adjustment was made to 
convert from a field to a lab modulus and from in situ 
moisture to optimum moisture. The 1993 AASHTO 
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Design Guide, Part III Rehabilitation equation based 
on elastic layered analysis was used:

Es P d S= ×( )0 24.

where
 Es = elastic modulus of the subgrade (psi),
 P = load on FWD (pounds),
 d =  deflection at spacing S from the loading plate 

(in.), and
 S =  spacing to outer sensor (in.), with a 60-in. 

sensor used.

The mean Es for this section is 29,702 psi. The sub-
grade elastic modulus, Es, is a field determined value 
at field moisture content and density. The Es must 
now be adjusted to the appropriate input resilient 
modulus for the DARWin-ME, which is a lab deter-
mined value at optimum moisture and density. This 
is accomplished by using a multiplier as follows that 
was obtained to adjust all of the backcalculated flex-
ible pavement elastic modulus values in the national 
calibration.

Fine grained soil: 0.55; Coarse grained soil: 0.67.

Mean resilient modulus (MR) was calculated as 
29,702 × 0.55 = 16,336 psi. This is the appropriate 
input for the DARWin-ME. The value is not far from 
the default value for an A-7-6 soil of 13,000 psi given 
in the AASHTO MOP.

• Climate
1. A virtual weather station was created for this site  

using the five closest stations.
d. Trial composite design

• Surface: Arizona uses 1 in. of ARFC surface for composite 
designs. This material is fairly porous.

• JPCP: A trial 10-in. slab will be evaluated first with a 15-ft 
joint spacing. Trial dowel diameter will be 10/8 = 1.25-in. 
for this thickness.

• Base: 4 in. of dense graded crushed stone will be used. 
This will be placed directly on the coarse grained prepared 
and compacted subgrade.

e. Output results for composite design:
• Total number of trucks in design lane in a period of 

30 years: 97 million.
• Transverse cracking of JPCP: R > 95%: Pass.
• IRI: R > 95%: Pass.
• Rutting: R > 95%: Pass. Transverse joint faulting and 

load transfer efficiency check: DARWin-ME was run 
for a bare 10-in. JPCP with the same 1.25-in. dowels 
(and all other inputs the same). Results showed “Fail” 

(for a terminal level of 0.20 in., which is recommended 
for composite HMA/JPC design). The dowel diameter 
was increased to 1.5 in., and the result was Pass.

f. Final composite design: This design passes all of the re-
quirements for slab fatigue transverse cracking, rutting, 
bare JPCP faulting (and thus, good joint load transfer 
efficiency), and IRI. All of the transverse joints are pre-
dicted to reflect through within 8 years. In addition, the 
thin ARFC surface likely will need to be removed and 
replaced after 10 to 20 years because of potential deterio-
ration of the transverse reflection cracks and raveling of 
the material.
• Includes 1-in. ARFC.
• Includes 10-in. JPC with 1.5-in. diameter dowels.
• Includes 4-in. dense graded aggregate base.

g. Comparative bare JPCP design:
• Given the design obtained for the composite pavement, 

what would be an equivalent design for a bare JPCP at this 
location? DARWin-ME was run for the exact inputs as 
the composite design, and the design shown in Table 4.1  
was required. These results show a substantial reduction 
in slab thickness (2 in.) and an untreated aggregate base, 
rather than an HMA base course.

HMA/JPC Composite Design for  
State Highway: Albertville, Minnesota

a. Design reliability and performance requirements
• Design life: 20 years.
• R = 95%.
• Transverse slab cracking: 10% maximum.
• Transverse joint faulting (bare JPCP): 0.20-in. Note 

that this requirement is specified to help control joint 
load transfer efficiency to minimize reflection cracking 
severity.

• Rutting: 0.50-in.
• IRI: 150 in./mile.

Table 4.1. Equivalent HMA/JPC Composite 
Pavement and JPCP Designs Modeled Using 
DARWin-ME Designs for Interstate Highway: 
Tucson, Arizona

Design ARFC/JPC Composite JPCP

Surface 1-in. ARFC None

JPC H = 10 in.
Dowels = 1.50 in.

H = 12 in.
Dowels = 1.50 in.

Base 4-in. Untreated aggregate 4-in. HMA

Reliability >95% >95%

Note: H = PCC thickness.
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b. Materials
• HMA: Binder is PG 64-34.
• Concrete slab: Mean 28-day flexural strength is 677 psi 

and the modulus of elasticity is 4.9 million psi.
• Aggregate base course: Resilient modulus is 18,000 psi.

c. Site conditions
• Traffic.

1. Two lanes in each direction.
2. Initial two-way AADTT: 2,000 (directional distribu-

tion = 50%, lane distribution = 90%).
3. Growth rate: 3% linear.
4. Use site-specific DARWin-ME defaults for other traffic 

inputs.
• Subgrade.

1. Subgrade soil survey revealed A-6 predominated.
2. A subgrade lab resilient modulus is required at op-

timum moisture and density. To estimate this input, 
FWD testing was performed along the old existing 
pavement and the data used to backcalculate a mod-
ulus. An additional adjustment was made to convert 
from a field to a lab modulus and from in situ mois-
ture to optimum moisture. The 1993 AASHTO Design 
Guide, Part III Rehabilitation equation based on elas-
tic layered analysis was used:

Es P d S= ×( )0 24.

where
 Es = elastic modulus of the subgrade (psi),
 P = load on FWD (lb),
 d =  deflection at spacing S from the loading plate 

(in.), and
 S =  spacing to outer sensor (in.), with 60-in. sensor 

used.

The mean Es for this section is 13,660 psi. The sub-
grade elastic modulus, Es, is a field determined value 
at field moisture content and density. The Es must 
now be adjusted to the appropriate input resilient 
modulus for the DARWin-ME, which is a lab deter-
mined value at optimum moisture and density. This 
is accomplished by using a multiplier as follows that 
was obtained to adjust all of the backcalculated flex-
ible pavement elastic modulus values in the national 
calibration.

Fine grained soil: 0.55; Coarse grained soil: 0.67.

Mean MR was calculated as 13,660 × 0.55 = 7,513 psi. 
The mean dynamic k-value was 121 psi/in. This is 
the appropriate input for DARWin-ME. This value is 
about one-half of the default value for an A-6 soil of 
14,000 psi given in the AASHTO MOP.

• Climate.
1. A virtual weather station was created for this site using 

the three closest stations.
d. Trial composite design

• Surface: This composite design had a 3-in. HMA surface.
• JPCP: A trial 6-in. slab will be evaluated first with a 

15-ft joint spacing. Trial dowel diameter will be 1.25-in. 
minimum recommended.

• Base: 8 in. of dense graded crushed stone will be used. 
This will be placed directly on the fine grained prepared 
and compacted subgrade.

e. Output results for composite design:
• Total number of trucks in design lane in a period of  

30 years: 8.4 million.
• Transverse cracking of JPCP: R > 95%: Pass.
• IRI: R > 95%: Pass.
• Rutting: R > 95%: Pass.
• Transverse joint faulting and load transfer efficiency 

check: DARWin-ME was run for a bare 6-in. JPCP with 
the same 1.25-in. dowels (and all other inputs the same). 
Results showed Pass (for a terminal level of 0.20 in., which 
is recommended for composite HMA/JPC design).

f. Final composite design: This design passes all of the 
requirements for slab fatigue transverse cracking, rutting, 
bare JPCP faulting (and thus, good joint load transfer 
efficiency), and IRI. All of the transverse joints are to be  
sawed and sealed immediately after placement of the HMA 
surface. This will control reflection cracking severity along 
with high doweled joint load transfer efficiency. The HMA 
surface will likely need to be rehabilitated after 10 to  
20 years because of various weathering problems that 
occur in this harsh climate.
• 3-in. HMA. All transverse joints to be sawed and sealed 

after placement;
• 6-in. JPC (recycled PCC from existing roadway) with 

1.25-in. diameter dowels; and
• 8-in. dense graded aggregate base.

g. Comparative bare JPCP design:
• Given the design obtained for the composite pavement, 

what would be an equivalent design for a bare JPCP at 
this location? DARWin-ME was run for the exact inputs 
as the composite design, and the design shown in Table 4.2 
was required. These results show a substantial increase in 
slab thickness (3 in.) and an increase in dowel diameter to 
1.375 in.

HMA/RCC Composite Design  
for Local Street: Columbus, Ohio

The city of Columbus (and neighborhood suburbs such as  
Grove City) has constructed many residential, collector, and 
arterial composite pavements consisting of 2 to 3 in. of asphalt 
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concrete over 6 to 8 in. of RCC. This design is for a typical 
collector street design.

a. Design reliability and performance requirements
• Design life: 20 years.
• R = 85%.
• Transverse slab cracking: 10% maximum.
• Transverse joint faulting (bare JPCP): 0.2-in. Note 

that this requirement is specified to help control joint 
load transfer efficiency to minimize reflection cracking 
severity.

• Rutting: 0.50 in.
• IRI: 175 in./mile.

b. Materials
• HMA: Binder is PG 64-34.
• RCC slab: Test results were obtained from several RCC 

projects in the Columbus area, and the mean 28-day 
compressive strength was 5,000 psi. The RCC specified 
has concrete strength properties equal to or better than 
regular paving concrete.

• Aggregate base course: Resilient modulus is 25,000 psi.
c. Site conditions

• Traffic.
1. Two lanes in each direction.
2. Initial two-way AADTT: 150 (directional distribu-

tion = 50%, lane distribution = 90%).
3. Growth rate: 3% linear.
4. Use default DARWin-ME defaults for other traffic 

inputs.
• Subgrade.

1. Subgrade soil survey revealed A-7-6 predominated.
2. A subgrade lab resilient modulus is required at opti-

mum moisture and density. To estimate this input, 
FWD testing was performed along the old existing 
pavement and the data used to backcalculate a mod-
ulus. An additional adjustment was made to convert 
from a field to a lab modulus and from in situ moisture 
to optimum moisture.

The 1993 AASHTO Design Guide, Part III Reha-
bilitation equation based on elastic layered analysis 
was used:

Es P d S= ×( )0 24.

where
 Es = elastic modulus of the subgrade (psi),
 P = load on FWD (lb),
 d =  deflection at spacing S from the loading plate 

(in.), and
 S =  Spacing to outer sensor (in.), with 60-in. sensor 

used.

The mean Es for this section is 15,152 psi. The sub-
grade elastic modulus, Es, is a field determined value 
at field moisture content and density. The Es must now 
be adjusted to the appropriate input resilient modulus 
for DARWin-ME, which is a lab determined value at 
optimum moisture and density. This is accomplished 
by using a multiplier as follows that was obtained 
to adjust all of the backcalculated flexible pavement 
elastic modulus values in the national calibration.

Fine grained soil: 0.55; Coarse grained soil: 0.67.

Mean MR was calculated as 15,152 × 0.55 = 8,334 psi. 
The mean dynamic k-value was 317 psi/in. This is the 
appropriate input for the DARWin-ME. This value is 
about one-half of the default value for an A-7-6 soil 
of 13,000 psi given in the AASHTO MOP.

• Climate.
1. A virtual weather station was created for this site using 

the closest stations.
d. Trial composite design

• Surface: Assume 2-in. HMA surface for this composite 
design. Every transverse joint will be sawed and sealed 
to control reflection cracking.

• JPCP: A trial 6-in. slab will be evaluated first with a 15-ft 
joint spacing. The joints can be sawed or wet formed. 
No dowels will be used.

• Base: 6 in. of dense graded crushed stone will be used. 
This will be placed directly on the fine grained prepared 
and compacted subgrade.

e. Output results for composite design:
• Total number of trucks in design lane in a period of 

30 years: 1.165 million.
• Transverse cracking of JPCP: R > 85%: Pass.
• IRI: R > 85%: Pass.
• Rutting: R > 85%: Pass.
• Transverse joint faulting and LTE check: The DARWin-

ME was run for a bare 6-in. JPCP with no dowels (and 
all other inputs the same). Results showed a reliability 

Table 4.2. Equivalent HMA/JPC Composite Pavement 
and JPCP Designs Modeled Using DARWin-ME 
Designs for State Highway: Albertville, Minnesota

Design HMA/JPC Composite JPCP

Surface 3-in. HMA None

JPC H = 6 in.
Dowels = 1.25 in.

H = 9 in.
Dowels = 1.375 in.

Base 8-in. Untreated aggregate 8-in. Untreated aggregate

Reliability >95% >95%

Note: H = PCC thickness.
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level of 78%, which is a little less than the desired 85%. 
However, for this test, it is believed to be close enough 
for a low-volume design such as this.

f. Final composite design: This design passes all of the require-
ments for slab fatigue transverse cracking, rutting, bare 
JPCP faulting (and thus good joint LTE), and IRI. All of 
the transverse joints are to be sawed and sealed immedi-
ately after placement of the HMA surface. This will control 
reflection cracking severity. The HMA surface likely will 
need to be rehabilitated after 10 to 20 years because of vari-
ous weathering problems that occur in this harsh climate
• 2-in. HMA. All transverse joints to be sawed and sealed 

after placement;
• 6-in. RCC (with formed joint spacing of 15 ft) and no 

dowels; and
• 6-in. Dense graded aggregate base.

g. Comparative bare JPCP design:
• Given the design obtained for the composite pavement, 

what would be an equivalent design for a bare JPCP at 
this location? The DARWin-ME was run for the exact 
inputs as the composite design and the design shown in 
Table 4.3 was required. These results show a substantial 
increase in slab thickness (3 in.), which must be balanced 
with the cost of a 2-in. HMA surface.

HMA/CRC Composite Design for  
Interstate Highway: San Antonio, Texas

a. Design reliability and performance requirements
• Design life: 30 years.
• R = 95%.
• Edge punchout: 10 per mile.
• Transverse crack width: 0.020-in. maximum.
• Transverse crack spacing: 3 to 6 ft.
• Transverse crack load transfer efficiency: >85%.
• IRI: 150 in./mile.

b. Materials
• HMA surface course: binder PG 76-28.
• HMA binder course: binder PG 76-28.

• Concrete slab: mean flexural strength is 700 psi.
• HMA base course: dense graded, binder PG 64-22.
• Aggregate subbase course: resilient modulus is 30,000 psi.

c. Site conditions
• Traffic.

1. Four lanes in each direction.
2. Initial two-way AADTT: 12,000 (directional distribu-

tion = 50%, lane distribution = 70%).
3. Growth rate: 3% compound.
4. Use DARWin-ME defaults for other traffic inputs.

• Subgrade.
1. Subgrade soil survey revealed that A-2-5 predomi-

nated.
2. A subgrade lab resilient modulus is required at opti-

mum moisture and density. No FWD deflection or lab 
testing was available, so the default mean resilient 
modulus provided in the AASHTO MOP was used. 
This value is 16,000 psi.

• Climate.
1. The San Antonio airport weather station was selected.

d. Trial composite design
• Surface: 1.5 in. of HMA surface course and 1.5 in. of 

HMA binder course.
• CRCP: A trial 11-in. slab will be evaluated first with a 

0.70% steel for No. 6 rebars. Note that the crack LTE 
deteriorated toward the end of the design life, and thus 
0.75% reinforcement was required.

• Tied JPCP shoulders that will be placed and tied sepa-
rately.

• Base: 4 in. of dense graded HMA.
• Subbase: 8 in. of crushed aggregate subbase, resilient 

modulus 30,000 psi.
e. Output results for composite design:

• Total number of trucks in design lane in 30 years:  
73 million.

• Edge punchouts: R > 95%: Pass.
• Transverse crack spacing: 38 in.: Pass.
• Transverse crack maximum width: 0.018 in.: Pass.
• Transverse crack minimum LTE: >85%: Pass.
• Rutting: R < 95%: Not Pass. Rutting is predicted to 

exceed 0.50 in. at 18 years, at which time the HMA sur-
face will need to be milled and replaced.

• IRI: The IRI does not pass because of rutting. When the 
HMA surface is replaced because of rutting at 18 years, 
the IRI will begin anew.

f. Final composite design: This design passes all of the  
requirements for slab punchouts and transverse crack 
criteria for the 30-year design period. The HMA is pre-
dicted to exceed critical rutting at 18 years and will need 
to be replaced. This will renew the IRI at that time also.
• 1.5-in. HMA surface course, 1.5-in. HMA binder course.
• 11-in. CRCP with 0.75% longitudinal reinforcement.

Table 4.3. Equivalent HMA/RCC Composite Pavement 
and JPCP Designs Modeled Using DARWin-ME 
Designs for a Local Street: Columbus, Ohio

Design ARFC/RCC Composite JPCP

Surface 2-in. HMA None

JPC H = 6 in.
No dowels

H = 9 in.
No dowels

Base 6-in. Untreated aggregate 6-in. Untreated aggregate

Reliability >85% >85%

Note: H = PCC thickness.
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• Tied JPCP shoulders that will be placed and tied separately.
• 4-in. dense graded HMA base.
• 8-in. dense graded aggregate subbase.

g. Comparative bare CRCP design:
Given the design obtained for the composite pavement, 
what would be an equivalent design for a bare CRCP at 
this location? DARWin-ME was run for the exact inputs 
and design as the composite design with two exceptions:
• The HMA surfacing was deleted.
• The percent by area reinforcement was reduced so that 

the reinforcement content of actual steel per 12 ft of lane 
cross section was held constant.

A bare CRCP thickness of 13 in. was required with 0.70% 
reinforcement to meet all the reliability and performance 
requirements, as shown in Table 4.4. This results in 2 in. of 
additional slab thickness and an increase in reinforcement 
quantity (an increase of approximately 10% in actual steel 
quantity), as shown above.

Summary of Illustrative Composite  
Pavement Designs

The following conclusions can be made regarding the results 
obtained for the composite designs and for comparative bare 
concrete pavement designs:

•	 The DARWin-ME design procedure, using the AC over-
lay of JPCP and CRCP, worked well with no problems to 
design a new composite pavement.

•	 The thickness of the composite slab layer is reduced from 
that required for a bare concrete pavement. For the CRC, the 
quantity of reinforcement across the lane is also reduced.

•	 These reductions may offset the increased cost of the vari-
ous HMA surfaces. For the very heavily trafficked projects, 
the HMA surface will need to be replaced during the long 
design life.

Surfaces and slab thickness for comparable designs are 
summarized in Table 4.5.

Table 4.4. Equivalent HMA/CRC Composite Pavement  
and CRCP Designs Modeled Using DARWin-ME Designs  
for Interstate Highway: San Antonio, Texas

Design ARFC/CRC Composite Bare CRCP

Surface 1.5-in. HMA surface
1.5-in. HMA binder

None

CRC H = 11 in.
Reinforced = 0.75%, or  

Reinforced = 12 in.2/12 ft
Tied JPCP shoulders

H = 13 in.
Reinforced = 0.70%, or  

Reinforced = 13 in.2/12 ft
Tied JPCP shoulders

Base 4-in. HMA 4-in. HMA

Subbase 8-in. Aggregate 8-in. Aggregate

Reliability >95% >95%

Future rehabilitation  
over 30 years

HMA surface replacement  
at 16 years

None

Note: H = PCC thickness.

Table 4.5. Summary of DARWin-ME Results for Illustrative Examples

Project

Traffic: Trucks in 
Design Lane, 

Analysis Period HMA/PCC Bare PCC

Interstate highway
Tucson, Arizona

97,000,000, 30 years 1-in. ARFC/10-in. JPC (1.5-in. dowels) 12-in. JPCP (1.5-in. dowels)

State highway
Albertville, Minnesota

8,400,000, 20 years 3-in. HMA/6-in. JPC (1.25-in. dowels) 9-in. JPCP (1.375-in. dowels)

Local street
Columbus, Ohio

1,165,000, 20 years 2-in. HMA/6-in. RCC (no dowels) 9-in. JPCP (no dowels)

Interstate highway
San Antonio, Texas

73,000,000, 30 years 3-in. HMA/11-in. CRC (0.75% reinforced) 
(reinforced = 12 in.2/12 ft)

13-in. CRCP (0.70% reinforced) 
(reinforced = 13 in.2/12 ft)
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Table 4.7. Sensitivity Analysis 
(Showing Percentage Slabs Cracked) 
for Transverse Fatigue Cracking  
in HMA/JPC Composite Pavement  
in Arizona Climate

HMA Surface 
Thickness (in.)

JPC Slab Thickness (%)

8 in. 9 in. 10 in. 11 in.

1 66.5 13.0 6.1 2.4

2  5.8  0.1 0.0 0.0

3  0.3  0.0 0.0 0.0

4  0.0  0.0 0.0 0.0

Note: Design truck traffic over 30 years is 97 million.

Figure 4.2. Sensitivity analysis showing effect 
of HMA surface and JPC slab thickness on 
transverse fatigue cracking for HMA/JPC  
composite pavement in Arizona.

Sensitivity Analysis

Sensitivity analyses were conducted for composite HMA/
JPC pavements and for a composite HMA/CRC pavement. 
The following key factors were varied and studied in the 
analysis:

•	 HMA surface thickness;
•	 JPC and CRC slab thickness;
•	 Number of heavy trucks; and
•	 Climate zones (Arizona, Minnesota, and Texas).

Minnesota. The Minnesota analysis was conducted using 
Example 2 detailed in the previous section. The climate is 
dry-freeze, and the truck traffic is about 0.5 million per year 
in the design lane. DARWin-ME was run over a factorial of 
HMA and JPC slab thicknesses. The key output evaluated is 
transverse fatigue cracking, which is the key structural load-
carrying capacity distress. The results are summarized in 
Table 4.6 and shown in Figure 4.1.

Arizona. The Arizona analysis was conducted using 
Example 1 detailed in the previous section. The site is on 
I-10 in Tucson and is very heavily trafficked. The climate is 

dry-nonfreeze, and the truck traffic is about 3.2 million per 
year in the design lane. DARWin-ME was run over a facto-
rial of HMA and JPC slab thicknesses. The key output evalu-
ated is transverse fatigue cracking, which is the key structural 
load-carrying capacity distress. The results are summarized 
in Table 4.7 and Figure 4.2.

Texas. The Texas analysis was conducted using Example 4 
in the previous section. The site is on I-35 in San Antonio and 
is heavily trafficked. The climate is generally wet-nonfreeze 
(but often is dry-nonfreeze), and the truck traffic is about 
2.4 million per year in the design lane. DARWin-ME was run 
over a factorial of HMA and CRC slab thicknesses. The key 
output evaluated is edge punchouts, which is the key struc-
tural load-carrying capacity distress for CRC. The results are 
summarized in Table 4.8 and Figure 4.3.

The results of these sensitivity analyses show the following:

•	 Both HMA and PCC affect the load-carrying capacity of a 
composite pavement. The PCC layer is of course the pri-
mary structural layer and must be of sufficient thickness to 
prevent significant fatigue damage.

Table 4.6. Sensitivity Analysis 
(Showing Percentage Slabs Cracked) 
for Transverse Fatigue Cracking in 
HMA/JPC Composite Pavement in 
Minneapolis Climate

HMA Surface  
Thickness (in.)

JPC Slab Thickness (%)

5 in. 6 in. 7 in. 8 in.

1 100.0 92.0 32.5 0.0

2  98.7 26.0  0.2 0.0

3  84.9  0.2  0.0 0.0

4  15.5  0.0  0.0 0.0

Note: Design truck traffic over 20 years is 11 million.

Figure 4.1. Sensitivity analysis showing effect 
of HMA surface and JPC slab thickness on 
transverse fatigue cracking for HMA/JPC  
composite pavement in Minnesota.
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•	 HMA surface thickness also has a significant effect on 
transverse fatigue cracking for thinner JPC and CRC slabs. 
Increasing HMA by 1 in. can sometimes have a very large 
effect on reducing fatigue damage. This impact is attribut-
able to both the increased structure and the reduction in 
thermal and moisture gradients through the slab, resulting 
in reduced fatigue damage.

•	 JPC slab thickness has a very large effect on transverse 
fatigue cracking. Likewise, CRC slab thickness has a very 
large effect on punchouts. This layer must be designed with 
sufficient thickness to provide for long-term performance 
with minimal fatigue cracking.

Cost Analysis and  
Pavement type Selection

New HMA/PCC composite pavements have not been con-
structed widely in the United States or in other countries. 
There are some exceptions, however, including the following 
applications:

•	 The most widely used application of HMA/PCC is widen-
ing of an existing PCC pavement or an existing HMA/PCC 

pavement, and it is desired to match layer types across the 
new traffic lanes. Many states have designed and built 
widening composite pavements, and these pavements have 
performed well.

•	 Arizona uses a thin, 1-in. ARFC over JPC and CRC to reduce 
tire-pavement noise levels in urban areas. The entire Phoe-
nix freeway system was surfaced with ARFC beginning in 
2003, and many of these were also new JPC segments. 
There are a number of ARFC/JPC sections on rural inter-
state highways that have been constructed since the early 
1990s. This composite design has performed very well in 
Arizona.

•	 Ontario has built a number of new HMA/JPC composite 
pavements since the 1970s. However, none have been built 
in the past decade, with the exception of many widening 
projects of composite sections.

•	 Columbus, Ohio, New York, and several other cities 
have built HMA/RCC (jointed) or HMA/JPC composite 
pavements on urban residential, collector, and arterial 
streets.

Although the performance of these pavements has been 
very good, few agencies consider them routinely in their 
pavement selection procedures. This may be due to the per-
ception that they are more expensive to build than conven-
tional HMA or PCC pavements. However, given the need 
to consider pavement alternatives that not only have long-
term structural load carrying capacity but also excellent 
surface characteristics and that can be rapidly rehabilitated 
in the future, the interest in and use of HMA/PCC compos-
ite pavements may increase at both state and local highway 
agencies.

The information and technology assembled and developed 
under the SHRP 2 R21 project gives highway agencies much 
additional information related to HMA/PCC composite 
pavements:

•	 Performance of this type of composite pavement on inter-
states, other highways, and even lower-volume traffic urban 
streets;

•	 Validation of a rational M-E design procedure (DARWin-
ME); and

•	 Construction guidelines and recommendations for building 
high-quality composite pavements.

This section of the report provides recommendations for 
pavement selection procedures and life-cycle cost analysis 
(LCCA) of HMA/PCC pavements. This information will help 
highway agencies to include composite pavements in their 
routine pavement selection process and to conduct the LCCA 
process properly. NCHRP Report 703 (Hallin et al. 2011) is 
recommended as a good process for addressing the selection 
process and the LCCA of composite pavements. Below is a 

Table 4.8. Sensitivity Analysis  
for Edge Punchouts (per Mile) in  
HMA/CRC Composite Pavement  
in San Antonio Climate

CRC Slab Thickness (%)

HMA Surface 
Thickness (in.) 8 in. 9 in. 10 in. 11 in.

1.5 27.6 7.3 2.2 0.0

3.0  4.3 1.4 0.5 0.0

4.5  1.0 0.5 0.1 0.0

Note: Design truck traffic over 30 years is 73 million.

Figure 4.3. Illustration HMA surface and CRC  
thickness on edge punchouts for HMA/CRC  
composite pavement in Texas.
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process that focuses on HMA/PCC composite pavements 
that follows closely the NCHRP report recommendations.

Step 1: Establish LCCA Framework

•	 Analysis period. The analysis period for HMA/PCC 
composite pavements should reflect the time over which 
the highway agency wants the pavement to perform 
without major structural damage at a high level of reli-
ability. Well-designed SMA, HMA, porous HMA, WMA, 
Novachip, and ARFC surface courses last from 10 to  
15 years or more before requiring replacement. Thus, 
over a long period of time there would be multiple 
renewings of these surfaces. However, the longer the 
HMA/PCC composite pavement is designed to exhibit 
low structural damage, the more cost-effective and sus-
tainable it will be because small increases in structural 
design capacity result in long-term extension of fatigue 
damage. Of course, the design could be for only 20 years, 
but this would result in reduced cost competitiveness 
and sustainability benefits overall. Thus, a structural life 
of 40 years or even more is recommended. The HMA/
PCC becomes essentially a long-life pavement with rapid 
surface renewal at intermediate times. One R21 section 
documented on I-5 in Washington State was constructed 
in 1966 and had received three surface rehabilitations 
(milling and overlay) in 45 years and still had several 
years of remaining life. This HMA/JPC composite pave-
ment carried 30 million heavy trucks in the outer lane 
without a single slab replacement.

•	 Discount rate. Using the long-term real discount rate 
values provided in the latest edition of the Office of 
Management and Budget Circular A-94, Appendix C, is 
recommended.

•	 Economic analysis technique. The net present value (NPV) 
method using constant or real dollars and a real discount 
rate in computations is recommended.

•	 LCCA computation approach. There are two approaches 
to NPV analysis: deterministic and probabilistic. Either 
one could be used for HMA/PCC composite pavements. 
Estimation of the variabilities involved in the probabilistic 
approach is a major challenge. In either case, the service 
life must be estimated with sufficient accuracy, and for the 
probabilistic approach, the standard deviation and dis-
tribution also must be estimated. Recommendations for 
HMA/PCC composite pavement:
1. Service life (PCC layer structural life): The R21 proj-

ect analyzed HMA/JPC, HMA/RCC, and HMA/CRC  
composite pavements and found that they fit into 
the nationally calibrated DARWin-ME fatigue damage 
models for JPC or RCC and punchout models for CRC 
so that the prediction of structural life until the terminal 

level of cracking/punchouts is reached can be obtained 
from the DARWin-ME software output. The mean of 
50% should be used as the estimate when it crosses 
the critical JPC cracking or CRC punchout limit. If 
this does not occur during the analysis period, the 
slab should be considered as having a long life and 
would have a significant remaining life at the end of 
the analysis period.

2. Service life (HMA layer functional life): The R21 project 
showed examples of a number of HMA/PCC pavements 
that had performed from 9 to 25 years (typical life of 
12 to 15 years), depending on climate and traffic. There 
are four main performance indicators that would result 
in terminal life for the thin HMA type of surface:
b Reflection transverse cracking from joints: DARWin-

ME cannot predict this because of a major deficiency 
in the model. However, the use of the saw and seal 
technique has been shown to perform far better than 
any other technique for mitigation of reflection cracks 
for thinner surfaces.

b Rutting: The DARWin-ME models predicted rutting 
reasonably well for the thin surfaces. Rutting was rarely 
a problem for thin HMA surfaces.

b IRI: The DARWin-ME models predicted IRI reasonably 
well for the thin surfaces as long as transverse reflection 
cracks did not deteriorate.

b Raveling: This must be estimated by the local high-
way agency because it cannot be predicted. It is the 
main problem with permeable HMA or other types of  
mixtures.

3. Survival curves: Often, the best way to estimate the 
mean service life of a pavement is to use survival 
analysis. This is particularly recommended for the 
thin HMA surface for use with HMA/PCC compos-
ite pavements. This requires a number of existing 
pavements in service that have performed for many 
years and thus may not be available for HMA/PCC 
composite pavements initially. The 50th percentile 
should be used as the mean life for the probabilistic 
approach.

Step 2: Estimate Initial and Future Costs

•	 Initial construction costs. This includes the cost of the 
pavement structure, including the HMA surface, PCC slab, 
and base and other embankment layers. Highway agen-
cies routinely estimate these costs for construction. There 
are several special thin asphaltic surfaces that can be used 
for HMA/PCC composite pavements, including SMA, 
Novachip, porous HMA, dense HMA, and ARFC. These 
typically are built in different regions where highway 
agencies have specific goals, such as low noise, low splash 
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and spray, high friction, and very smooth surfaces. These all 
can be achieved routinely with thin surfaces.

•	 Future rehabilitation and maintenance costs. Future costs 
include the rehabilitation of the asphalt surface course 
through rapid removal and replacement, patching, or 
sealing with a special material.

•	 Salvage costs. Estimated cost of the pavement at the end of 
the design analysis period.

•	 Initial and future highway (extra) user costs. There are 
several components of extra highway user costs. The 
word “extra” is used to indicate that these are in excess 
of those obtained for smooth pavements because of 
increased roughness, accidents, and lane closures for 
maintenance and rehabilitation. The FHWA RealCost 
program includes estimates of most of these extra costs 
and reasonable procedures to estimate them. The timing 
of the thin asphaltic surface rehabilitation and its dura-
tion must be estimated.

•	 Develop expenditure stream diagrams. Basically, for HMA/
PCC composite pavements, there will be the initial construc-
tion, future routine maintenance, and future rehabilitation 
of the surface layer (typically with removal and replacement 
with a better product at the time). An example is shown in 
Table 4.9, where the design analysis period is 40 years, and 
given the climate and traffic, the thin surfacing is expected 
to last 10 years. Some user delay and other user costs are 
expected every time lane closures are programmed, even if 
they are done during off-peak traffic hours.

Step 3: Compute Life-Cycle Costs

The FHWA RealCost program is convenient and efficient soft-
ware for entering relevant life-cycle costs and computing NPV 
for a composite pavement. RealCost also computes highway 
user costs for project conditions. RealCost can use deterministic 
and probabilistic approaches for computing LCCA.

Step 4: Select Preferred  
Pavement Alternative

A composite pavement can be evaluated directly with con-
ventional HMA or PCC pavement alternatives in terms of costs 

(NPV) and noneconomic selection factors. Although the NPV 
can be computed from all of the associated direct and indirect 
costs, it can be evaluated separately as follows:

•	 Initial construction cost;
•	 Highway user costs during initial construction;
•	 Future direct cost to highway agency for lane closures:

44 Maintenance;
44 Rehabilitation; and
44 Salvage.

•	 Future highway user costs during maintenance and reha-
bilitation lane closure activities; and

•	 Total costs NPV.

The noneconomic factors are important and include the 
following, as documented in NCHRP Report 703. In some 
cases, a composite pavement has advantages over conven-
tional asphalt or concrete.

•	 Roadway/lane geometrics. HMA/PCC composite pavement 
may give the designer more options and flexibility when 
dealing with lane widths, shoulders, turning movements, 
and so forth, where the HMA surface can be striped differ-
ently than JPCP or CRCP.

•	 Continuity of adjacent pavements. If this is desired, then 
wherever the adjacent pavement is HMA or HMA/PCC, 
a HMA/PCC composite would be appropriate because the 
user would see the same type of surface.

•	 Continuity of adjacent lanes. When widening is being 
designed, it is usually good design practice to continue the 
widening with similar materials. When the existing pave-
ment is old PCC or old HMA/PCC, then an HMA/PCC 
composite for the additional lanes has distinct advantages. 
The main advantage is ease to the driver in maintaining 
consistency across all lanes. There is also an advantage 
in connecting the existing and new traffic lanes together 
so that they will not separate and in providing a similar 
type of surface without the longitudinal joint failing from 
reflection cracking.

•	 Availability of local materials and experience. An HMA/
PCC pavement can be built using recycled PCC from the 

Table 4.9. Example of Expenditure Stream Table for Performing LCCA

Time, Years 0 5 10 15 20 25 30 35 40

User (U) $ Delay, etc. 0 $ U $ U $ U $ U $ U $ U $ U 0

Maintenance (M) $ Routine 0 $ M $ M $ M $ M $ M $ M $ M 0

Rehabilitation (R) $ Surface Layer 0 0 $ R 0 $ R 0 $ R 0 0

Initial (I) $ Salvage (SAL) $ $ I 0 0 0 0 0 0 0 $ SAL
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existing or nearby old highway, or from a local pit with 
some types of substandard aggregates (such as softer 
aggregates susceptible to polishing). The SMA or HMA 
surfacing will take care of a smooth and durable surface 
for traffic.

•	 Conservation of materials/energy. HMA/PCC offers sig-
nificant advantage in conservation of materials and energy.

•	 Local preference. As occurred in the Phoenix metropolitan 
area, the local preference called for a low noise surface, 
which led to an ARFC with low noise and a high degree of 
smoothness over the existing JPC (or in the case of newly 
constructed HMA/JPC).

•	 Stimulation of competition. An HMA/PCC composite pave-
ment stimulates both the asphalt and concrete industries 
and is thus an excellent choice for this topic.

•	 Noise issues. HMA/PCC can be designed with porous HMA 
or ARFC that will provide very low noise levels for many 
years.

•	 Safety considerations. The thin HMA surfaces used for 
composite pavements can be designed to provide high fric-
tion and, by being somewhat porous, reduce the potential 
for hydroplaning.

•	 Experimental features. Building an HMA/PCC composite 
pavement with distinct experimental features may be a good 
way to get one built in a state or local highway agency. 
Special asphalt surfacing or base slab designs (e.g., CRC) 
are examples.

•	 Future needs. An HMA/PCC can be designed to have a 
very long structural life with only the removal and replace-
ment of the thin surface every 10 to 20 years.

•	 Maintenance capability. It is relatively easy and rapid to 
remove and replace the thin surface over time as needed.

•	 Sustainability. HMA/PCC has several advantages over 
conventional pavements in terms of key sustainability 
issues:

44 The lower PCC layer can be designed for a very long 
fatigue damage life, such as 40 to 100 years with mini-
mal fatigue cracking repair. This results in a concrete 
slab that will remain structurally sound over decades 
while requiring only that the thin asphaltic surface be 
removed and replaced every 10 to 20 years. Thus, there 
will be minimal if any full-depth slab replacements, 
which are very costly and require full days to perform.

44 The thin asphaltic surface can be replaced rapidly at 
off-peak hours every 10 to 20 years as needed due 
mainly to durability issues. The saw and seal technique 
for transverse JPC joints or the use of CRC with zero 
crack reflection is expected to extend the service life 
of these surfaces.

44 This renewal of the surface will provide excellent sur-
face characteristics, including smoothness, low noise, 

good friction, and lower splash and spray for permeable 
surfaces.

44 This composite pavement design will thus reduce the 
number of lane closures over the long design life of the 
pavement. Reducing the number of lane closures has a 
major sustainability impact because of the reduction 
in emissions caused by the extra congestion caused by 
lane closures for maintenance and rehabilitation.

44 Reduction of the use of natural resources is another 
key for improved sustainability, as was done with recy-
cled concrete in the lower PCC slab in the MnROAD 
R21 section. The existing concrete from I-94 was 
recycled as 50% of the coarse aggregate. There may 
be many projects for which such recycling of exist-
ing old PCC and old HMA/PCC pavements into the 
new composite pavement would result in a major 
reduction of the haul distances involved, which would  
result in lower energy use and costs. Of course, use  
of recycled concrete results in a savings of natural 
aggregates.

44 Increased use of fly ash in achieving a substantial 
reduction in portland cement content in the lower PCC 
slab. The lower layer of the I-94 composite section 
contained 60% fly ash replacement. This reduces the 
carbon dioxide emissions and improves the sustainability 
of construction.

44 There exist highways in certain states for which studded 
tire wear is the major cause of deterioration. A thin but 
durable wearing surface such as SMA could be used for an 
SMA/JPC or CRC composite pavement. The SMA could 
be replaced as it wears down from the studded tires, but 
the existing PCC would always be there, providing the 
load-carrying capacity.

Various methods are available for weighting economic and 
noneconomic factors. These include an alternative-preference 
screening matrix, as described in NCHRP Report 703.

Example Cost Comparison Project

A real-life project was prepared by the contractor on the 
MnROAD project for PCC/PCC composite pavement. No direct 
comparison was made for HMA/JPC. However, the resulting 
conclusions are believed to be the same regardless of the thin 
surface used. Both HMA/PCC and PCC/PCC top layers would 
have a higher cost, but the lower layer PCC was the same. 
A summary and conclusions are as follows for the PCC/PCC 
design.

The initial construction cost comparison between 
a 3-in. PCC over a 6-in. JPC composite pavement and a  
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one-layer 9-in. JPCP indicated approximately the same cost. 
The composite was actually 0.7% lower than the one-layer  
conventional.

The PCC/PCC example showed that, in the areas of the 
state in which Class A aggregates are not readily available 
or are very expensive, PCC/PCC composite paving is a 
viable alternative to conventional paving. The heavier the 
truck traffic, the thicker the lower layer of lower cost con-
crete would become and the greater the difference in cost 
between the conventional and the composite PCC/PCC 
pavement. Although this example was a case of having no 

readily available Class A concrete aggregates, it shows that 
it is possible for an alternative technique, such as compos-
ite paving, to compete essentially equally with the costs of 
a conventional paving process. The MEPDG performance 
prediction of both sections illustrates the ability of PCC/
PCC to equal its single-layer JPCP structural equivalent in 
performance and service life.

The primary difference between the PCC/PCC and an 
HMA/JPC is that the life of the HMA surfacing is less than 
the high-quality PCC surface layer. This difference can be 
considered directly through life-cycle costing.
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Introduction

The construction of HMA/PCC composite pavements does 
not require any new technologies or equipment that is not 
already available in the United States. The key steps in the 
construction include

•	 Prepare the sublayers (including subgrade, subbase, and 
base courses);

•	 Place the PCC layer and tied shoulders (if specified):
44 For HMA/CRC construction, the steel reinforcement 
needs to be securely placed on chairs on top of the base 
course before the PCC layer is paved. The reinforcement 
depth for CRC should be at middepth of the PCC slab 
or higher as specified.

	4 For HMA/JPC, dowels may be placed in dowel baskets 
that are securely attached to the base course before the 
PCC layer is paved. Alternatively, dowel bar inserters 
(DBIs) may be used. The dowels should be located at 
middepth of the PCC slab.

•	 Texture the PCC layer to provide a mechanical interlock 
with the HMA surface;

•	 Apply curing compound to the PCC layer;
•	 Saw cut joints in the PCC layer (for HMA/JPC composite 

pavements);
•	 Apply sufficient tack coat to the surface of the PCC layer 

(after PCC layer has hardened and gained sufficient 
strength to allow traffic on the PCC layer);

•	 Place the HMA layers;
•	 Place the shoulders. PCC shoulder must be tied to the traf-

fic lanes, regardless of when they are placed; and
•	 Saw and seal the HMA at the location of the transverse 

and longitudinal PCC joints (for HMA/JPC composite 
pavements).

Guidelines for each of these steps are provided below. Sample 
specifications are included in Appendix W for PCC construction, 
HMA construction, texturing, curing, saw cutting, and sealing.

Construction Details

Prepare the Sublayers

The uniformity of the support conditions beneath an HMA/
PCC pavement is critical for the long-term performance of 
the pavement, just as is in the case of bare PCC pavements. 
For the purposes of preparing the sublayers, there is no dif-
ference between an HMA/PCC composite pavement and 
conventional PCC pavements. Figure 5.1 shows an example 
of grading and compacting the subgrade and base in prepa-
ration for PCC placement. The same procedures and speci-
fications that have been used to prepare the sublayers for 
PCC construction should be used and specified for the con-
struction of HMA/PCC composite pavements. An agency 
may choose to incorporate one or more of the following to 
prepare the sublayers:

•	 Cement- or lime-treated subgrade soils;
•	 Asphalt- or cement-treated base course;
•	 Permeable base courses with drainage features (such as 

edge drains); and
•	 Recycled pavement materials (such as RCA or RAP) that 

are not used in the PCC mix.

Reinforcing steel (for HMA/CRC composite pavements) 
and dowel baskets (if used for HMA/JPC composite pave-
ments) can be placed directly on the base course following 
normal agency practices. Dowels should be placed middepth of 
the PCC thickness (and not middepth of the combined HMA/
PCC thickness). They need to be securely fastened to the base 
course to ensure that they are not pushed by the paver.

Place the PCC Layer

The PCC layer can be paved following the same procedures 
and guidelines as for conventional PCC pavements (Fig-
ure 5.2). The PCC layer is the key structural component 
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of an HMA/PCC composite pavement and as such should 
meet structural and durability criteria (such as compressive 
strength, flexural strength, air content, consolidation around 
dowel bars, and steel reinforcement). Measuring the locations 
of random dowels across transverse joints using a probe just 
after paving is recommended to ensure the dowels are being 
placed in the proper location. The same goes for depth of CRC 
reinforcement; having the proper depth is even more critical. 
Agency QC/QA practices for testing materials and monitoring 
construction activities for JPCP and CRCP should be followed 
for the PCC placement of HMA/PCC composite pavements. 
These practices include testing for slump, mix temperature, 
entrained air, and so forth (Figure 5.3).

One key difference is that an initial smooth ride quality 
for the PCC surface is not required. A smooth PCC surface 

is desirable to provide a smooth HMA riding surface because 
long and even medium wavelength roughness in the PCC sur-
face may translate to higher initial roughness of the HMA/PCC 
composite pavement. However, short wavelength roughness in 
the PCC surface is not expected to translate to a rougher HMA/
PCC ride because the placement of the HMA layer will smooth 
out the entire surface.

Another difference is that the durability of the surface 
texture of the PCC is not crucial. The HMA wearing course 
is the functional layer in an HMA/PCC composite pavement 
and is designed to be replaced after its useful life. The HMA 
wearing course protects the PCC surface from wear, so 
lower cost soft, durable aggregates that may be susceptible 
to polishing may be used in the PCC mix of HMA/PCC 
composite pavements, but they may not be appropriate  

Figure 5.1. Grading and compacting the subgrade and base in preparation for PCC placement.

Figure 5.2. Paving the PCC layer.
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in conventional JPC or CRC. In addition, durable coarse 
aggregates, obtained by recycling RCA or RAP, can be 
incorporated in the PCC mix without significant deleteri-
ous effects.

Texture the PCC Layer

Texturing of the PCC surface (when still plastic) is necessary 
to obtain a good mechanical bond between the HMA and 
PCC layers (Figure 5.4). The simplest and most cost-effective 
way to obtain this texture is through the use of longitudinal 
(or transverse) tining. Typical agency guidelines for textur-
ing the PCC surface through tining can be followed, and no 
additional modifications specific to HMA/PCC composite 
pavements are necessary. Alternate forms of texturing (such 

as heavy Astroturf drag) are acceptable provided sufficient 
PCC surface texture is obtained to ensure good mechanical 
bond between the HMA and PCC. It is not necessary (nor 
is it cost-effective) to texture the PCC surface by diamond 
grinding or grooving.

Apply Curing Compound to the PCC Layer

Although the PCC surface will be covered with HMA after 
the PCC hardens, it is still necessary to control rapid moisture 
loss from the surface of the wet PCC to prevent rapid surface 
drying and early-age cracking. Agency guidelines and speci-
fications for controlling moisture loss, such as application of 
curing compound (or other practices such as wet burlap), 
should be specified (see Figure 5.4).

Figure 5.3. QA testing of the PCC layer for entrained air and slump.

Figure 5.4. Longitudinal tining texture and curing compound applied to the wet PCC surface to ensure 
mechanical bond between the HMA layer and the PCC layer and control surface moisture loss.
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Saw Cut Joints in the PCC Layer

For HMA/JPC composite pavements, transverse contraction 
joints in the PCC should be saw cut at the location of the dowel 
bars following normal agency practices and specifications for 
JPCP. Longitudinal joints in the PCC (for multiple lane con-
struction) should be saw cut at the location of the longitudinal 
tie bars following normal agency practices and specifications 
for JPCP and CRCP. A single saw cut to a depth of h/3 (where 
h = PCC thickness) is adequate to create the joint openings. No 
sealant reservoir is needed.

For HMA/JPC composite pavements, the transverse loca-
tion of the saw cuts in the PCC should be precisely marked at 
a location away from the pavement (that will not be covered 
with the HMA lift), so that the HMA can be sawed and sealed 
at the same location (Figure 5.5).

Apply Tack Coat to the PCC Surface

After the PCC has gained sufficient strength to allow traffic 
(as specified by agency requirements for opening traffic on 
JPCP or CRCP), the HMA layer can be placed above the PCC. 
A tack coat (as specified by agency requirements for asphalt 
overlays of concrete pavements) should be applied to the sur-
face of the PCC to ensure adequate mechanical and chemical 
bonding between the PCC and the HMA layer (Figure 5.6). 
For HMA/JPC composite pavements, if reflection crack treat-
ments such as stress-absorbing membranes, geogrids, or 
geofabrics are desired, they can be applied at this point. How-
ever, they are not necessary if the joints are sawed and sealed. 
The rate of application of the tack coat should be sufficient 
to cover a large majority of the surface, which may require 
increasing the normal agency quantity per square yard. Tack 

coat application rate, coarse (tined) surface texture, and fine 
HMA mixtures (as is typical of a surface HMA mix) are key to 
good bond between the HMA and the PCC layers. As such, the 
curing compound on the surface of the PCC does not need to 
be removed or shotblasted before the application of the tack 
coat. Wet PCC surface significantly decreases interface bond, 
and the tack coat should be applied only to a dry PCC surface.

Place the HMA Surface (and Shoulders)

The HMA layer can be paved following the same procedures 
and guidelines used for conventional asphalt overlays of 
existing/rehabilitated concrete pavements (Figure 5.7). The 
HMA layer is the key functional component of an HMA/PCC  

Figure 5.5. This figure demonstrates marking location of sawed joints in PCC at a location that will not be  
covered by the HMA so the HMA can be sawed and sealed at the same location.

Figure 5.6. Tack coat applied to the PCC surface to 
ensure bond between HMA and PCC layers.
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composite pavement and as such should meet HMA JMF cri-
teria (such as asphalt content, aggregate gradation, density, 
voids in mineral aggregate (VMA), and so forth). Agency QC/
QA practices for testing materials and monitoring construction 
activities for HMA overlays should be followed for the HMA 
placement of HMA/PCC composite pavements. These include 
testing for mix temperature, density, smoothness (profile index 
or IRI), and so forth. Major efforts should be made to ensure 
a very smooth surface is obtained because the smoother the 
pavement immediately after construction, the smoother it will 
remain for many years to come, all other things being equal.

Saw and Seal the HMA

For HMA/JPC composite pavements, if desired, the new 
HMA surface should be saw cut, cleaned, dried, and sealed 

Figure 5.7. Placing and compacting HMA layer for HMA/PCC composite pavements.

at the location of the marked transverse joints of the under-
neath PCC. This can be accomplished through a single saw 
cut to a depth of at least t/3 (where t = thickness of the HMA 
layer) and sufficient reservoir width (typically 0.5 in.) to 
pour the sealant. For relatively thin layers, a saw depth that 
extends as deep as the material may be more effective. The 
sawed asphalt joints should be specified to be located within 
0.5 in. of the transverse PCC joints. To get the proper loca-
tion, it is common to place secure steel plugs several feet 
from the slab edge on both sides (beyond the HMA edge) 
and then snap a chalk line between the plugs to establish 
exactly where to saw cut a transverse joint. The saw cut 
can be extended partially into the shoulder or completely 
into the shoulder if desired, as shown in Figure 5.8. If a tied 
jointed concrete shoulder exists, the saw cut should extend 
across the shoulder.

Figure 5.8. Saw cut and sealing of the HMA surface can be extended partially or completely into the HMA shoulder.
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Conclusions

The SHRP 2 R21 project involved extensive in-depth research 
on two types of composite pavements: (1) high-quality rela-
tively thin HMA surfacing over a new PCC structural layer 
and (2) high-quality relatively thin PCC surfacing atop a 
thicker structural PCC layer.

Composite pavements have proved in Europe and in the 
United States to provide long lives with excellent surface 
characteristics (low noise, smoothness, and high friction), 
structural capacity, rapid renewal when needed, and to use 
recycled and lower cost materials in the lower PCC layer. 
Composite pavements also reflect the current direction of 
many highway agencies to build economical, sustainable 
pavement structures that use recycled materials and locally 
available materials.

Both types of composite pavements have strong techni-
cal, economical, and sustainability merits in fulfilling the 
key goals of the SHRP 2 program, including long-lived 
pavements, rapid renewal, and sustainable pavements. The 
objectives of this research were to investigate the design and 
construction of new composite pavement systems for all lev-
els of highways and streets. As part of this research, the R21 
research team

1. Determined the behavior, material properties, and perfor-
mance of HMA/PCC composite pavements under many 
climatic and traffic conditions. Experimental compos-
ite pavements were constructed at major research sites 
(MnROAD and UCPRC) and were instrumented and 
monitored under climate and heavy traffic loadings. An 
HMA/JPC composite pavement was also constructed by 
the Illinois Tollway north of Chicago. Extensive field sur-
veys were performed in the United States, Canada, and 
Europe of 43 sections of HMA/PCC composite pave-
ments. The results of these performance studies show that 

HMA/PCC composite pavements have clear advantages 
over conventional HMA and PCC pavements in terms 
of life-cycle costs, sustainability, and long structural lives 
coupled with rapid renewal of the surface.

2. Evaluated, improved, and further validated the various 
structural, climatic, material, performance prediction 
models, and design algorithms that are included in the 
AASHTO MEPDG and DARWin-ME, CalME rutting, 
NCHRP 1-41 reflection cracking, and NCHRP 9-30A rut-
ting models. The current DARWin-ME overlay design pro-
cedure for HMA overlay of JPCP and CRCP can be used 
for new HMA/PCC composite pavements. Summaries of 
the key analysis and performance findings were included in 
Chapter 3 and are not repeated here.

3. Provided detailed recommendations for inputs and mod-
ifications to the DARWin-ME software for composite 
pavements. Recommended revisions for the AASHTO 
MOP are also provided.

4. Developed practical recommendations for construc-
tion specifications and techniques, life-cycle costing, and 
training materials for adoption by the transportation 
community.

The products developed as part of the SHRP 2 R21 research 
project will result in improved design and life-cycle cost pro-
cedures for composite pavements. The guidelines, techniques, 
and specifications developed will greatly advance the state of 
the practice of constructing composite pavements. Composite 
pavements are compatible with the SHRP 2 renewal philosophy 
because they are designed to be long-lasting pavements that 
can be renewed rapidly. For highway engineers, designers, and 
agency decision makers, composite pavements provide another 
tool in the designers’ arsenal and can be a cost-effective alterna-
tive to conventional concrete and asphalt pavements over the 
life cycle of the pavement. Together, the SHRP 2 R21 reports, 
software, and guidelines provide information for adoption by 
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the transportation community and for these technologies to 
become more widely adopted.

Based on the comprehensive results achieved from this 
study, the key characteristics of HMA/PCC composite pave-
ment were determined as follows:

•	 Excellent surface characteristics from the high-quality thin 
HMA top layer. These include low noise (especially for per-
meable mixtures), high friction, very good initial and long-
term smoothness, minimal rutting, and durability over at 
least a 10- to 15-year period.

•	 Ability to rapidly renew a thin surface course as it wears 
under traffic and weather (e.g., removal and replacement 
of HMA materials with the latest materials).

•	 Long life structural design of the lower PCC layer (e.g., 
designed for minimal fatigue damage over more than 
40 years).

•	 Avoidance of certain distress types that occur regularly 
in conventional pavements but are rare or nonexistent 

in composite pavements. Table 6.1 shows the direct com-
parison for conventional HMA and HMA/PCC composite 
pavement.

•	 Improved life-cycle costs over a long life span due to 
overall lower construction costs (e.g., increased recy-
cling, local aggregates, cement substitution amounts, 
lower PCC thickness), future maintenance costs (e.g., 
sawing and sealing of HMA joints will reduce impact and 
maintenance of reflection cracks), and future rehabilita-
tion costs (e.g., no full-depth repairs of PCC slab due to 
reduction in fatigue damage, no HMA fatigue cracking 
and less rutting).

•	 Improved sustainability practices through structural 
and materials design of the lower PCC layer. Increased 
use of recycled materials (RCA, RAP), increased use of 
more local and less expensive aggregates, and higher 
substitution rates for cementitious materials (higher 
content of fly ash and other supplemental cementitious 
materials).

Table 6.1. Comparison of Conventional HMA and PCC Pavement with Composite HMA/PCC Pavement  
for Several Key Distress Types

Distress Type Conventional HMA Pavement Conventional PCC Pavement Composite HMA/JPC and HMA/CRC

Bottom-up fatigue 
cracking

Yes, this is a major design 
concern.

Yes, this is a major design 
concern.

Fatigue cracking does not occur in HMA layer 
because the HMA is almost always in 
compression.

Bottom-up and top-down fatigue cracking  
in JPC and CRC (for punchouts) are  
reduced because of insulating effects  
of HMA.

Low temperature or 
shrinkage transverse 
cracking in HMA

Yes, this is a major problem in 
many areas.

na No, this was not observed on any HMA/JPC or 
HMA/CRC composite projects surveyed. The 
bonded HMA layer does not move indepen-
dently of the PCC layer.

Top-down fatigue 
cracking in 
wheelpath

Yes, this has occurred on 
some projects.

Yes, longitudinal cracking has 
occurred on some projects.

Top-down fatigue cracking does not occur in 
HMA layer because the HMA is almost always 
in compression.

PCC longitudinal cracking in wheelpath of HMA/
JPC may be reduced or eliminated by the 
insulating effects of HMA.

Permanent 
deformation

Yes, rutting is a major design 
concern.

na; however, wear from studded 
tires may occur.

Rutting is minor on most HMA/PCC composite 
pavements because of high quality materials 
and thin layer. In addition, the stiff PCC layer 
completely eliminates base/subbase/subgrade 
rutting.

Transverse joint  
reflection cracks

No, this does not occur. na Yes, this occurs for HMA/JPC. Control through 
saw and seal technique.

No, this does not occur with HMA/CRC.

Joint faulting na Yes, this is a major design 
concern.

Yes, this can occur, but little faulting comes 
through the HMA surface. Faulting must be 
considered in design of HMA/JPC.

Note: na = not applicable.
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Intended audience, Usage, 
Value added to State of 
the practice and State of 
the art, potential Benefits 
of acceptance and 
Implementation

The key products of the SHRP 2 R21 project on Composite 
Pavements include examples of the performance of com-
posite pavements, design procedures, construction guide-
lines, pavement selection type guidelines, and training 
materials.

The key intended audiences for these products are as  
follows:

•	 State highway agency managers, engineers, and consultants. 
Composite pavements need to be added to the routine pave-
ment type selection procedures of state and local highway 
agencies. The performance examples, design tools, pave-
ment selection type guidelines, construction guidelines 
and specifications, and training materials will all provide 
significant value-added technology to these engineers and 
managers regarding composite pavements. If DARWin-
ME is upgraded to include composite pavements as a new 
pavement type along with the conventional types, this will  
be a major advancement in the consideration of composite 
pavements in the industry.

•	 FHWA management and engineers. FHWA managers and 
engineers need to be made more aware of the past per-
formance and benefits of composite pavements so they 
can discuss the possibility of adding them to their regular 
pavement selection process. The R21 products provide the 
needed information.

•	 Researchers from academia, federal and state governments, 
and industry. There are lots of additional opportunities 
to improve on the design and construction of compos-
ite pavements, which open up the future of additional 
research. Making faculty more aware of the advantages of 
composite pavements and getting this instruction into the 
classroom are keys to educating students about the benefits 
of composite pavements. The training materials and vari-
ous documents from the R21 project will be valuable for 
universities for future course development.

The key benefits of state and local highway agencies incor-
porating HMA/PCC composite pavements into their routine 
pavement type selection process include the following:

•	 Incorporation provides more flexibility in the highway 
agency pavement management strategy for new and espe-
cially for future rehabilitation and is another tool in the 
designers’ toolbox. The design of composite pavement 

to achieve lower life cycle costs, increased sustainability, 
and longer life will require additional efforts in design, 
materials, and construction specifications by the highway 
agency to achieve these goals because new technology is 
involved.

•	 An HMA/PCC composite pavement can be designed cost-
effectively to last comparably to a conventional HMA or 
PCC pavement. It can also be designed to be a long-life 
pavement with minimal structural fatigue damage over 
many years but with a surface that can be rapidly replaced 
every 10 to 20 years with no deep structural problems that 
require additional lane closures to repair and cure. The long-
term LCCA should show favorable results for this type of 
design strategy.

•	 Excellent surface characteristics can be provided. This 
includes

	4 Very smooth surfaces (e.g., initial IRI of 30 to 55 in./
mile have been achieved for HMA/PCC composite 
pavements);

	4 Low noise surfaces (e.g., porous HMA, ARFC, RHMA, 
SMA);

	4 Reduction in splash and spray in heavy rain storms for 
porous surfaces; and

	4 High friction and low potential for hydroplaning when 
porous surface used. In addition, minimal aggregate 
polishing for various high quality asphaltic surfaces 
such as SMA.

•	 Rapid removal and replacement of the thin surface. The 
relatively thin (<3 in.) HMA surfaces can be easily and rap-
idly milled and replaced during off-peak traffic hours. This 
would reduce traffic congestion over many years.

•	 Improved sustainability can be provided for composite 
pavements in several ways:

	4 Increased composite pavement longevity is a key to 
improved sustainability.

	7 The HMA/PCC type of composite pavement can be 
designed for a very long fatigue damage life, such as 
40 to 100 years, using the DARWin-ME at a high level 
of reliability. Slab thicknesses required are signifi-
cantly less than for bare JPCP or CRCP. Thus, there 
will be minimal if any slab fatigue cracking over the 
design period.

	7 The thin HMA surface can be rapidly replaced at off-
peak traffic hours every 10 to 20 years as needed due 
mainly to durability issues. The saw and seal technique 
for transverse JPC joints or the use of CRC is expected 
to extend the service life of these surfaces.

	7 The renewal of the surface will provide excellent sur-
face characteristics, including smoothness, low noise, 
good friction, and lower splash and spray for perme-
able surfaces, over the life of the pavement.
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	7 This composite pavement design thus will reduce the 
amount of lane closures over the long design life of 
the pavement. This has a major sustainability impact 
because of the reduction in emissions caused by the 
extra congestion due to lane closures for maintenance 
and rehabilitation.

	4 Reduction of the use of natural resources is another 
key for improved sustainability. Successful use of RCA 
in the lower PCC slab was done successfully in the 
MnROAD R21 section. The existing concrete from 
Minnesota I-94 was recycled as 50% of the coarse 
aggregate. The HMA/PCC composite pavement con-
structed at the Illinois Tollway had recycled coarse 
aggregate from old asphalt pavements (RAP) com-
pose 30% of the total coarse aggregate in the PCC mix. 
There may be many projects for which such recycling 
of existing old PCC and old HMA/PCC pavements 
into the new composite pavement would result in a 
major reduction of the haul distances involved, which 
would result in lower energy use and costs. Of course, 
use of recycled concrete results in a savings of natural 
aggregates.

	4 Increased use of fly ash in achieving a substantial reduc-
tion in portland cement content in the lower PCC slab 
is also key. The lower layer of the I-94 composite sec-
tion contained 40% fly ash replacement. The HMA/PCC 
composite pavement constructed at the Illinois Tollway 
contained 20% to 25% fly ash replacement. Fly ash is a 
by-product of coal-fired electric generating plants. The 
use of RAP and fly ash offers environmental advantages 
by diverting the material from the waste stream, reduc-
ing the energy investment in processing virgin materials, 
conserving virgin materials, reducing carbon dioxide 
emissions, and minimizing pollution.

	4 In certain states, studded tire wear is the major cause of 
deterioration and needed rehabilitation for some high-
ways. A thin but durable wearing surface such as SMA 
could be used for an SMA/JPCP or CRCP composite 
pavement. The SMA could be replaced as it wears down 
from the studded tires, but the existing PCC would 
always be there providing the load-carrying capacity. 
The EAC would provide a more durable surface that 
would resist wear of studded tires because of the very 
high quality aggregates used in the surface.

	4 HMA/PCC composite pavements are amenable to use of 
materials such as WMA, wherein the mix is heated to a 
lower temperature (~60°F to 90°F reduction) compared 
with conventional HMA. Lower temperatures mean less 
fuel consumption, lower stack emissions, and less fume 
and odor generation at the plant and job site. The HMA/
PCC composite pavement constructed at the Illinois 
Tollway had a WMA surface on a JPC lower layer and 
shows excellent performance.

	4 Increased use of lower cost local aggregates in the lower 
PCC layer because the PCC is no longer the wearing 
course (e.g., aggregates susceptible to polishing) and the 
HMA surface provides some protection from freeze-
thaw damage and wet-dry cycling. Use of local aggregates 
improves sustainability by reducing resources spent in 
hauling aggregates over long distances.

recommendations for  
additional Development or  
refinement of the products

Each of the R21 products is listed in Table 6.2, along with 
recommendations on required future development and 
refinement needed for full implementation.

Table 6.2. SHRP 2 R21 Project Recommendations for Additional Development of HMA/PCC Products

SHRP 2 R21 Product Implementation Status
Additional Development 

Required Comment

MEPDG R21 version 
software

R21 improvements to “Bonded 
PCC/PCC” to simulate new 
PCC/PCC and address limita-
tions of existing structural and 
environmental models for PCC/
PCC. Can be used for design 
of PCC/JPC, PCC/CRC, HMA/
JPC, and HMA/CRC.

Reduction of moisture gradient 
for HMA/PCC because top of 
slab has high humidity with 
HMA.

MEPDG R21 version is available from 
SHRP 2 and AASHTO. Use “Overlay” 
design procedures for new composite 
pavements, with appropriate inputs.

AASHTO DARWin-ME 
software

“Overlay” design can be used to 
design new HMA/JPC and 
HMA/CRC composite 
pavement.

Modifications for PCC/PCC that 
were made in the R21 version 
need to be made to DARWin-
ME software. User interface 
requires revision to show PCC/
PCC and HMA/PCC composite 
pavements as new pavement 
alternatives.

Improvements should be made as soon 
as possible for highway agencies to 
design new composite pavement.

(continued on next page)
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AASHTO MoP Detailed recommendations were 
prepared to include new com-
posite pavements.

None. Revision can be made in tandem with 
modifications to the DARWin-ME 
software.

MnROAD HMA/JPC test 
section

One HMA/JPC composite sec-
tion constructed, instrumented, 
and being monitored under 
heavy interstate traffic for 1 full 
year. Construction and first 
year’s performance measured.

Monitoring of the section over 
time would produce valuable 
longer term information to con-
vince highway agencies to 
build composite pavements.

These sections should be monitored at 
least twice a year. Full performance will 
not be known for more than 10 years. 
Many major findings will be discovered 
over time for structural design, texture, 
and sustainability. These data can be 
used to update calibration coefficients 
and further verify long-term MEPDG 
structural responses to traffic and  
thermal loading and refine models  
(e.g., IRI and reflection cracking as 
appropriate).

UCPRC HMA/JPC test 
section

HMA/JPC composite sections 
constructed, instrumented, 
HVS loaded, and monitored.

R21 work is complete. Additional 
HVS loading may be done 
under other funding.

HMA/JPC composite sections are avail-
able for additional testing and analysis.

ISTHA HMA/JPC Section Two HMA/JPC sections con-
structed with major sustainabil-
ity advantages. Sections under 
traffic for off-ramps and  
on-ramps to I-94.

Monitoring of their performance 
would be valuable to determine 
how highly sustainable com-
posite pavements perform in 
harsh climate.

Sections are in place, and monitoring can 
be easily performed on the ramps.

2008 Survey of European 
Composite Pavements

Report completed and published 
and available at www.trb.org/
Main/Blurbs/163693.aspx.

None. Already available to the public. There has 
been a great deal of interest.

Database of Composite 
Pavements

Data collected for 43 HMA/PCC 
composite sections are avail-
able in an Excel spreadsheet 
and MEPDG and DARWin-ME 
input files.

None. These data may be of interest to agencies 
wishing to develop designs for new 
composite pavements.

Calibration constants for 
CalME

Constants for rutting and reflec-
tion cracking derived from 
UCPRC and MnROAD are 
available.

None. These constants will be of interest to 
those using CalME for analysis of com-
posite pavements.

NCHRP 9-30A Constants for rutting derived 
from LTPP, UCPRC test  
sections, and field data are 
available.

None. These constants will be of interest to 
those using the 9-30A version of the 
MEPDG.

JPCP fatigue cracking 
models in MEPDG

The JPCP model was validated 
for both HMA/JPC and PCC/
JPC composite pavement data.

None. The global coefficients are 
sufficient.

JPC fatigue damage in composite pave-
ments is critical to their structural 
design.

CRCP punchout model 
in MEPDG

The CRCP model was validated 
for HMA/CRC composite  
pavement data.

None. The global coefficients are 
sufficient.

CRCP punchout damage in composite 
pavements is critical to their structural 
design.

HMA rutting model in 
MEPDG

The model showed reasonable 
predictions for thin HMA, SMA, 
and porous friction course 
layers.

Although the global coefficients 
reasonably predicted low  
rutting, there are model 
deficiencies.

Rutting for thin HMA/PCC was low on 
nearly all sections.

Life-cycle cost 
guidelines

Recommendations using the 
FHWA RealCost spreadsheet 
for composite pavements were 
developed.

None. The MEPDG predictions can provide 
pavement life estimation for use in 
LCC.

Table 6.2. SHRP 2 R21 Project Recommendations for Additional Development of HMA/PCC Products (continued)

SHRP 2 R21 Product Implementation Status
Additional Development 

Required Comment

(continued on next page)
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Instrument data Extensive instrumentation data 
exist for MnROAD and UCPRC 
and are included in the SHRP 2 
R21 database.

The full analysis of these data 
was not possible under R21, 
and much additional analyses 
can be accomplished.

Some valuable data on temperature, 
moisture, strains from climatic change, 
and dynamic strains from loadings.

Examples of HMA/PCC 
composite designs

There exists a range of examples 
of composite pavement design 
and performance that were 
used in R21.

Further research into additional 
aspects of composite pave-
ments can be accomplished 
with these data.

The performance of most composite 
pavements was very good. These sec-
tions can be used to demonstrate this 
to highway agencies.

Construction specifica-
tions for HMA/JPC

The MnROAD specifications are 
available that cover a wide 
variety of aspects of HMA and 
JPC. The specifications from 
UCPRC test sections are also 
available.

None. Key aspects are HMA/PCC bonding, PCC 
lower layer mixture RCA characteristics, 
cement replacement, curing/retarding, 
and saw and seal of HMA joints.

RILEM CIF Concrete 
Freeze-Thaw Standard

Equipment was checked out and 
many PCC samples tested. 
Very useful results were 
obtained.

Additional testing on all quality 
levels of aggregate is recom-
mended. This equipment 
should be more fully evaluated 
for U.S. applications.

An excellent field simulation for freeze-
thaw damage of a given PCC.

Training products Presentations on design, con-
struction, materials, perfor-
mance, and examples of both 
types of composite 
pavements.

None. A variety of promotional and training  
presentations are available for use.

Advantages of compos-
ite pavements

R21 has brought to light the 
many advantages of HMA/ 
PCC pavements.

Development of design and cost 
comparisons for conventional 
design versus composite 
designs at specific sites.

Direct comparison of designs and costs 
make a strong convincing case for 
HMA/PCC composite pavements.

Note: ISTHA = Illinois State Toll Highway Authority.

Table 6.2. SHRP 2 R21 Project Recommendations for Additional Development of HMA/PCC Products (continued)

SHRP 2 R21 Product Implementation Status
Additional Development 

Required Comment
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Appendices A through V are available online: www.trb.org 
/Main/Blurbs/168145.aspx. The appendices are as follows: 

Appendix A: History and Background of HMA/PCC Compos-
ite Pavements

Appendix B: History and Background of PCC/PCC Composite 
Pavements

Appendix C: Highway Agency Survey
Appendix D: Distress Mechanisms of HMA/PCC Composite 

Pavements
Appendix E: Distress Mechanisms of PCC/PCC Composite 

Pavements
Appendix F: Construction of Test Sections at MnROAD
Appendix G: Construction of Test Sections at UCPRC
Appendix H: Instrumentation and Analysis of Instrumented 

Data at MnROAD

Appendix I: HMA/PCC Rutting Model
Appendix J: Measurement and Analysis of PCC Slab Tempera-

ture Profiles at UCPRC
Appendix K: HVS Cracking Tests at UCPRC
Appendix L: HVS Rutting Tests at UCPRC
Appendix M: Joint Movement Monitoring at UCPRC
Appendix N: Laboratory Testing of HMA Mixes at UCPRC
Appendix O: HMA/PCC Bonding and Friction Literature
Appendix P: CalME Model
Appendix Q: Laboratory Testing of PCC Mixes
Appendix R: MEPDG Modifications for PCC/PCC Pavements
Appendix S: Lattice 3D Model Background
Appendix T: Recycled Concrete Aggregates in PCC
Appendix U: Freeze-Thaw Durability Testing of PCC Mixes
Appendix V: Brushing and Exposed Aggregate Concrete

Appendices A–V
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