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Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research. 

In recognition of these needs, the highway administrators 
of the American Association of State Highway and Trans-
portation Officials initiated in 1962 an objective national 
highway research program employing modern scientific 
techniques. This-program is supported on a continuing 
basis by funds from participating member states of the 
Association and-it receives the full cooperation and support 
of the Federal Highway Administration, United States 
Department of Transportation. 

The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board's recog-
nized objectivity and understanding of modern research 
practices. The Board is uniquely suited for this purpose 
as: it maintains an extensive committee structure from 
which authorities on any highway transportation subject 
may be drawn; it possesses avenues of communications and 
cooperation with federal, state, and local governmental 
agencies, universities, and industry; its relationship to its 
parent organization, the National Academy of Sciences, a 
private, nonprofit institution, is an insurance of objectivity; 
it maintains a full-time research correlation staff of special-
ists in highway transportation matters to bring the findings 
of research directly to those who are in a position to use 
them. 

The program is developed on the basis of research needs 
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO. 
Each year, specific areas of research needs to be included 
in the program are proposed to the Academy and the Board 
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have submitted proposals. Ad-
ministration and surveillance of research contracts are 
responsibilities of the Academy and its Transportation 
Research Board. 

The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
programs. 
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FOREVVORD The recycling guidelines contained in this report will be of special interest to 
individuals involved in the planning, design, and construction of pavement rehabili- 

	

By Staff 	tation projects. Rehabilitation is rapidly becoming a major factor in the use of 

	

Transportation 	available highway funds, and the recycling of pavement materials has become an 

	

Research Board 	important pavement rehabilitation alternative. The guidelines contained herein are 
based on a thorough review of literature on pavement recycling, field experience 
gained from Federal Highway Administration Demonstration Project 39 ("Re-
cycling Asphalt Pavements") and other projects, and an experimental program 
involving laboratory and field studies. These guidelines provide the practicing engi-
neer with the latest information on recycling of pavement materials, particularly 
with regard to material selection, structural design, and construction specifications. 

The need to reuse or recycle existing pavement materials for the reconstruc-
tion and rehabilitation of both asphaltic and portland cement concrete pavements 
is of increasing importance in order to optimize the utilization of available materials 
and energy supplies as well as funds for operating our highway systems. The objec-
tive of the research conducted under NCHRP Project 1-17 was to develop realistic 
guidelines for recycling of pavement materials for the reconstruction and rehabilita-
tion of existing pavements. 

The Texas A&M University researchers had previously prepared a state-of-the-
art report published as NCHRP Synthesis of Highway Practice 54, "Recycling Ma-

terials for Highways." This report provided a basis for the Project 1-17 literature 
review. However, because of the rapidly evolving nature of pavement recycling 
technology, much of the information for the preparation of the guidelines was 
obtained from experience in the field during the design and construction of pave-
ment recycling projects. Additionally, the researchers conducted a field evaluation 
of the performance of previously constructed recycled pavements, and laboratory 
studies were performed on recycled asphaltic concrete mix design and modifiers. 
The research covered recycling of both asphaltic and portland cement concrete 
pavements. Because of the extensive field experience and more advanced state of 
the art with asphaltic pavement recycling, the guidelines are more complete for this 
type of pavement. 

The final report as submitted by the researchers consisted of three volumes. 
Volume 1 contained the research report. Volume 2 included a large number of 
appendix items covering the various portions of the laboratory and field studies. 
Volume 3 documented the guidelines and another group of appendix items. This 
report (NCHRP Report 224) combines major portions of the research report from 
Volume 1 and the complete guidelines plus the more significant appendix items from 
Volume 3. Although not included in the published document, copies of the remain-
ing Volumes 2 and 3 appendix items have been printed by the research agency as 
Supplement A and Supplement B. Copies have been distributed to highway and 
transportation agencies and are available to other interested persons from the Pro- 



gram Director, NCHRP, Transportation Research Board, 2101 Constitution Ave-
nue, N. W., Washington, DC 20418. A listing of these items is contained in 
Appendix K of NCHRP Report 224. 

Although the art of pavement recycling continues to evolve, the guidelines for 
the planning, design, and construction of recycling projects are suitable for imme-
diate implementation. They are based on extensive field experience and contain 
procedures for selecting from among recycling alternatives, construction and energy 
information, material requirements, and model specifications. Additional informa-
tion is needed on long-range performance of recycled pavements. The report con-
tains suggestions for data collection and analysis to fill this need and provide for 
improved pavement rehabilitation guidelines. 
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GUIDELINES FOR 
RECYCLING PAVEMENT MATERIALS 

SUMMARY 	Rehabilitation and maintenance of the present transportation system is costly, 
time consuming, and material intensive. Reuse, or recycling of the existing pave-
ment materials for rehabilitation and maintenance purposes offers several advan-
tages over the use of conventional materials and techniques. Among the major 
benefits are conservation of aggregates, binders, and energy as well as preservation 
of the environment and existing highway geometrics. 

Because recycling appeared to,be an 'attractive alternative for pavement re-
habilitation and maintenance, the National Cooperative Highway Research Pro-
gram synthesized available data on recycling and published the information as 
NCHRP Synthesis of Highway Practice 54. In order to provide information for 
implementation of recycling technology, NCHRP Project 1-17 was initiated to 
develop realistic guidelines for the 'recycling of pavement materials. Results of this 
project are documented herein. 

The guidelines for recycling pavement materials have been developed in this 
project based on existing literature, personal conversations and correspondence, and 
a laboratory and field testing program. These guidelines are intended to provide to 
the practicing engineer the following information: 

Point out the potential advantages of recycling. 
Assist both in making a preliminary analysis of recycling as a pavement 

rehabilitation alternative and in identifying a suitable methodology. 
Provide guidance and criteria for making a detailed analysis of cost, energy, 

materials design, structural design, construction specifications, and quality control. 
Recommend a methodology for evaluating project results so that recycling 

alternatives can be compared with conventional methods of rehabilitation. 

The laboratory testing program conducted on pavement modifiers, recycled 
asphalt mixtures, and recycled portland cement concrete mixtures resulted in the 

following findings: 

Testing techniques must be carefully controlled when asphalt modifying 

agents are evaluated. 
Laboratory evaluation tests must be performed on a project by project basis. 
Existing methods to predict asphalt modifier contents are sufficiently accu-

rate to allow the engineer to estimate required modifier quantities. 
The temperature susceptibility of modifier—asphalt blends is dependent on 

the type of modifier used. The amount of modifier (within reasonable limits) does 
not greatly alter the temperature susceptibility. 

The compatibility of asphalt modifiers and old recycled asphâlts needs to be. 

defined more accurately. 	 . 
The resilient modulus value indicates the ability of a modifier to alter the 

properties of the old recycled asphalt. 
High Marshall flow values are often associated with' recycled mixtures. 
Recycled and conventional mixtures with acceptable Marshall stabilities 

may not have adequate Hveem stability. 
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Recycled mixtures may be water susceptible. Modifier type apparently 
does not affect water susceptibility. 	 - 

The water susceptibility test recommended by Lottman (40) is more 

severe than vacuum saturation and soak procedures used routinely at Texas A&M 
University. 

Recycled pavements need to be sampled at several locations in order that 
project variation can be considered. 

Portland cement concrete made with recycled portland cement concrete 
or combinations of recycled portland cement concrete and asphaltic concrete can be 
designed such that acceptable strength characteristics in both compression and ten-
sion can be obtained. Increased water contents will normally be required when 
crushed, recycled aggregates are used to produce the desired workability. Higher 
shrinkage and poorer durability can be expected for recycled aggregate portland 
cement concrete. Increased water content and the fact that old portland cement 
concrete used as an aggregate is not air entrained may contribute to the observed 
lower durability. 

Suitable econocrete mixtures can be made with recycled portland cement S  

concrete or combinations of recycled portland cement concrete and asphaltic con-
crete. Increased water contents will normally be required to produce the desired 
workability when crushed recycled aggregates are used. Lower strength, poorer 

- durability,,. nd higher shrinkage can be expected for recycled aggregate econocrete 
mixtures. 

The structural evaluation of recycled asphaltic concrete material led to. .the.  
following conclusions: 	 - 

Hot recycled asphaltic concrete is generally structurally comparable to 
conventional asphaltic concrete. 

Hot recycled asphaltic concrete used as a base course is potentially very 
effective in either maintaining or increasing the structural capability of a pavement 
section. 

Hot recycled asphaltic concrete surfaces are slightly stiffer than conven-
tional asphaltic concrete surfaces. As a consequence their fatigue characteristics 
require careful study. 

.4. In-place recycled asphaltic concrete materials used. as base courses have 
successfully employed stabilizers including asphalt cement, emulsified asphalt, lime, 
and cement. 

CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

The concept of recycling pavement materials has been 	ments. This report is intended to serve as a guide to the 
available and has been used for many years in a limited 	engineer, and provide assistance in determining when re- 
manner. In recent years, because of more interest in such 	cycling is viable and how to perform the recycling opera- 
factors as energy and materials conservation recycling has 	tion from- a design and construction standpoint. 
become a more attractive alternative to rehabilitating pave- 



Specifically, the guidelines contained herein are intended 
to do the following: 

Point out the potential advantages of recycling. 
Assist both in making a preliminary analysis of re-

cyclng as a pavement rehabilitation alternative and in 
identifying a suitable methodology. 

Provide guidance and criteria for making a detailed 
analysis of cost, energy, materials design, structural design, 
construction specifications, and quality control. 

Recommend a methodology for evaluating project re-
sults so that recycling alternatives can be compared with 
conventional methods of rehabilitation. 

Figure 1 shows an overview of the guidelines. 

BACKGROUND 

Federal, state, and local agencies including city and 
county governing bodies responsible for transportation fa-
cilities are faced with a number of problems including the 
following: 

I. A reduction in available funds for transportation fa-
cilities caused by inflation, decline in tax base, reduction or 
leveling in revenue from fuel tax, and fiscal demands of 
other programs among other factors. 

Materials supply problems resulting from depletion of 
sources near the point of use; unavailability due to zoning 
laws; increased haul distances and associated transportation 
costs; strict environmental codes limiting production in cer-
tain areas and requiring major expenditures for air and 
water quality, noise control and pit and quarry restoration; 
and use of construction materials for other than construc-
tion purposes. 

Equipment availability problems resulting from re-
duced budgets, high cost of new equipment, and other 
factors. 

Manpower problems resulting from fiscal constraints 
on wages, which often create a deficiency of trained equip-
ment operators and qualified engineering-oriented employ-
ees, labor-management problems, and need to increase pro-
duction to provide for an economical operation. 

Energy problems associated with fuel availability, cost, 
and urgent need to reduce energy consumption. 

Because of these problems and others, there is an urgent 
need to optimize the use of aggregates, binders, equipment, 
manpower, energy, and funds from planning, design, con-
struction, rehabilitation, and maintenance standpoints. 

One solution to some of the transportation problems out-
lined is to reuse or recycle existing materials for construc-
tion, rehabilitation, and maintenance purposes. Recycling 
of pavement materials (such as asphaltic concrete and port-
land cement concrete) offers several advantages over the 
use of conventional materials. Among the major benefits 
are conservation of aggregates, binders, and energy and 
preservation of the environment and existing highway 
geometrics. 

Conservation of aggregate and binder is important. Al-
though the United States has an abundant supply of source 
materials for production of quality aggregates for the fore-
seeable future (1, 2), distribution of these sources does not 
always coincide with location of need. Thus, it has become 
necessary to haul aggregates over large distances. This has 
escalated the cost and the energy consumed in constructing 
transportation facilities. Recycling the aggregate in the old 
pavement for reconstruction, for rehabilitation, or for main-
tenance purposes will decrease aggregate demand and ex-
tend the supply of construction aggregate at a time when 
sources (particularly near urban areas) are being depleted 
because of high use, mining restrictions, environmental pro-
tection regulations, and appreciating land values. 
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Figure 1. Overview of guidelines for recycling pavements. 



Conservation of binders is another important advantage 
accorded by recycling. For example, pulverization and re-
use of asphaltic concrete normally requires about 1 to 3 per-
cent additional asphalt, whereas a new asphaltic concrete 
mixture requires about 6 percent. This saving of about 
10 gal of asphalt per ton (0.04 1/kg) of asphaltic concrete 
can contribute to the national fuel conservation program. 
Asphalt can be used directly as fuel for electrical power 
plants, for utilities at refineries, or can be converted to other 
hydrocarbons for use in aircraft, automobile, and steel 
manufacturing. 

The conservation of energy is apparent in recycling op-
erations if one considers the reduced hauling required for 
aggregates and the reduced hauling and production energy 
required for the binder in recycled pavement materials. 
Energy savings of recycling operations, however, should be 
determined on a job-to-job basis. 

Recycling can contribute to. environmental preservation 
by reducing the amount of new materials required for high-
way use. Thus, a corresponding reduction is possible in 
environmental problems of mining the new material and 
manufacturing the products, in addition to avoiding the 
problems associated with disposition of the old pavement. 

The maintenance of highway geometrics can be achieved 
relatively easily by pavement recycling. For multilane fa-
cilities, only the distressed lane need be recycled. Full 
width overlays are not required to promote drainage. Ver-
tical clearance problems caused by overlays at bridges, 
signs, and tunnels can be overcome by strengthening the 
existing surfaces, base, or subgrade. Vertical control prob-
lems with drainage facilities, such as gutter flow lines, curb 
height, inlet capacity, and manholes, are reduced when 
recycling operations are used instead of overlays. 

Because the benefits of recycling appear promising from 
a wide variety of viewpoints, a number of agencies includ-
ing the National Cooperative Highway Research Program 
(NCHRP) have sponsored research. NCHRP Synthesis of 
Highway Practice 54, "Recycling Materials for Highways," 
was the first comprehensive summary of recycling informa-
tion (3). Federal Highway Administration sponsored pro-
grams include Demonstration Project No. 39 (4, 5); Dem-
onstration Project No. 47 (6); National Experimental and 
Evaluation Program (NEEP) Project No. 22 (7); Imple-
mentation Package 75-5 (8); Office of Research studies on 
"Softening or Rejuvenating Agents for Recycled Bitumi-
nous Binders," "Tests for Efficiency of Mixing Recycling 
Asphalt Pavements," "Data Bank for Recycled Bituminous 
Concrete Pavement," and "Materials Characterization of 
Recycled Bituminous Paving Mixtures"; and HPR and spe-
cial state studies (9, 10). Other government sponsored 
studies have been performed by the Corps of Engineers 
(II) and the Navy (12). 

Associations and institutes that have contributed to the 
collection and distribution of recycling information include 
the American Concrete Paving Association, Asphalt Emul-
sion Manufacturers Association, Asphalt Reclaiming and 
Recycling Association, The Asphalt Institute (13), Na-
tional Asphalt Pavement Association (14, 15), Portland 
Cement Association (16) and West Coast User-Producer 
Group on Asphalt Specifications (17). In addition, con- 

ference sessions and symposiums have been held on pave-
ment recycling at the Transportation Research Board, 
American Society for Testing and Materials (18), and 
Association of Asphalt Paving Technologists. 

Because recycling has become an attractive alternative 
for pavement rehabilitation and because of the large amount 
of developing technology that has become recently avail-
able, NCHRP formulated a research project (NCHRP 
Project 1-17) to develop realistic guidelines for the re-
cycling of pavement materials. The investigation per-
formed under NCHRP Project 1-17 for the development 
of guidelines for pavement recycling is described herein. 

RESEARCH OBJECTIVE AND APPROACH 

The overall objective of this project (NCHRP Project 
1-17) was to develop realistic guidelines for the recycling 
of pavement materials for the rehabilitation and reconstruc-
tion of existing pavements. 

The general research approach used to accomplish this 
objective consisted of reviews of the existing literature, per-
formance of laboratory and field tests, together with analy-
sis of the data and evaluation of the practicality of the 
guidelines. Specifically the following tasks and subtasks 
were performed: 

Task 1—Develop guidelines for recycling pavement 
materials 

Conduct literature review. 
Define recycling approaches. 
Define conditions under which recycling is a feasi-
ble rehabilitation alternative. 
Define laboratory and field tests suitable for evaluat-
ing materials to be recycled. 
Define preliminary pavement design methods. 
Determine costs of various recycling alternatives and 
define a method for life-cycle analysis. 
Determine a process for selecting the most promis-
ing recycling alternatives for a given project. 
Define laboratory and field tests suitable for the 
design of recycled mixtures. 
Define detailed pavement design methods. 
Determine energy requirements for various re-
cycling approaches. 
Develop specifications for major recycling ap-
proaches. 
Prepare interim guidelines for pavement recycling. 

Task 2—Evaluate practicality of guidelines 

Identify guideline problem areas. 
Perform laboratory and field testing and analysis pro-
grams to resolve identified problem areas. 
Refine interim recycling guidelines. 

The "Interim Guidelines for Recycling Pavement Ma-
terials" was prepared and copies of the report were distrib-
uted to state highway and transportation agencies. 

Laboratory and field test programs were conducted to 
provide a basis for improvement in specific portions of the 
interim guidelines. Studies were performed to provide in-
formation for the following purposes: 



Preparation of specifications for asphalt recycling 
modifiers. 

Preparation of mixture design methods for recycling 
asphalt and portland cement concrete recycled pavements. 

Definition of mixture characteristics of recycled as-
phalt and portland cement concrete recycled mixtures. 

Structural coefficients for recycled mixtures. 
Performance of recycled pavements. 
Evaluation of the practicality of the developed re-

cycling guidelines. 

On the basis of the comments received and the laboratory 
and field test programs, the interim guidelines were revised. 
These revised guidelines are issued in this report (NCHRP 

Report 224). Full details of the laboratory and field test 
results and more complete discussions of design criteria for 
selecting pavement recycling alternatives are contained in 
the Volumes 2 and 3 appendixes of the agency's final re-
port as submitted to the sponsors. For the availability of 
these materials, the reader is referred to the "Foreword" in 
this report. For the convenience of qualified researchers, 
the contents of this appendix material are listed here in 
Appendix K. 

USE OF THE REPORT 

Figure 2 shows the overall concept of pavement rehabili-
tation and the fact that recycling is only one of several re-
habilitation alternatives the selection of which depends on 
the observed pavement distress, the establishment of the 
probable causes of distress based on field and laboratory 
study, and design input information such as the history of 
pavement maintenance requirements and costs, history of 
pavement performance, horizontal and vertical geometric 
controls, environmental factors, and traffic. 

Once recycling has been selected as a possible rehabilita-
tion alternative, the guidelines can be used to select the 
most promising recycling option. Chapter Three should be  

used if an asphalt pavement is to be recycled; Chapter Four 
should be used if a portland cement concrete pavement is 
to be recycled. 

Chapters Three and Four describe the limited laboratory 
and field tests that should be performed to establish the 
material resources available in the pavement and the types 
of possible stabilizers that can be used with the materials. 
From this preliminary information, recycling alternatives 
can be selected. Chapters Three and Four also cover a 
more detailed evaluation of the promising recycling alterna-
tives. Detailed laboratory tests are described that determine 
stabilizer contents, the need for recycling agents, and the 
pavement structural requirements. (The term recycling 
agent has been defined by the Pacific Coast User-Producer 
Group as a "hydrocarbon product with physical character-
istics selected to restore aged asphalt to requirements of 
current asphalt specifications." It should be noted that soft 
asphalt cements as well as specialty products can be classi-
fied as recycling modifiers or agents. The terms asphalt 
modifier, softening agent, and reclaiming agent have also 
been used to describe this product.) Energy requirements 
for the recycling alternatives are outlined as well as con-
struction specifications. 

Chapter Five is devoted to a description of methods to 
determine the performance of recycled pavements. Both 
field and laboratory testing programs are outlined. These 
data are suggested for use as feedback from which the en-
gineer can select future pavement rehabilitation alternatives. 

Chapter six contains example problems that illustrate the 
methodology used in the guidelines to define a recycling 
method suitable for a particular pavement. It should be 
realized that more than one recycling approach will likely 
be suitable for a given pavement. In addition, the engineer 
must consider life-cycle cost and energies associated with 
both recycling and conventional rehabilitation alternatives. 

Appendixes have -been prepared to provide the detail-
necessary for the engineer to successfully use the guidelines. 
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Figure 2. Recycling as a rehabilitation alternative. 



CHAPTER TWO 

FINDINGS-STATE-OF-THE-ART AND LABORATORY 
AND FIELD TEST SUMMARIES 

RECYCLING ALTERNATIVES 

Recycling or reuse of existing pavement materials for 
pavement rehabilitation, reconstruction, and maintenance is 
not a new concept. A wide variety of recycling approaches 
has emerged since 1915 (19). Categorization of recycling 
approaches is usually based on (1) the recycling procedure 
used, (2) the type of paving materials to be recycled and 
the end products they are to produce, or (3) the structural 
benefit to be gained from the recycling approach. Each of 
these categories has its own merit in describing the pur-
pose and applicability of a given type of recycling. A cate-
gorization based on the recycling procedure has been used 
in this report. 

Definitions for recycling categories have been prepared 
by the Federal Highway Administration Demonstration 
Project No. 39 Technical Advisory Committee (4), a joint 
National Asphalt Pavement Association—Asphalt Institute 
Committee (20), Asphalt Recycling and Reclaiming Asso-
ciation (21), National Cooperative Highway Research Pro-
gram (3), U.S. Army Engineers Waterways Experiment 
Station (11), and Navy Civil Engineering Laboratory (12). 
For convenience, pavement recycling alternatives have been 
divided into several general categories: 

Surface recycling—reworking of the surface of a 
pavement to a depth of less than about 1 in. (25 mm) by 
heater-planer, heater-scarifier, hot-milling,cold-planing, or 
cold-milling devices. This operation is a continuous, single-
pass, multistep process that may involve use of new ma-
terials, including aggregate, modifiers, or mixtures. 

In-place surface and base recycling—in-place pulver-
ization to a depth greater than about 1 in. (25 mm), fol-
lowed by reshaping and compaction. This operation may 
be performed with or without the addition of a stabilizer. 

Central-plant recycling—scarification of the pavement 
material, removal of the pavement from the roadway prior 
to or after pulverization, processing of material with or 
without the addition of a stabilizer or modifier, and lay-
down and compaction to desired grade. This operation may 
involve additional heat, depending on the type of material 
recycled and the stabilizer used. 

Surface Recycling 

Surface recycling differs from the other broad categories 
of recycling in that it involves reworking the surface of a 
pavement to a depth of less than I in. (25 mm) (unless 
multiple passes are made). Thus, surface recycling has a 
limited effectiveness in repairing rough riding or severely 
rutted roads or in significantly increasing the load-carrying 
capacity of the roadway. However, surface recycling is  

presently the most popular form of recycling because it can 
treat a wide variety of pavement distress, including ravel-
ing, rutting, flushing, and corrugations at a reasonable cost. 
Additionally, data illustrate the usefulness of heater scari-
fication plus an overlay to reduce reflection cracking. Other 
advantages of surface recycling appear to be its ability to 
promote a bond between the old roadway and a thin over-
lay and to provide a transition between the new overlay and 
existing gutters, bridges, pavements, and so forth. The ma-
terial removed by planing and milling can be reused in sta-
bilized or unstabilized bases and shoulders and in stabilized 
surfaces. 

The evolution of surface recycling equipment is not well 
documented; however, literature indicates that three of the 
original heater-planer units were developed in California in 
the 1930's (22). One early unit was a heater, towed as a 
semitrailer behind a truck trailer, followed by an indepen-
dent grader. A second unit was a combined heater and 
planer. A third unit was a - heater mounted on - a -grader. 
The grader blade on this unit was replaced by a planer 
blade. The diesel oil-fired heater was pulled by the scarifier 
arms, and the solid rubber tires were cooled by water drip-
ping from a front-mounted water tank. The blade could be 
rotated to deliver the cuttings inside the rear wheels on 
either side. The cuttings were picked up by a front-end 
loader (22). 

The first surface recycling machine that did not use heat 
apparently dates to about 1936 (22). This device used 
chisels to cut the cold roadway. Since the early days of 
cold surface recycling, techniques have been developed to 
grind the pavement with rotating drums equipped with 
cutting teeth. 

Since 1930, a wide variety of recycling equipment has 
been developed and a number of innovative techniques es-
tablished. For discussion purposes, this equipment and the 
associated techniques have been categorized into heater 
planers, heater scarifiers, hot millers, cold planers, and cold 
millers. 

Heater Planing 

Heater planing has been used primarily for maintaining 
pavement longitudinal grade and transverse cross slope. 
Other uses include removing pavement from bridges to re-
duce the dead weight; maintaining proper clearances in tun-
nels, at underpasses, and at sign bridges; removing improp-
erly designed or constructed chip or slurry seals; and re-
moving surface irregularities from rough pavements caused 
by instability, swelling clays and/or repeated maintenance 
activities such as crack sealing, and the like. 



It is a common practice to heat and plane a pavement 
prior to overlay. This activity will correct rutting problems, 
remove some of the pavement ro:ughness, and provide a 
header cut, gutter cut, or keyway to prevent feathering of 
the hot mix. Any material that is removed from the road-
way can be reused. 

A unique application of the heater planer is to use the 
heating units to aid in a corrective maintenance activity. 
For pavements with poor skid resistance, a layer of polish-
resistance aggregate is spread on the surface with a conven-
tional seal-coat spreader. The heating unit then heats the 
pavement and is followed by a steel-wheel roller to embed 
the aggregate into the old pavement surface. This activity 
is particularly effective where flushing or bleeding is a 
problem. 

Heater Scarifying 

Recycling operations using the heater-scarifying ap-
proach take many forms. The basic operations consist of 
preparing, heating, and scarifying the surface; adding addi-
tional materials if required; compacting; making final ad-
justments to manholes and drainage structures; and opening 
the facility to traffic. 

Heater scarifiers have also been used to remove pave-
ment surface irregularities. Use of these units immediately 
before making an asphaltic concrete overlay offers some 
advantages. Pavcmcnt surface roughness can be removed 
to provide a smooth surface for a new wearing course and 
thereby eliminate or reduce the amount of leveling course 
required. The bond between the old pavement and a new 
asphaltic concrete overlay is also improved by use of the 
heater scarifier or heater planer immediately before an 
overlay. 

Reflection cracking, which is a major consideration in 
overlay design, may be reduced by use of heater scarifying 
prior to overlaying asphaltic concrete pavements. Docu-
mentation illustrates this advantage in the southwest. 

Hot Milling 

Hot-milling has not been extensively used in the United 
States. The process is limited to aspalt-surfaced roadways 
and is performed for the same general purposes as given in 
the section on cold milling. 

Cold Planing 

Cold-planing operations are commonly performed in the 
summer on asphalt-surfaced roadways. The primary pur-
poses of cold planing are to remove corrugations and other 
stability failures, to reduce the amount of rutting, and to 
remove improperly designed or constructed chip seals or 
slurry seals. The appearance and performance of cold 
planing are not as satisfactory in most cases as the heater-
planer technique. 

Equipment normally used for cold planing by city and 
county governments is a motor grader with hardened steel 
blades. The operation is normally considered to be mainte-
nance, and the removed material is often reused. 

Cold Milling 

Cold milling has been performed on both asphalt-
surfaced and portland cement concrete-surfaced roadways. 
The major purpose of cold milling is removal of surface 
deterioration. 

Millings can be used for unstabilized base courses or 
stabilized base and surface courses. The millings can be 
treated either in-place or at a central plant. 

The types of pavement distress that can be treated by 
cold milling include rutting, raveling, flushing, and corru-
gations of asphalt-surfaced pavements; and rutting, ravel-
ing, scaling, faulting, and spalling of portland cement 
concrete-surfaced pavements. The success of cold milling 
depends on the nature and extent of the distress, among 
other factors. 

Additional applications of cold milling include repairing 
a rough-riding road, improving skid resistance, and pre-
paring an asphaltic concrete or portland cement concrete 
surface to receive an overlay. Automated grade control 
features on many cold-milling machines afford the oppor-
tunity to improve ride quality. 

Most milling operations improve the surface texture of 
the roadway and crush the exposed surface of the aggre-
gate. Both the improved surface texture (macrotexture) 
and the crushed aggregate (microtexture) promote skid re-
sistance. The improvement in skid resistance may, how-
evei, be temporary if the aggregate is polish susceptible. 
The improved pavement surface texture will also increase 
the bond or shear strength between the old surface and a 
new overlay. This bond strength is particularly important 
for portland cement concrete overlays such as those used 
on bridge decks. 

In-place Surface and Base Recycling 

In-place recycling of old asphaltic concrete and portland 
cement concrete pavement is not a new concept. Almost 
every state has used conventional construction equipment 
such as bulldozers, vibratory compactors, rollers, and the 
like, to crush old pavement and combine it with a portion 
of the existing base or subbase to form a reconstituted 
structural layer. The development of pulverizing equip-
ment and processing techniques are among the more im-
portant recent refinements of in-place recycling. 

Stabilizers such as lime, cement, asphalt, and other 
chemicals have been used in these processes. Use of ce-
ment as stabilizers for recycled bases and surfaces dates to 
1942 (23). Use of asphalt with recycled material probably 
dates to the early 1940's, although the most recent work 

indicates 1966 (24). States that have performed in-place 
recycling of the type described include Arkansas, Califor-
nia, Florida, Illinois, Indiana, Kansas, Kentucky, Louisiana, 
Maine, Michigan, Nebraska, Nevada, New Jersey, New 
York, Pennsylvania, Tennessee, Texas, and Washington. 
Probably all states have recycled existing bases and surfaces 

without the addition of a stabilizer. 
Two basic approaches can be used for in-place recycling, 

depending on the thickness of the pavement to be treated 
and the thickness of the asphaltic concrete surface. If the 



asphaltic concrete surface is about 5 in. (125 mm) thick or 
less, specially designed pulverization equipment can be used 
without preliminary ripping and breaking. For asphaltic 
concrete surfaces thicker than about 5 in. (125 mm), mo-
tor graders with scarifiers or dozers with ripper teeth are 
usually used for the initial breakup. Heavy equipment 
(dozers, rollers, compactors) can be used if additional 
breakdown is required prior to pulverization. 

A major advantage of in-place recycling is the ability to 
significantly improve the load-carrying capability of the 
pavement without changes in the horizontal and vertical 
geometry of the roadway. Other advantages include the 
ability to treat almost all types of pavement distress in 
asphalt-surfaced roadways, to reduce or eliminate reflec-
tion cracking, to reduce frost susceptibility of the recycled 
material, and to improve skid resistance and the ride quality 
of the roadway. 

Among the disadvantages are the following: quality con-
trol is not as good as that of central-plant operations, pul-
verization can not be easily performed on portland cement 
concrete-surface roadways, proper curing conditions are 
often required for strength gain, and cost and traffic disrup-
tion may be relatively high. 

Central-Plant Recycling 

Central-plant surface and base recycling has been prac-
ticed for a number of years. Pavement and building rub-
ble has been crushed and used as both - unstabilized and 
stabilized base course in Washington, D.C.; Los Angeles; 
Minnesota; and San Francisco. The recycling of portland 
cement concrete back into portland cement concrete has 
been investigated briefly in the laboratory, and only the 
State of Iowa has placed experimental projects (25). Re-
cycling of asphalt paving surfaces into asphaltic concrete 
using central-plant operations had an early history with 
Warren Brothers in 1915 (19), but very little experimenta-
tion was conducted from that time until 1974 (25). 

Processes involving use of additional heat in central 
plants and recycling agents as the stabilizer have a tremen-
dous future. It is anticipated that about 10 percent of the 
asphaltic concrete hot-mix market will be supplied by hot 
central-plant recycling operations in the next 3 to 5 years 
(26). Thus, 30 to 35 million tons (27 to 32 Tg) will be 
produced. The plants will be either new plants or existing 
plants (numbering in excess of 4,700), which will be al-
tered to solve pollution problems that arise when asphalt 
mixtures are recycled. 

Increased interest in central-plant recycling has led to 
development of new techniques for heating the reused ma-
terials and new concepts for pavement removal-  and sizing. 

Two approaches have been used to size the material prior 
to recycling in a central plant. The pavement can be re-
duced in size in-place and then hauled to the central plant, 
or the pavement can be removed from the site and sizing 
can be performed with equipment normally associated with 
aggregate processing. In-place sizing equipment includes 
hot- and cold-milling machines, heater-planing equipment, 
and on-grade pulverizers. 

Central-plant sizing can be performed with conventional,-
fixed, and portable crushing and screening equipment. The  

pavement is normally ripped and broken to a size suitable 
to be received by the primary crusher prior to loading onto 
the haul units. In some instances, it is economical to use 
grid rollers and other types of construction equipment to 
produce a suitably sized material on the roadway prior to 
hauling to the central plant. Jaw and roll crushers have 
proven to be satisfactory. 

Equipment to centrally process recycled material is com-
mercially available and for convenience can be separated 
into at least four general categories: (1) direct flame heat-
ing, (2) indirect flame heating, (3) superheated aggregate, 
and (4) without heat. Details of the type of equipment 
presently used can be found in NCHRP Synthesis of High- 
way Practice 54 (3). 	 - 

RECYCLING MODIFIERS 

Asphalt binders present in recycling pavements often 
have physical or chemical properties that make the "old" 
asphalt undesirable for reuse without modification. Ma-
terials have been developed to restore these old binders to 
a condition suitable for reuse. This concept is not new and 
has been the subject of a number of studies during the last 
several years (9, 12, 17, 29, 30, 31, 32, 33, 34, 35). 

Materials used to alter properties of asphalt cements have 
been called softening agents, reclaiming agents, modifiers, 
recycling agents, fluxing oils, extender oils, and aromatic 
oils. 

Theterm "modifier" will-be used todesignate this type 
of material in the report and originates from ASTM Sub-
committee D 4.37 (Modifier Agents for Bitumen in Pave-
ments and Paving Mixtures). The general definition of a 
modifier is "a material when added to asphalt cement will 
alter the physical-chemical properties of the resulting 
binder" (29). A more specific definition has been devel-
oped by the Pacific Coast User-Producer Group for the 
term "recycling agent." A recycling agent is a hydrocar-
bon product with physical characteristics selected to restore 
aged asphalt to requirements of current asphalt specifica-
tions. It should be noted that soft asphalt cements, as well 
as specialty products can be classified as recycling modi-
fiers or agents. 

The purpose of the modifier in asphalt pavement re-
cycling is to: 

Restore the recycled or "old" asphalt characteristics 
to a consistency level appropriate for construction purposes 
and for the end use of the mixture. 

Restore the recycled asphalt to its optimal chemical 
characteristics for durability. 

Provide sufficient additional binder to coat any new 
aggregate that is added to the recycled mixing. 

Provide sufficient additional binder to satisfy mixture 
design requirements. 

Properties of Modifiers 

Modifier properties of interest to the engineer are those 
that can be used for specification purposes to ensure that 
the modifier will perform the following functions: 

1. Be easy to disperse in recycled mixture (17, 32). 



Alter viscosity of old recycled asphalt cement to the 
desired level (17, 30, 32, 33). 

Be compatible with the old recycled asphalt to ensure 
that syneresis (exudation of paraffins from asphalts) will 
not occur (17, 30). 

Have the ability to redisperse the asphaltenes in the 
old recycled asphalt (33). 

Improve the life expectancy of the recycled asphalt 
mixture (17, 30, 32, 33). 

Be uniform in properties from batch to batch (32). 
Be resistant to smoking and flashing if used in hot mix 

operations (17, 30, 32, 33). 

Tests that have been investigated by various groups for 
inclusion in specifications are as follows: 

Viscosity at 100, 140, 210, 275 F (38, 60, 99, 135 C), 
ASTM D2170, D2171 (9, 17, 30, 32, 33). 

Flash point, ASTM D92 (9, 12, 17, 30, 32, 33). 
Volatility, ASTM Dl160 (30, 35). 
RTF-C residue (weight loss, viscosity change, duc-

tility, penetration), AASHTO T240 (17, 32). 
Rostler parameters (compatibility, chemical composi-

tion), ASTM D2006 (9, 12, 17, 30, 35). 
Clay-gel absorption chromatograph, ASTM D2007 

(33). 
Mixed analine point (9, 36). 
Refractive index (9, 36). 
Fire point (9). 
Smoke Point (9). 
Solubility parameter (33). 
Specific gravity, ASTM D70 (9, 17, 30). 
Viscosity-gravity constant (36). 
Spot test (17). 

A review of the references cited indicates that materials 
of a wide range of viscosity, as well as other properties, are 
available. FOr example, the-  viscosity as measured at 140 F 
(60 C) ranges from 2.4 to 64,000 centistokes (0.0024 to 
64 Pa s), flash points range from 190 to 658 F (88 to 
348 C), asphaltenes content ranges from a trace amount 
to 51 percent, nitrogen bases range from 1.2 to 41.2 per-
cent, paraffins range from 0.2 to 43.5 percent, and specific 
gravity ranges from 0.891 to 1.148. 

Blends of Modifiers and Aged Asphalts 

It is sometimes assumed that the field mixing process to-
gether with a reaction time (of unknown length) will al-
low the modifier and the "old" recycled asphalt to be com-
pletely mixed. If this supposition is accepted, the problem 
of blending old asphalts and modifiers is greatly simplified. 
The basic laboratory steps consist of extraction and recov-
ery of the old asphalt followed by mixing various per-
centages of modifier until the desired consistency is ob-
tained. This process is basically a trial and error procedure; 
however, methods of predicting modifier contents to pro-
duce desired viscosities have been developed and published 
by Arizona (31), Chevron (32), Dunning (33), Navy 
(12), Pacific Coast User Producer Group (17), and Witco 
(30). The basis for all of these methods is basically the 
same in that the viscosity of a blend of asphalts of differ- 

ent viscosity can be characterized by equations of the 
following form: 

log (v) = a + bp (Refs. 12, 31) 	(la) 

log—log(v)= a+bp (Refs. 17, 30, 32) 	(ib) 

log — log (v) = a + b (log p) (Ref. 33) 	(ic) 

where v is the viscosity of the blend (normally measured 
at 140 F (60 C) in centistokes, p is the volume percent 
modifier in the blend, and a and b are constants. If no 
modifier is used, the viscosity is that of the old asphalt. If 
100 percent modifier is used, the viscosity is that of the 
modifier. Hence, the constants a and b must be determined 
for each old asphalt-modifier blend. 

A procedure suitable for use in the recycling guidelines 
has been developed by the Pacific Coast User-Producer 
Group (17). Charts developed by Chevron (32) and Witco 

(30) are for proprietary products. Detailed data on labora-
tory blends, field blends, and mixtures of modifiers and 
recycled pavement materials are given in Appendix C of 
Volume 2 of the agency report (see App. K for further 
details). 

In brief, the laboratory and field tests performed in this 
study consisted of the following. 

From the original 36 modifiers tested, seven were se-
lected for blending with a laboratory-aged asphalt. Modi-
fiers were selected primarily to provide a wide range of vis-
cosity as measured at 140 F (60 C). Emulsions were not 
used because hot mix operations were used in all mixture 
laboratory work. 

Modifier I was commercially produced for recycling of 
asphalt pavements. Modifier 2 was a reclaimedmotor oil 
from the Texas A&M University Transportation Center. 
Modifier 3 was commercially produced as a lube stock. 
Modifiers 4 and 5 were AC-S asphalt cement. Modifier 5 
had higher paraffin content than modifier 4. Modifier 6 was 
a commercially available slurry oiland Modifier-7 was a - 
roofing asphalt flux. The laboratory-aged asphalt was a 
specially prepared air-blown Los Angeles basin asphalt 
cement prepared by Dougals Oil Company. 

Modifier concentrations were selected to produce a vis-
cosity of 1,000 ± 200 poises (100 ± 20 Pa s) at 140 F 
(60 C) (requirements for AC = 10 asphalt cement). It is 
interesting to note that although the viscosity at 140 F 
(60 C) was controlled over a fairly narrow range, the pene-
tration at 77 F (25 C) for all blends conforming to AC-b 
requirements ranged from a penetration of 42 to a penetra-
tion of 142, while penetrations at 60F (15.6 C) ranged 
from 10 to 70 and viscosities at 210 F (98.8 C) from 14.7 
to 24.8 poises (1.47 to 2.48 Pa s). In the case of modi-
fier 7, an asphalt cement was produced that did not meet 
the AC-10 requirements for penetration at 77 F (25 C) 
(ASTM D3381). Thus, temperature susceptibility of an 
asphalt blend is a function of the modifier selected. 

A limited laboratory program was undertaken to deter-
mine if modifier content also affected temperature suscepti-
bility. The results indicate that temperature susceptibility 
is not greatly affected by the amount of modifier. 

From the seven modifiers selected for study with the 
laboratory-aged asphalt, four (modifiers 1-4) were selected 
for blending with asphalts extracted and recovered from 



pavements located near Rye Grass, Wash., Woodburn, 
Ore., and Abilene, Tex. These pavements were used in hot 
mix recycling projects. The three projects produced a range 
in viscosity and temperature typical of many in-service 
pavements. 

Blends of materials from location 3 of the Rye Grass, 
Wash., project consistently gave low viscosity and high 
penetrations as compared to other locations. This can be 
explained by the relative soft nature of the extracted and 
recovered field-aged asphalt from location 3. Similar be-
havior was noted on results of location 5 blends where the 
field-aged asphalt had a relatively low viscosity. Blends of 
modifier 2 result in the largest variation among locations. 

Asphalts extracted from the various locations of the 
Woodburn, Ore., project were, more consistent in their prop-
erties. However, viscosity measured at 140 F (60 C) varies 
in excess of ±100 poises (±10 Pa . s) among locations. 

Temperature susceptibility of blended field asphalts is a 
function of the type of modifier used. A relatively high 
penetration asphalt is produced when modifier 4 is used 
with the asphalt extracted and recovered from the Rye 
Grass, Wash, and the Abilene, Tex., projects. Review of 
data from the Woodburn, Ore., projects indicates that a 
relatively low penetration material will be produced with 
modifier 4. 

Extraction and recovery tests performed on mixtures af-
ter laboratory mixing, compacting, and Marshall testing, 
show that the mixtures in which modifier 4 was used hard-
ened more during themixingand cmpactiorioperations 
than did mixtures with the other modifiers. Mixtures con-
taining modifier I exhibited the lowest amount of harden-
ing during mixing and compaction. 

Penetration-ductility test results obtained after 150 days 
of curing at 140 F (60 C) indicate that all modifier-project 
combinations meet the established criteria. That is, the 
blended asphalts can be expected to produce a paving mix-
ture with satisfactory performance. 

Mixtuers of Modifiers and Recycled Pavement Materials 

Pavement materials from the three recycling projects 
(Woodburn, Ore.; Abilene, Tex.; and Rye Grass, Wash.) 
were obtained and used to prepare laboratory mixtures for 
property characterization. 

Mixture proportions were determined by laboratory test-
ing; Chevron (32), Pacific Coast User-Producer Group 
(17), and Witco (30) mixture design procedures were used 
as a starting point. CKE, oil equivalencies, and surface 
areas were determined on the 'aggregates so that these 
methods could be used. The materials used for the labora-
tory mixtures contained 30 percent laboratory standard 
crushed limestone and 70 percent recycled material. The 
amount of modifier selected was that required to soften the 
old asphalt in the recycled mixture to a viscosity of about 
1,000 poises (100 Pa s) at 140 F (60 C). AC-lO asphalt 
cement was added as needed to control air voids. Results 
of the test program illustrate the property variation that can 
be expected between sample locations for a given project 
and a given modifier. 

Modifier 4 could not be added in sufficient quantities to 
soften the old asphalt in the Rye Grass and Woodburn  

projects to the desired viscosity while maintaining an ac-
ceptable air void content in the mixture. 

Values of resilient modulus are within ranges normally 
associated with asphaltic concrete mixtures. Marshall prop-
erties are typical of recycled mixtures in that high stabili-
ties and relatively high flow values are obtained. 

Hveem stability values for the Rye Grass and Woodburn 
projects are relatively low. Acceptable Hveem stabilities 
were obtained on the Abilene project. Marshall stability 
values for the three projects with modifiers 1, 2, and 3 are 
generally in the range from 800 to 1,000. These values are 
in general acceptable for base courses and some types of 
surface courses. Thus, these data present an interesting 
anomaly, in that, the Rye Grass and Woodburn mixtures 
are acceptable from a Marshall stability standpoint, but not 
from Hveem stability criteria. As stated in the literature, a 
correlation does not exist between Marshall and Hveem 
stabilities. 

It is interesting to note that the resilient modulus of sam-
ples fabricated from materials at location 3 of the Rye 
Grass project is low, indicating a softer field-aged asphalt. 
The low resilient modulus at Woodburn locations 2 and 6 
can not be as readily explained. However, modifier I has 
a more pronounced softening effect at location 2 than on 
other locations in the Woodburn project. 

A careful examination of the data results obtained from 
laboratory samples cured at 32, 77, 140, and 275 F (0, 25, 
60, and 135 C) for various lengths of time, removed from 
the curing room, placed -in a7=7-F (25C) room for3hours;=- -
and then tested to determine their resilient modulus indi-
cates that the rate of change in resilient modulus and as-
phalt hardening is not only a function of curing tempera-
ture and modifier type but also a function of the field-aged 
asphalt. Thus it is imperative that detailed tests be per-
formed on each project to be recycled. 

Samples subjected to water susceptibility tests (Lottman's 
procedure (40) and a vacuum saturation and 7-day soak 
procedure developed after work performed by Schmidt at 
Chevron Research) indicate the following: 

I. The type of modifier has little effect on the water 
sensitivity of recycled mixtures provided adequate mixing 
and the desired viscosity are obtained. 

The Lottman water susceptibility test is more severe 
than the vacuum saturation and soak test. 

The ratio of the retained "strength" varies, depending 
on the type of test performed (resilient modulus, stability, 
tensile strength). 

The mixtures prepared from recycled asphaltic con-
crete from Abilene are the most water susceptible. 

STRUCTURAL EVALUATION OF RECYCLED MATERIALS 

A review of the literature has suggested that little infor-
mation is available which defines the load-carrying ability 
of recycled materials. Therefore a laboratory and field test-
ing program was initiated to define these properties. The 
structural evaluation program consisted of two major ef-
forts: (1) an evaluation of the AASHTO structural layer 
coefficients of various recycled materials used as surfaces 
and/or bases, and (2) an in-situ, nondestructive evaluation 
of recycled materials. 
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The basic data used to determine the AASHTO coeffi-
cients were the laboratory-measured resilient moduli values 
obtained over the range of temperatures that the AASHO 
Road Test pavement experienced during its life. The in-
situ, nondestructive evaluation program compared the prop-
crties of the recycled material with that of a reference or 
control layer in an adjoining pavement section. The ref-
erence section was of conventional construction and usually 
had an asphaltic concrete surface course. The Dynaflect 
was selected as the method by which to evaluate the in-situ 
recycled pavements. 

Complete details of this work can be found in the Vol-
ume 2 appendixes of the agency report (see App. K for 
further information). The results are summarized as 
follows. 

Laboratory-derived material properties such as Hveem 
and Marshall stabilities, indirect tensile strengths, moisture 
susceptibility, and resilient moduli indicated that recycled 
asphaltic concrete could be expected to replace conven-
tional asphaltic concrete in the pavement structure with 
satisfactory results. 

Recycled asphaltic concrete used as both surface and 
base courses appears to be able to function as well as con-
ventional materials based on a comparison with the stan-
dard paving materials used at the AASHO Road Test. This 
comparison was made using the structural layer coefficents 
calculated for the recycled material and compared with the 
structural coefficients developed at the Road Test. Al-
though there are obvious limitations in comparing mate-
rials only in this way, the structural coefficient is based on 
the most thorough study of pavement performance avail-
able and is believed to give a realistic first approximation 
of the performance of recycled materials. 

The greater stiffness of the recycled materials studied is 
evident. The effective thicknesses (based on stiffness) of 
most recycled materials were greater than the conventional 
layer used for comparison. Here, the pavement engineer 
should always exercise caution when using a layer equiva-
lency, structural coefficient, or thickness ratio. The authors 
wish to point out the fallacy of a single, unique structural 
coefficient or thickness equivalency factor for any material. 
Indeed, the factors are highly sensitive to the material char-
acteristics of the surrounding layers, the thickness of the 
various layers, and the entire structural pavement inter-
action. However, it is reasonable to infer that the recycled 
pavements, which have functioned successfully for as many 
as 7 years and which maintain a stiffness comparable to, or 
greater than, the conventional layer evaluated against, are 
structurally as sound as conventional materials. Of course, 
this must be verified by more thorough laboratory fatigue, 
creep, and permanent deformation testing. Such character-
ization should be evaluated in both layered elastic and 
viscoelastic structural pavement analyses. 

FIELD CORE STUDY 

The field core study was initiated to determine the 
mechanical properties of field-recycled mixtures. These 
data were used as input for determination of the AASHTO 
structural coefficients. Comparisons of these data with 
laboratory-molded and conventional field-produced mate-
rials were also made. 

Two cores were taken at each of nine locations for Min-
nesota, Iowa, Kansas, Nevada, and Utah. These cores were 
obtained from 1,000 ft (305 m) of pavement section. Re-
silient modulus values were obtained at —13 F (-25C), 
32F(0C),68F(20C),77F (25C),and 104F (40C). 

Before-and-After Recycling Comparisons 

Cores from both the recycled section and the old pave-
ment prior to recycling were obtained from the Rye Grass 
(Wash.), Abilene (Tex.) and Woodburn (Ore.) projects. 
Material property comparisons between the after- and the 
before-recycling cores are summarized in the following. 

Rye Grass, Washington Project 

Data obtained on this project indicate the following: 

The resilient moduli at various temperatures are 
slightly lower on recycling due, in part, to the addition of 
a softener or asphalt cement modifier in this project. The 
slope of the resilient modulus—temperature curve is about 
the same for both the recycled and prior to recycling core 
data, indicating similar temperature sensitivity. 

Neither the recycled nor the before-recycled cores 
were moisture susceptible based on resilient moduli tests. 

Hveem stabilities were below 30 for both recycled 
cores and before-recycling cores. The recycled cores have 
a larger stability and are somewhat less sensitive to moisture 
effects because they showed no appreciable stability loss 
due to Lottman conditioning. 

Marshall stabilities and flow showed little change due 
to recycling. No moisture damage effects were detected in 
the recycled cores by the Marshall test. 

Indirect tension testing also revealed that the before-
and-after cores were not susceptible to moisture effects. 

Abilene, Texas Project 

Data obtained on this project indicate the following: 

I. Resilient moduli of recycled materials and before-
recycled materials are very similar both in the magnitude 
of the moduli and in the susceptibility of these moduli to 
temperature at 77 F (25 C) and below. Significant dif-
ference exists at 100 F. 

The recycled material was significantly more suscepti-
ble to moisture effects as measured by the change in re-
silient modulus than the unrecycled material. However, 
this must be tempered by the fact that the recycled layer, 
used as a base, was a combination of old AC surface and 
old base material. 

Marshall stabilities were considerably lower after re-
cycling. The stability values indicate that moisture damages 
both the after and the before-recycled materials. 

Hveem stability values of the recycled mixture are be-
low 30. The stability values indicate that moisture damages 
both the after- and the before-recycled materials. 

Cores from the recycled pavement indicated a sig-
nificant susceptibility to water as measured by the indirect 
tensile test. 

Resilient modulus, Marshall stability, Hveem stability, 
and indirect tensile test results indicate that the recycled 
mixture is water susceptible. 
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Woodburn, Oregon Project 

Data obtained on this project indicate the following: 

I. The resilient moduli at temperatures above -10 F 
(-23 C) are significantly higher after recycling. The slope 
of the resilient modulus-temperature curve is nearly identi-
cal for both the recycled and the before-recycling core data. 
These data indicate similar temperature susceptibility. 

The percent loss in resilient modulus as measured by 
the Schmidt test after Lottman water exposure is about 
equal for both the after- and the before-recycled cores. 

The Marshall stabilities after recycling increased by 
35 percent. Stabilities of the recycled and unrecycled cores 
were comparable after Lottman conditioning. Large Mar-
shall flows were experienced on Lottman-conditioned after-
recycling cores. 

The Hveem stabilities remained about the same after 
recycling as before recycling. However, the loss in Hveem 
stability due to Lottman water exposure was lower for the 
recycled cores than for the cores prior to recycling. 

The indirect tension test showed a significant strength 
increase for the recycled material. Although the strength 
loss after Lottman conditioning was greater for the recycled 
material, the absolute value of strength was greater than 
that for the before-recycled cores. Tensile strain and 
failure decreased upon recycling. 

Laboratory and Field Compacted Property Comparisons 

- Samples ofloose mixtures were -obtained after recycling 
from the Rye Grass, Abilene, and Woodburn projects. 
These mixtures were compacted and subjected to a test 
program. Results are summarized as follows: 

I. The air void content of field-compacted cores of re-
cycled mixtures is typically larger than the laboratory-
compacted field-mixed recycled materials. For example, 
the air void content of the field cores from Rye Grass av-
eraged 5.1 percent, while laboratory-compacted samples 
averaged about 1 percent. Comparisons for the Abilene 
project are 10.4 percent versus 4 percent, and for the 
Woodburn project 7.7 percent versus 2.8 percent. 

Resilient modulus values measured at 77 F (25 C) for 
field core samples are typically lower than the laboratory-
compacted field-mixed recycled materials. For example, 
the resilient modulus of the field cores from Rye Grass 
averaged 222,000 psi (1.54 X 106 kPa), while laboratory-
compacted samples averaged about 600,000 psi (4.14 X 
106  kPa). Comparisons for the Abilene project are 438,000 
psi (3.02 X 106  kPa) versus 996,000 psi (6.8 X 106  kPa); 
and, for the Woodburn project, 371,000 psi (2.56 X 106  
kPa) versus 875,000 psi (6.03 X 106  kPa). The resilient 
modulus is dependent on air void content. High air void 
content mixtures will normally have a lower resilient modu-
lus than identical mixtures with low air void contents. 

Marshall and Hveem stability values for field core 
samples are typically lower than those for the laboratory-
compacted field-mixed recycled materials. For example, 
the Marshall and Hveem stabilities of the field cores from 
Rye Grass averaged 1,183 and 29, respectively. Laboratory-
compacted samples averaged about 2,350 and 30, respec-
tively. Comparisons for the Abilene project for Marshall  

and Hveem stabilities are 1,090 and 26 versus 2,400 and 
20. Comparisons for the Woodburn project are 1,760 and 
23 versus 2,660 and 40. Stability values are affected by the 
air void content. 

Tensile strength values for field core samples are 
typically lower than the laboratory-compacted field-mixed 
recycled materials. For example, the tensile strength of the 
field cores from Abilene averaged 57 psi (393 kPa), while 
laboratory-compacted samples averaged 183 psi (1,261 
kPa). Comparisons for the Woodburn are 99 psi (682 
kPa) versus 228 psi (1,571 kPa). Tensile strains at failure 
are similar for. the laboratory- and the field-compacted 
samples. 

Comparison of Field Mixtures With and Without Modifier 

The major portion of the Abilene project was recycled 
without the addition of a low viscosity modifier. However, 
a low viscosity modifier (below RA 5) was used on a por-
tion of the project. Loose mixture samples were obtained 
after recycling and subjected to tests. Results are sum-
marized as follows: 

The air void content of samples were 2.9 percent with 
modifiers and 4.1 percent without modifiers. 

Resilient modulus values measured at 77 F (25 C) for 
samples containing a modifier were 454,000 psi (3.13 X 10 
kPa) and 996,000 psi (6.87 X 106  kPa) without a modifier. 

Marshall stability values were 2,070 with a modifier 
and 2,400 without a modifier. Flow values were nearly 
identical. 	 - 	 - 

Hveem stability values were 16 with a modifier and 20 
without a modifier. 

Tensile strengths were 130 psi (896 kPa) with a modi-
fier and 183 psi (1,262 kPa) without a modifier. 

Comparisons of Asphaltic Concrete and Recycled Mixture 

New asphaltic concrete and recycled asphaltic concrete 
were placed in the same project on Interstate 8 near Gila 
Bend, Ariz. Cores were obtained from this project and 
subjected to a test program. Results are summarized as 
follows: 

Resilient modulus testing revealed a great similarity in 
the magnitude and temperature susceptibility of resilient 
modulus for the recycled cores and the conventional as-
phaltic concrete cores. Resilient modulus after Lottman 
conditioning is lower for the conventional material. This 
indicates a moisture susceptibility improvement due to 
recycling. 

Hveem stabilities prior to, and after, Lottman condi-
tioning were comparable for the conventional and recycled 
materials. 

Marshall stabilities were significantly higher for the 
recycled material, and the effects of Lottman conditioning 
were substantially less for the recycled material as mea-
sured by the Marshall stability. 

The indirect tension data also reflected the superiority. 
of the recycled material in terms of water susceptibility. 

Property Variation Within a Project 

Samples of loose field-mixed recycled materials were ob- 
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tamed from five locations within the Rye Grass project. 
Twelve samples were molded at each location and subjected 
to a test program. Results are summarized as follows. The 
average resilient modulus, as measured on 12 molded sam-
ples from each location, is 560,000 psi (3.86 kPa), 593,000 

psi (4.09 x 106 kPa), 515,000 psi (3.55 X 106  kPa), 

679,000 psi (4.68 x 106 kPa), and 729,000 psi (5.03 X 
106 kPa). Marshall and Hveem stabilities and indirect ten-
sion tests were performed on three samples from each of 
the five locations. The average Marshall stability values for 
the five locations are 2,410, 2,340, 2,310, 2,530, and,2,470; 
flow values are 20, 20, 21, 19, and 20. Hveem stability 
values recorded for the five locations are 31, 26, 21, 29, 
and 40. Tensile strengths were 184 psi (1,270 kPa), 184 

psi (1,270 kPa), 179 psi (1,230 kPa), 197 psi (1,360 kPa), 
and 191 psi (1,320 kPa) for the five locations. 

GENERAL CONCLUSIONS 

The --foregoing review of the -'literature and experimental 
studies has provided the background information-necessary 
to define recycling procedures, processes, and approaches. 
Twenty-four alternatives have been identified for recycling 
asphaltic concrete pavements. Eight alternatives have been 
defined for recycling portland cement concrete pavement. 
Detailed descriptions of these operations are contained in 
Chapters Three and Four. Major advantages and dis-
advantages of surface, in-place, and central plant recycling 
are given in Table 1. 

TABLE 1 

MAJOR ADVANTAGES AND DISADVANTAGES OF RECYCLING TECHNIQUES 

Recycling Techniques Advantages Disadvantages 

Surface • Reduces frequency of reflection cracking • Promotes bond between old pavement 	- i Limited structural improiement 
and thin overlay I 1Thi-scarification and heater- 

- 	• Provides a transition between new planing has limited effectiveness 
overlay and existing gutter, bridge, on rough pavement without multiple 
pavement, etc. that is resistant to passes of equipment 
raveling (eliminates feathering) • Limited repair of severely flushed 

• Reduces localized roughness due to or unstable pavements 
compaction • Some air quality problems - 	- 

• Treats a variety of types of pavement • Vegetation close to roadway may be 
distress 	(raveling, flushing, damaged 
corrugations, rutting, oxidized pavement, ó Mixtures with maximum size aggregates 
faulting) at a reasonable initial cost greater than 1-inch cannot be 

• Improved skid resistance treated with some equipment 

In-Place • Significant structural 	improvements • Quality control not as good as 

• Treats all types and degrees of central plant 
pavement distress • Traffic disruption 

a Reflection cracking can be eliminated • Pulverization equipment in need of 
• Frost susceptibility may be improved frequent repair 
• Improve skid resistance • Pavements cannot be rejected in place 

Central a Significant structural 	improvements • Increased disruption 
• Improved quality control • Potential air quality problems at 
• Treats all types and degrees of plant site 

pavement distress • Traffic disrupt.inn • Reflection cracking can be eliminated • Improve skid resistance • Frost susceptibility may be improved • Geometrics can be more easily altered • Improved quality control 	if addition 
binder and/or aggregates must be used • Improve ride quality 
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CHAPTER THREE 

FINDINGS-GUIDELINES FOR RECYCLING 
ASPHALT PAVEMENT 

This chapter contains guidelines for recycling asphalt 
pavements. Asphalt pavements are considered to be those 
pavements surfaced with bituminous bound materials. 
Composite pavements containing portland cement concrete 
that have been overlaid with an asphalt pavement are con-
sidered in this chapter, unless the recycled material is to be 
used as econocrete or portland cement concrete. Recycled 
composite pavements used as econocrete or portland ce-
ment concrete are considered in Chapter Four. 

Once the pavement engineer has determined that re-
cycling is a reasonable approach to rehabilitation he must 
decide which recycling method is most suited for the par-
ticular project under consideration. The analysis techniques 
described herein are guidelines for the engineer to follow 
during this decision process. For convenience, the analysis 
technique has been divided into two major sections. The 
first section, Part A, is a preliminary analysis identifying the 
few recycling methods that appear to be most suitable. The 

- ----fl  ----- - - second-section, -Part -B, -is- a--more- detailed analysis based on 
laboratory and field data, cost and energy projections, and 
results in a prioritized list of alternatives with appropriate 
mixture and structural designs and construction specifica-
tions. The overall view of this preliminary analysis, which 
results in a selection of recycling alternatives (Part A) is 
shown in Figure 3. 

PART A—SELECTION OF ALTERNATIVES 

- This part of the report contains guidelines that allow the 
engineer to select a few of the many recycling alternatives 
available for a particular project. Twenty-four recycling 
alternatives have been identified as feasible for recycling of 
asphalt pavements. Table 2 gives the recycling alternatives 
available. A brief definition of these alternatives follows. 
Detailed descriptions of the methods are contained in 
Part B of this chapter. 

Definitions 

Surface Recycling 

Heater Planer Without Additional Aggregates (Al). 
This operation involves the heating and shearing or plan-
ing of the asphalt surface together with appropriate clean-
ing and traffic control operations. Multiple passes may be 
necessary because a single pass is normally limited to 3/4 -in. 
removal. 	 - 

Heater Planer with Additional Aggregates (A2). This 
operation may or may not involve the heating and shearing 
or planing of the asphalt surface prior to the even distri-
bution of a skid resistant aggregate. The skid resistant 
aggregate is spread on the pavement surface at a rate of  

approximately 1 cu yd of aggregate to 250 sq yd of pave-
ment surface area. Following aggregate distribution a heat-
ing unit is used to heat the aggregate and the existing pave-
ment surface to a depth sufficient to embed the aggregate. 
The heating unit is immediately followed by compaction to 
press the crushed rock chips into the heated surface. 

Heater Scarify (A3). This operation involves the heat-
ing and scarification of an asphalt surface. The operation 
may include the addition of asphalt and/or a modifier. A 
number of variations are possible which are shown in 
Figure 4. Scarification is usually limited to 3/4  in. to 1 in. 
in a single pass. 

Heater Scarify Plus Thin Overlay or Aggregate (A 4). 
This operation involves the scarification of an asphalt sur-
face followed by the addition of a skid resistant aggregate, 
a slurry seal, a chip seal, or an asphaltic concrete mixture. 
This operation may involve the mixing of the recycled as-
phaltic concrete with the new asphaltic concrete and/or 
aggregate and/or recycling agent. A number of variations 
are possible which are shown in Figure 4. 	- 	- - 

Heater Scarify Plus Thick Overlay (A5). This opera-
tion involves the scarification of an asphalt surface fol-
lowed by the addition of an asphaltic concrete mix. The 
operation may involve the mixing of the recycled asphaltic 
concrete with the new asphaltic concrete and/or aggregate 
and/or recycling agent. A number of variations are possi-
ble which are shown in Figure 4. 

Surface Milling (A 6). This operation involves the re-
moval of the surface of a pavement by a hot milling, cold 
milling, or cold planing machine. The depth of removal is 
variable and may be as great as 4 in. in a single pass. The 
millings or shavings are removed from the construction 
site. 

Surface Milling Plus Thin Overlay (A7). This opera-
tion involves the removal of the surface of a pavement by 
a hot milling, cold milling, or cold planing machine and the 
addition of a slurry seal, chip seal, or asphaltic concrete 
thin overlay material. The material used for the overlay 
may be a new asphaltic concrete or a mixture prepared 
from the millings or shavings. 

Surface Milling Plus Thick Overlay (A 8). This opera-
tion involves the removal of the surface of a pavement by 
a hot milling, cold milling, or cold planing machine and the 
addition of a thick overlay. The material used for the over-
lay may be new asphaltic concrete or a mixture prepared 
from the millings or shavings. 

In-Place Recycling 

Minor Structural Improvement Without New Binder 
(Bi). This operation involves the cold planing or crush- 
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Figure 3. Preliminary analysis and selection of most suitable alternatives. 

TABLE 2 
OPTIONS FOR BITUMINOUS PAVEMENT RECYCLING 

Category Method Description Code 

Heater Planer Without additional aggregate Al 

With additional aggregate A2 

Heater scarify Heater scarify only A3 

Heater scarify plus thin overlay or aggregate A4 

- Heater scarify plus thick overlay AS 

Surface milling Surface milling only A6 

or grinding Surface milling plus thin overlay A7 

Surface milling plus thick overlay A8 

Asphalt concrete Minor structural improvement without new binder 81 

surface less than Minor strctural 	improvement with binder 82 

5 Inches Major structural improvement without new binder B3 

Major structural improvement with new binder 84 

Asphalt concrete Minor structural improvement without new binder 85 

surface greater Minor structural improvement with new binder 86 

5 Inches Major structural improvement without new binder 87 

Major structural Improvement with new binder 88 

Cold mix Minor structural improvement without new binder Cl 

-. process Minor structural 	improvement with new binder C2 

Major structural improvement without new binder C3 

Major structural 	improvement with new binder C4 

Hot mix Minor structural 	improvement without new binder CS 

process Minor structural 	improvement with new binder C6 

Major structural improvementwjthOut new binder C7 

Major structural improvement with new binder C8 
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Figure 4. Recycling using heater planer and heater scarifler. 

ing and pulverizing of old asphalt surfaced pavements (as- 	verization of the thinner asphalt pavements need not be 
phalt bound materials less than 5 in. thick) and recom- 	preceded by ripping and breaking and can be adequaely 
biñing with the existing base and/or subbase to form a 	accomplished by using a specialized traveling pulverizer. 
reconstituted layer. Pulverization of the thinner asphalt 	Major Structural Improvement Without New Binder 
pavements need not be preceded by ripping and breaking 	(B3). This operation involves the crushing and pulveriz- 
and can be adequately accomplished by using a specialized 	ing of old asphalt pavements (less than 5 in. thick) and 
traveling pulverizer. 

recombining with the existing base and/or subbase to form 
Minor Structural Improvement with New Binder (B2). 

a reconstituted layer. Pulverization of the thinner asphalt 
This operation involves the crushing and pulverizing of old 
asphalt pavements (less than 5 in. thick), followed by ad- 	pavement need not be preceded by ripping and breaking 

dition of new binders and/or recycling agents and re- 	and can be adequately accomplished by using a specialized 

combining with the existing base and/or subbase. Stabiliz- 	traveling pulverizer. Major structural improvement can be 

ers such as lime, cement, asphalt, and fly ash may be used 	gained by increasing the thickness of the reconstituted layer 
to ameliorate or strengthen this reconstituted layer. Pul- 	or by means of an overlay. 
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Major Structural Improvement with New Binder (B4). 
This operation involves the crushing and pulverizing of old 
asphalt pavements (less than 5 in. thick) and adding new 
binders and/or modifiers and recombining with the existing 
base and/or subbase. Stabilizers such as lime, cement, as-
phalt, and fly ash may also be used to ameliorate or 
strengthen the reconstituted layer. Pulverization of the 
thinner asphalt pavement need not be preceded by ripping 
and breaking and can be adequately accomplished by using 
a specialized traveling pulverizer. Major structural im-
provement can be gained by increasing the thickness of the 
reconstituted layer through stabilization or by means of an 
overlay. 

Minor Structural Improvement Without New Binder 
(B5). This operation involves the crushing and pulveriza-
tion of old asphalt pavements (greater than 5 in. thick) and 
recombining with the existing base or subbase to form a re-
constituted layer. Ripping and breaking of the thick pave-
ment prior to pulverization are normally required. 

Minor Structural Improvement with New Binder (B6). 
This operation involves the crushing of old asphalt pave-
ments (greater than 5 in. thick), adding new binders and/ 
or modifiers and recombining with the existing base and/or 
subbase. Stabilizers such as lime, cement, asphalt, and fly 
ash may be used to ameliorate or strengthen the reconsti-
tuted layer. Ripping and breaking of the thick pavement 
prior to pulverization are normally required. 

Major Structural Improvement Without New Binder 
(B?). This operation involves the crushing and pulveriza-
tion of old asphalt pavements (greater than 5 in. thick) and 
recombining with the existing base or subbase to form a 
reconstituted layer. Ripping and breaking of the thick 
pavement prior to pulverization are normally required. 
Major structural improvement can be gained by increasing 
the thickness of the reconstituted layer or by means of an 
overlay. 

Major Structural Improvement with New Binder (B8). 
This operation involves the crushing of old asphalt pave-
ments (greater than 5 in. thick), adding new binders and/ 
or modifiers, and recombining with the existing base and/or 
subbase. Stabilizers such as lime, cement, asphalt, and fly 
ash may be used to ameliorate or strengthen this reconsti-
tuted layer. Ripping and breaking of the thick pavement 
prior to pulverization are normally required. 

Central Plant Recycling 

Minor Structural Improvement Without New Binder 
(Cl). This is a cold mix operation. The existing asphalt 
pavement is ripped and broken at the job site. Crushing can 
be performed on the job site, but most commonly the old 
pavement material is hauled to the central plant and 
crushed, screened, sized, and stockpiled. The sized ma-
terial is blended to provide the proper mixture. 

Minor Structural Improvement with New Binder (C2). 
This is a cold mix operation. The existing asphalt pave-
ment is ripped and broken at the job site. Crushing can be 
performed on the job site, but most commonly the old 
pavement material is hauled to the central plant and 
crushed, screened, sized, and stockpiled. The material is 
then blended with a stabilizer generally by using a pugmill  

as the primary mixer. Stabilizers such as lime, cement, 
asphalt, and fly ash may be used to ameliorate or strengthen 
the reconstituted material. 

Major Structural Improvement Without New Binder 
(C3). This is a cold mix operation. The existing asphalt 
pavement is ripped and broken at the job site. Crushing 
can be performed on the job site, but most commonly the 
old pavement material is hauled to the central plant and 
crushed, screened, sized, and stockpiled. Major structural 
benefit is obtained by increasing the depth of the reconsti-
tuted layer or by means of an overlay. 

Major Structural Improvement with New Binder (C4). 
This is a cold mix operation. The existing asphalt pavement 
is ripped and broken at the job site. Crushing can be per-
formed on the job site, but most commonly the old pave-
ment material is hauled to the central plant and crushed, 
screened, sized, and stockpiled. The material is then 
blended with a stabilizer generally by using a pugmill as the 
primary mixer. Stabilizers such as lime, cement, asphalt, 
and fly ash may be used to ameliorate or strengthen the 
reconstituted material. Major structural benefit is obtained 
by increasing the depth of the reconstituted layer or by 
means of an overlay. 

Minor Structural Improvement Without New Binder 
(C5). This is a hot mix operation. The existing asphalt 
pavement is ripped and broken at the job site. Crushing can 
be performed on the job site, but most commonly the old 
pavement material is hauled to the central plant and 
crushed, screened, sized, and stockpiled. The recycled ma-
terial may or may not be blended with new aggregate prior 
to heating and mixing. Direct flame, indirect flame, or 
superheated aggregate hot recycling processes are used. 

Minor Structural Improvement with New Binder (C6). 
This is a hot mix operation. The existing asphalt pavement 
is ripped and broken at the job site. Crushing can be per-
formed on the job site, but most commonly the old pave-
ment material is hauled to the central plant and crushed, 
screened, sized, and stockpiled. The recycled material may 
or may not be blended with new aggregate prior to heating 
and mixing. The addition of asphalt and/or a recycling 
agent is an integral part of the operation. Direct flame, 
indirect flame, or superheated aggregate hot recycling proc-
esses are used. 

Major Structural Improvement Without New Binder 
(C7). This is a hot mix operation. The existing asphalt 
pavement is ripped and broken at the job site. Crushing 
can be performed on the job site, but most commonly the 
old pavement material is hauled to the central plant and 
crushed, screened, sized, and stockpiled. The recycled 
material may or may not be blended with new aggregate 
prior to heating and mixing. Direct flame, indirect flame, 
or superheated aggregate hot recycling processes are used. 
Major structural benefit is obtained by increasing the depth 
of the reconstituted layer or by means of an overlay. 

Major Structural Improvement with New Binder (C8). 
This is a hot mix operation. The existing asphalt pavement 
is ripped and broken at the job site. Crushing can be per-
formed on the job site, but most commonly the old pave-
ment material is hauled to the central plant and crushed, 
screened, sized, and stockpiled. The recycled material may 
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or may not be blended with new aggregate prior to heating 
and mixing. The addition of asphalt and/or a recycling 
agent is an integral part of the operation. Direct flame, 
indirect flame, or superheated aggregate hot recycling 
processes are used. 

From a review of the foregoing definitions it is apparent 
that the type of equipment, degree of structural improve-
ment, the thickness of the existing asphalt bound material, 
and the use of heat in the recycling process are key factors 
used to define the recycling approaches. It is important that 
the engineer be familiar with the recycling operations pre-
viously defined prior to reading the remainder of the guide-
lines. 

Selection of Recycling Alternatives 

If the engineer is to select the most appropriate recycling 
alternative for a particular project, he must describe or 
characterize the conditions of the existing facility. Aside 
from historical facts and known conditions, the present 
condition must be measured on some rational basis and 
compared to standard criteria. Key factors that influence 
the decision include the following: (1) surface conditions, 
(2) structural conditions, (3) roughness, and (4) skid re-
sistance. These factors together with a summary of key 
data describing the existing facility are discussed in the 
following. 

TABLE 3 

SUMMARY OF EXISTING PAVEMENT 
CONDITIONS 

IFEATURE VALUE COMMENT 

Location 

Size of Project (lane-miles) 

Class of Roadway 

Existing Pavement Cross Section 
(Include date, 	thickness and 
type of original 	pavement 
layers; date, thickness and 
type- of subsequent rehabili- 
tation and maintenance 
activities) 

Geometrics 

(Number of lanes, width, 
vertical clearance, other 
constraints) 

Traffic Characteristics 
ADT 
Average daily eq. 	18 kip 
axle loads 

Subgrade Characteristics 

Surface Condition 
(Pavement Rating Score, PRS) 

Structural Condition 
(Deflection, 0.001 	inch 
overlay required) 

Roughness 
(Serviceability 	Index) 

Skid Resistance 
(SN40) 

(Other Factors 

(Distance 	to aqJrecja te and 

binder source, 	available 
equipment and contractor 

L 	experience) 

Existing Facility 

Particular data are reqiiire.d to describe adequae1y the 
existing facility for the purposes of rehabilitation decision-
making. These factors are summarized in Table 3 in a form 
for easy reference. Specific items noted are as follows: 
(1) location and size of project, (2) roadway class, (3) 
existing pavement cross section, (4) geometrics, (5) traffic, 
and (6) subgrade characteristics. The contribution of the 
factors, in terms of a selection process for recycling, are 
briefly described next. 

Location and Size of Project. The location and size of 
a project may be such that only certain techniques would 
be cost effective. For example, projects located in remote 
areas will have to be large in size to justify the transporta-
tion of the equipment associated with central plant re-
cycling. In-place recycling is a cost effective approach for 
pavement rehabilitation in remote areas where small proj-
ects with low traffic volumes are under consideration. 

Roadway Class. Generally, the roadways can be classed 
in broad categories as: Interstate and Urban Freeway, 
Rural Primary (U.S. and state signed routes), Rural Sec-
ondary (farm and ranch-to-market, park roads, etc.), and 
Urban Streets (arterial, collector, local). Roadway class 
dictates criteria for determining the need for pavement re-
habilitation as well as general criteria for selection of an 
appropriate recycling alternative. 

Existing Pavement Cross Section. The date of original 
construction together with a listing of the thickness and 
types of materials used will be important in judging the 
general serviceability of the pavement. Subsequent history 
of rehabilitation and maintenance activities, such as seal 
coats, overlays, patching, crack sealing, etc., will influence 
the determination of a viable recycling alternative. Thick-
ness of each layer of different material, as well as the type 
of material and its condition, should be obtained from 
project records. Reliance on memory for the information 
is often risky. A few carefully located core samples will 
provide confidence in the information. 

The type or nature of the existing materials will influence 
the recycling method selected for a given project. If the 
bound materials, such as multilayers of seal coats and over-
lays are variable, both vertically and horizontally, it may be 
difficult to make a uniform recycled mixture without add-
ing large quantities of aggregate and/or binder to dilute 
these undesirables. Asphalt modifiers and/or additional as-
phalt may also be needed. If the structural strength of the 
pavement must be increased, several options exist that in-
clude removing the pavement materials and stabilizing the 
subgrade before remixing and replacing the pavement, or 
using all existing pavement materials stabilized as a base 
course and then overlaying. 

Geometrics. The geometric features of a roadway, such 
as horizontal and vertical alignment, are often constraints 
to conventional rehabilitation techniques such as asphalt 
overlays. For example, the drainage line at curbs and gut-
ters can not be altered without considerable expense. There-
fore, an overlay must be constructed at the appropriate 
thickness in the driving lanes and then tapered to near zero 
thickness at the gutter. Multiple overlays can cause havoc, 
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resulting in excessively high crowns at the centerline and 
steep cross slopes. Other features such as drainage inlets 
and manholes also cause problems of a similar nature. Re-
cycling of existing pavement materials offers a solution to 
some of these problems. 

Vertical clearance for trucks and other special vehicles at 
bridges and overhead signals and signs is often critical and 
can not be reduced as would be the case if overlays were 
used. Recycling offers a further benefit here. 

On multilane highways, the truck or travel lane often 
deteriorates before the passing lane. Overlaying only one 
of the lanes would be impractical, but recycling of that lane 
alone or to strengthen it before adding a general overlay 
would provide a more acceptable solution. Similarly, super-
elevation could be preserved or altered as needed without 
disturbing adjacent lanes. 

Changing the horizontal alignment or adding new fea-
tures, such as shoulder widening or a new shoulder and lane 
widening or a new lane, may also be opportunities to use 
recycling techniques. Often, these features may not need 
the full design strength of adjoining lanes and could be 
stabilized in-place, or the existing aggregate base could be 
used to make asphaltic concrete without the need for new 
materials or for wasting existing materials. 

Traffic Characteristics. The speed and volume of traffic, 
to a large extent, determine the traffic control problems as-
sociated with pavement rehabilitation activities. The use of 
recycling On high traffic volume urban facilities should be 
geared toward those activities that can provide low road-
way occupancy time, can be performed with single lane 
blockage, and can use materials with rapid strength gain 
after placement. 

The volume and axle weight distribution of traffic are 
important from a pavement design standpoint. For pave-
ment design purposes, traffic should be converted to average 
daily equivalent 18,000-lb axle-load repetitions that are rep-
resentative for the design period. It is suggested that the 
AASHTO procedures be used for this conversion. 

Subgrade Characteristics. Pavement failures due to fac-
tors outside the pavement layers often need to be consid-
ered. For example, a subgrade that contains a swelling clay 
may need to be improved before recycling the pavement 
materials would be effective. Another environmentally in-
fluenced problem related to volume change is frost heave. 
For both of these problems, recycling may offer a reason-
able solution in that the pavement materials would need to 
be removed in any event in order to remove or improve the 
poor subgrade. While removing the materials, they could 
be reprocessed and replaced after the subgrade has been 
prepared. (See App. K for further details.) 

In summary, all known information about the pavement 
materials and background needs to be summarized and 
used in the decision process. Surprises at the time of con- 
struction can be avoided usually by proper testing, evalua-
tion, planning, and design. 

Surface Condition 

Each potential recycling project should be surveyed for 
surface defects that can be used not only to assess the cause 
of distress but perhaps to also suggest corrective action. 

Several agencies have devised methods to estimate pave-
ment distress and one such approach is discussed in Ap-
pendix A, Volume 3, of the agency's report (see App. K 
for further information). Once the survey is made, the re-
sults can be summarized and entered on the first line of 
Table 4. This table has all the usual types of distress dis-
played across the top and major recycling alternatives listed 
along the left margin. In order to use this table, the engi-
neer should systematically look at each distress marked on 
the first line and estimate which recycling methods would 
correct that distress, and indicate this assessment by plac-
ing a check mark in the appropriate box. Note that a num-
ber of boxes are shaded; this indicates that these recycling 
options would not be appropriate. For example, a pave-
ment with severe alligator cracking over 30 percent of the 
area would not be improved by using a heater planer (Al) 
alone. Similarly, other surface methods would not be ap-
plicable unless a thick overlay followed the operation. Fur-
ther, one can note on Table 4 that some methods of in-
place recycling and central plant recycling would also not 
bg particularly beneficial for certain types of distress. 

Once the viable recycling alternatives for improving sur-
face condition are identified, they can be summarized in 
Table 7. 

Structural Condition 

Ihe structural adequacy or structural condition of the 
roadway under consideration is determined by the thick-
ness of the overlay required. Overlay requirements should 
be determined by an appropriate deflection-based proce-
dure (see App. K). Certain recycling alternatives defined 
in this report can be eliminated, depending on the thick-
ness of the overlay required (Table 5). For example, if the 
overlay required is greater than 2 in., only those recycling 
alternatives providing a major structural improvement 
would be considered adequate (AS, A8, B3, B7, C3, and 
C8). For overlay requirements less than 2 in., those re-
cycling alternatives providing minor structural improve-
ments are suggested for use (Table 5). Those recycling 
alternatives identified as appropriate for improving the 
pavement from a structural adequacy standpoint should be 
entered in Table 7. 

Roughness 

The smoothness of ride may be a deciding factor for 
rehabilitation of many roadways. Occasionally, a rough 
surface may be the only significant problem and surface 
recycling would be the solution. If a pavement is rough, 
but also has other deficiencies that require more extensive 
reworking, the roughness should be taken care of auto-
matically in that operation. Therefore, the need for surface 
recycling based on ride measurements (serviceability in-
dex, SI) can be estimated as noted in Table 6. As in pre-
vious discussion, some methods would not be appropriate 
and have been blocked out. For example, it is not recom-
mended that very rough primary highway (SI less than 2.4) 
be surface recycled without an appropriate overlay (meth-
ods Al, A2, A3, A4, and A6). Those methods that are 
considered appropriate should be noted on Table 6 and the 





TABLE 5 

SELECTION OF RECYCLING TECHNIQUES TO IMPROVE STRUCTURAL 
STRENGTH BASED ON PAVEMENT DEFLECTION 

Recycling Methods Thickness of Required 
Overlay 

None Less Than 
2 inches 

Greater 
Than 
2 inches 

Heater Planer Al tlithout additional 	aggregate - 
A2 With additional aggregate - 

Heater scarify A3 Heater scarify only - 
A4 Heater scarify plus thin overlay or aggregate - 
AS Heater scarify plus thick overlay - 

Surface milling 

or grinding 

A6 Surface milling only - 
A7 Surface milling plus thin overlay - 
A8 Surface milling plus thick overlay  

Asphalt 

concrete 

surface less 

than 5-inches 

31 Minor structural improvement without new binder - 
62 Minor structural 	improvement with new binder - 
33 Major structural 	improvement without new binder  

34 Major structural 	improvement with new binder 

Asphalt 

concrete 

surface greater 

than 5 	inches 

35 Minor structural 	improvement without new binder - 
86 Minor structural 	improvement with new binder - 
87 Major structural 	improvement without new binder - 
83 Major structural improvement with new binder 

Cold mix 

process 

Cl Minor structural improvement without new binder - 
C2 Minor structural improvement with new binder - 
C3 Major structural improvement without new binder - 
1 Major structural improvement with new binder - 

Hot mix 

process 

CS Minor structural improvement without new binder - 
CS Minor structural improvement with new binder - 
C7 Major structural improvement without new binder - 
C8 Major structural improvement with new binder - 

TABLE 6 

SELECTION OF SURFACE RECYCLING TECHNIQUES BASED ON ROAD ROUGHNESS 

Type of Interstate Primary Secondary Urban Streets 
Facility Urban Freeway 

Index 

 

Methods 

Heater Planer WIthout Additional Aggregate 	Al  

Heater Planer With Additional Aggregate 	A2  

Heater Scarify A3  

Heater Scarify and Thin Overlay A4 

Heater Scarify and Thick Overlay AS 

Surface Milling A6 
——:444———-——--—--- 

Surface Milling and Thin Overlay A7 

Surface Milling and Thick Overlay AB 
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results summarized in Table 7. (See App. K for further 
details.) 

Skid Resistance 

Many pavements may perform adequately from a struc-
tural standpoint, but simply be deficient in skid resistance 
because of excess asphalt cement or perhaps because of 
polishing aggregate. As part of the overall pavement test-
ing scheme, skid resistance can be measured by using any 
one of several test methods, but preferably by the so-called 
ASTM skid trailer (App. K). It is noted that all recycling 
methods are appropriate for improving skid resistance with 
the possible exception of the heater planer without addi-
tional aggregate (Al) or heater scarifier only (A3). The 
acceptable recycling methods to improve skid resistance 
should be entered in Table 7. 

Steps in Determining Preliminary Recycling Alternatives 

As discussed earlier, the goal in this chapter is to select 
several reasonable viable alternatives to recycle asphalt 
pavements. Referring to Figure 3, one can note that after 
all preliminary information is collected, the potentially suc-
cessful approaches can be analyzed with respect to cost and 
energy savings and the most viable survivors determined. 
The steps required to reach these conclusions are sum-
marized as follows: 

1. List available information on existing roadway (Table 
3). 

2. Test existing pavement: 

Surface condition (Table 4) 
Structural condition (Table 5) 
Roughness (Table 6) 
Skid resistance (App. K) 

3. Evaluate other decision factors unique to the par-
ticular project. 

4. Make preliminary cost analysis of remaining options 
and rank accordingly (Table 8). 

5. Consider alternatives that appear most viable and 
continue evaluation (Chap. Three, Part B). 

PART B—DETAILED ANALYSIS AND DESIGN 

This part of the report will provide guidance and an out-
line for making a detailed analysis of a recycling approa..h. 
Cost, energy, mixture design, structural design, construc-
tion specifications, and quality control requirements are in-
cluded for surface, in-plate, and central plant recycling. 
Use of this part will allow the engineer to prioritize the pre-
liminary recycling alternatives selected earlier in this chap-
ter under Part A. 

Surface Recycling 

As discussed in Part A, surface recycling techniques are 
different from the other broad categories of recycling in 
that they rework the surface of a pavement to a depth of 
approximately 1 in. (unless multiple passes are made). 
Heater-planing and heater-scarification equipment have sin-
gle pass capabilities of the order of 3/4  in., whereas certain 

cold-milling machines can remove up to 5 in. in a single 
pass. Therefore, to repair. rough riding roads or severely 
rutted roads, multiple passes will have to be made with 
certain types of equipment. Significant increases in the load 
carrying ability of the roadway are not possible without the 
addition of an overlay or rebinding the pulverized material 
in an in-place recycling operation. 

Equipment and methods, application of surface recycling 
techniques, mixture design, structural design, construction 
specifications, and quality control guidelines are presented 
in the following. 

Equipment and Methods 

Surface recycling equipment, first developed in the 
1930's, can be categorized into five basic types of equip-
ment: ( 1 ) heater planers, (2) heater scarifiers, (3) hot 
millers, (4) cold planers, and (5) cold millers. The re-
cycling techniques that have been developed for the use of 
this equipment are items Al to A8 as identified in this 
chapter under Part A. More detailed descriptions of these 
operations follow. 

Heater Planer (Al, A2). The heater-planer operation 
consists of a mobile heating unit followed by a planing de-
vice. •The heating and planing devices may be contained 
in one mobile unit, such as that shown in Figure 5(a), or 
may be two pieces of equipment. Auxiliary clean-up equip-
ment is also required. 

Heater-planer operations using additional aggregates have 
a sequence of operations such as that shown in Figure 5(b). 
The operation consists of separate mobile units for heating 
and planing the pavement followed by aggregate distribu-
tion, heating, and rolling. Auxiliary clean-up equipment is 
also required. The application of aggregate followed by 
heating and rolling without a planing operation can pro-
vide a skid resistant surface under certain conditions. 

Heater Scarification (A3, A4, A5). The wide variety of 
heater-scarification operations, with and without overlay, 
are shown in Figure 4. Three typical operations using ad-
ditional asphalt and/or recycling agent and an asphaltic 
concrete overlay are shown in Figure 6. As noted, single 
pass units are available to heat, scarify, and add new as-
phalt and/or modifier and new asphaltic concrete. 

In most instances the heater-scarification--overlay pro-
cedure may be diagrammed as follows: (1) A large, mo-
bile combustion chamber is used to heat the pavement to 
soften the asphalt binder. (2) Closely spaced scarifier teeth 
are then used to plow continuous shallow furrows in the 
softened materials. (3) The pavement is recompacted. 
(4) A liquid recycling agent is applied to the recompacted 
pavement surface. (5) An asphalt overlay is placed. 
(6) The overlay is compacted to firmly bond the new 
overlay to the older pavement structure. 

Frequently, there is delay of several days between steps 4 
and 5. Also, there is an alternative procedure in which 
step 3 is omitted. This alternative procedure has an advan-
tage in that omission of recompaction after scarification 
means that the pavement is in a roughened and hot condi-
tion when the overlay is placed. This further ensures a 
tight bond between the existing pavement and the overlay. 

Surface Milling and Grinding (A6, A7, A8). Surface 
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TABLE 7 

SUMMARY OF PRELIMINARY RECYCLING ALTERNATIVES 

C 
0 

l- 

C 
0 

' 

' 
w 

'J 
C 

Recycling Methods  
-. C 

0 v 0 .I 

Heater Planer Without additional aggregate 	 Al - - - - 
With additional aggregate 	 A2 

Heater scarify Heater scarify only 	 A3 - - - 
Heater scarify plus thin overlay or aggregate 	A4 - - - 
Heater scarify plus thick overlay 	 AS 

Surface milling Surface milling only 	 A6 - - - 
Surface milling plus thin overlay 	 A7 - - or grinding 

Surface milling plus thick overlay 	 AS 

Asphalt concrete Minor structural improvement without new binder 	81 - - - 
Minor structural improvement with new binder 	82 surface less than 

Major structural improvement without new binder 	83 - - - - 5 	inches 

Major structural improvement with new binder 	84 - - - - 
CL 

Asphalt concrete Minor structural improvement without new binder 	85 - - 
Minor structural Improvement with new binder 	86 - - - - surface greater 

Major structural improvement without new binder 	87 than 5 Incties 
Major structural improvement with new binder 	88 

Culd mix Minor structural improvement without new binder 	Cl - - - 
Minor structural improvement with new binder 	C2 - - - process 

Major structural improvement without new binder. C3 - - - 0. 

Major structural improvement with new binder 	C4 

C
.  

Hot mix Minor structural improvement without new binder 	C5 

Minor structural improvement with new binder 	C6 - - process 

Major structural improvement without new binder 	C7 

Major structural improvement with new binder 	CR 

milling and grinding equipment is capable of removing 
pavement to a depth greater than 1-in. Thus this type of 
equipment can be used to provide pulverized material for 
in-place and central plant recycling operations as well as for 
surface recycling. Equipment is available that can mill to 
a depth of about 5-in, in widths from a few inches to 12 ft. 
Some of the units heat the pavement prior to milling, while 
most cold mill or plane the pavement. Asphalt overlays 
can be added after the milling operations. 

The guidelines established earlier under Part A have indi-
cated that surface recycling techniques without the addition 
of an overlay offer little increase in the load carrying ability 
of the pavement. In fact, if a substantial portion of the 
pavement is removed, a decrease in load carrying ability 
will result. 

Application of Surface Recycling Techniques 

Heater-planer techniques are best suited for (1) removal 
of localized instability problems; (2) correction of slight 
and, perhaps, moderate rutting problems; (3) corrections 
of bleeding surfaces where additional aggregates can be 
used; (4) removal of localized severe surface undulations 
caused by swelling clays, frost heave, etc.; and (5) removal 
of asphalt mixture prior to overlays along gutters, at bridge 
approaches, and at other areas where a feathered edge of 
asphaltic concrete is likely to abrade. 

Heater-scarification techniques are best suited for ( 1 ) re-
moval of localized instability and skid problems provided 
additional aggregate is used; (2) correction of slight and, 
perhaps, moderate rutting problems; (3) temporary sealing 
and rejuvenation of raveled and/or oxidized pavements 



TABLE 8 

REPRESENTATIVE COSTS FOR ASPHALT PAVEMENT RECYCLING OPERATIONS 

Representative 
Costs per Sq.Yd. 

Category Method Description Code Assumptions Average Range 

Heater Planer Without additional aggregate Al 0.50 0.35 - 0.90 Heat, plane, clean-up, haul, 	traffic 
control 

With additional aggregate A2 0.45 0.30 - 0.80 Spread aggregate, heat, roll, 	traffic 
control and clean-up 

Heater Scarify Heater scarify only A3 0.33 0.25 - 0.80 Heat, scarify, recompact,. traffic 
control 	(3/4 inch scarification) 

Heater scarify plus thin overlay of A4 1.10 0.80 - 	1.40 Heat, scarify, recompact. add 50 lbs 
asphalt concrete of asphalt concrete per square yard. 

compact, traffic control 	(3/4  inch 
scarification) 

Heater scarify plus chip seal or A4 0.75 0.60 - 	1.00 Heat, scarify, recompact, place 
slurry seal slurry seal or chip seal and traffic 

control 	(3/4 	inch scarification) 

Heater scarify plus thick overlay AS 3.30 2.60 - 4.00 Heat, scarify. recompact, add 300 
lbs of asphalt concrete per square 
yard, compact, traffic control 	(3/4 
inch scarification) 

Surface Surface milling only A6 0.60 0.35 - 	1.20 Milling, cleaning, 	hauling, 	traffic 
Milling or control 	(1 	inch removal) 
Grinding 

I 

Surface milling plus thin overlay Al 2.60 2.00 - 3.00 MIlling, cleaning, hauling, 	200 
lbs of asphalt concrete, 	traffic 
control (1 	inch removal) 

Surface milling plus thick overlay AS 4.60 3.75 	- 	5.75 Milling, cleaning, hauling 400 
lbs of asphalt concrete, 	traffic 
control 0 inch removal) 

Asphalt Minor structural 	improvement without 61 2.80 2.20 - 3.40 Rip, pulverize and remix to 4 inch 
Concrete new binder depth with 2 inches of asphalt 
Surface Less concrete, traffic control 
Than 5 	In. 

Minor structural improvement with 62 2.40 1.90 - 2.90 Rip, pulverize and remix with 
U new binder stabilizer to 4 inches depth with 

1 	inch of asphalt concrete, traffic 
control 	 . 

Major structural improvement 83 5.20 4.10 - 6.30 Rip, pulverize and remix to 6 inch 
without new binder depth with 4 inches of asphalt 

concrete, traffic control 

Major structural Improvement 64 4.10 3.30 - 4.90 Rip, pulverize and remix with 
with new binder stabilizer to 6 inch depth with 2 

• inches of asphalt concrete, traffic 
control 

Minor structural improvement 65 3.00 - 3.60 Rip, pulverize and remix to 4 inch 
without new binder 

1 12.40 

depth with 2 inches of asphalt 
• concrete, traffic control 



TABLE 8 (Continued) 

Representative 
Costs Oer Sq.Yd. 

Category Method Description Code Average Range Assumptions 

40 
Asphalt Minor structural Improvement 86 2.60 2.10 - 	3.10 Rip, pulverize and remix with 
Concrete with new binder stabilizer to 4 inch depth with 
Surface 1 	inch of asphalt concrete. 
Greater Than traffic control 
5ln. 

-a. 

Major structural improvement 117 5.50 4.40 - 6.60 Rip, pulverize and remix to 6 
without new binder inch depth with 4 inches of 

asphalt concrete, traffic control 

Major structural improvement 88 4.40 3.50 - 5.30 RIp, pulverize and remix with 
with new binder stabFlizer to 6 inch depth with 

2 inches of asphalt concrete, 
traffic control 

Cold Nix Minor structural improvement Cl 3.60 2.90 - 4.30 Remove, crush, and replace to 4 
Process without new binder inch depth with 2 inches of asphalt 

concrete, traffic control 

Minor structural improvement . 	 C2 3.00 2.40 - 3.60 Remove, crush, mix, and replace 
with new binder to 4 inch depth with 1 inch of 

asphalt concrete, traffic control 

Major structural improvement Cl 6.40 5.10 - 	7.70 Remove, crush and replace to 6 
C without new binder . inch depth with 4 inches of asphalt 

concrete, traffic control 

I- 
Major structural improvement C4 5.00 4.00 - 6.00 Remove, crush, mix and replace to 

4- with new binder . 6 inch depth with 2 inches of 
a, . asphalt concrete, 	traffic control 

Itot Process Minor structural improvement CS 3.90 3.10 - 4.70 Remove, crush, and replace to 4 
without new binder inch depth with 1.5 inches of 

asphalt concrete, traffic control 

Hot Mix Minor structural improvement C6 3.30 2.60 - 4.00 Remove, crush, mix and replace to 

Process with new binder 4 inch depth with 1/2 inch of 
asphalt concrete, 	traffic control 

Major structural improvement Cl 6.60 5.30 - 7.90 Remove, crush and replace to 6 

without new binder inch depth with 3 inches of asphalt 
concrete, traffic control 

Major structural improvement C8 5.20 4.20 - 6.20 Remove, crush, mix and replace to 

with new binder 6 Inch depth with 1 	inch of asphalt 
concrete 
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with and without transverse and longitudinal cracks (re-
duces rate of reflection cracking); and (4) establishing a 
strong bond between an old pavement and a new asphaltic 

concrete overlay. Evidence exists that a properly heater-
scarified and modified pavement will act as a stress reliev-
ing interface between an old pavement and new overlay. 
However, experience does not show that a heater-scarified 
pavement will increase the load carrying ability of the 
pavement. 

Surface milling operations are best suited for (I) re-
moval of instability problems, (2) correction of certain 
types of skid problems including bleeding, cross slopes, and 
macrotexture; (3) removal of surface undulations caused 
by swelling clays, frost heave, etc.; (4) removal of asphaltic 
concrete and portland cement concrete prior to overlay 
along gutters, at bridge approaches, and at other areas 
where weathered edge of asphaltic concrete is likely to 
abrade; and (5) promotion of bond between an old pave-
ment and a new overlay and for general removal for central 
plant recycling. 

Mixture Design 

The design of mixtures associated with surface recycling 
techniques is limited by the nature of the operation. Heater-
planer and heater-scarification operations may use addi-
tional aggregates sprinkled on the surface to provide skid 
resistance. These aggregates should be subjected to stan-
dard aggregate tests and a test to ensure that the aggregate 
will not polish under the action of the imposed traffic. (See 
App. K.) 

Heater-scarification operations should be carefully eval-
uated to ensure that the mixture produced from this opera-
tion has the properties desired. During the evaluation of 
each heater-scarification job, several questions should be 
answered: Should additional aggregate be used? Should 
additional asphalt be used? Should a recycling agent be 
used? Should additional asphaltic concrete be added? The 
answers to these questions normally can be determined 
only by a detailed laboratory testing program. Samples of 
the asphalt surface prior to recycling should be obtained 
and subjected to a series of tests as outlined in Appendix A. 
If the asphalt needs to be softened, an asphalt and/or re-
cycling agent may have to be added. If stability is a prob-
lem or if the amount of additional asphalt or recycling 
agent required is excessive, additional aggregate may have 
to be added. 

The question of adding additional asphaltic concrete is 
ne based on the amount of load carrying ability that must 

be achieved and the amount of additional mixture that will 
be necessary to provide a smooth riding surface. The addi-
tional asphaltic concrete may also improve the stability 
and/or other desirable properties of the heater-scarified 
pavement. When additional asphaltic concrete is used, 
standard mix design procedures are suggested for use that 
are outlined in Appendix A. 

Surface milling and grinding operations do not require 
mix design considerations unless an asphaltic concrete over-
lay is to be used or the millings are to be reused. Standard 
mix design methods should be used for the asphaltic con-
crete overlay and designs in Appendixes A, B, and C 
should be used for mixtures containing the millings. 
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Figure 6. Heater-scarification operations. 

Structural Design 

Structural design considerations associated with surface 
recycling are limited to the thickness of overlay required to 
prevent failure due to traffic and reflection cracking. A 
satisfactory design method has not been developed to con-
sider reflection cracking. Howevei, evidence exists in the 
southwest that illustrates the advantage of using heater 
scarification prior to overlays to delay the occurrence of 
reflection cracking. Up to 6 years of satisfactory perform-
ance have been obtained with 3/4 -in, depth of heater scari-
fication followed by a thin overlay of asphaltic concrete. 

Economics and Energy 

The costs associated with surface recycling operations are 
given in Tables F-i and F-2. Detailed cost information of 
materials used in various operations (Fig. 4) associated 
with surface recycling are also included in Appendix F. 

The energy associated with suiface recycling operations 
is included in Appendix G. Little data have been devel-
oped to date to define the energy lata consumption for the 
various recycling operations; however, sufficient data do 
exist in Appendix G to calculate representative energy re-
quirements for each of the surface recycling options shown 
in Figure 4. 

Costs and energy comparisons should be made on a life-
cycle basis. A 20- to 30-year period is suggested for the 
analysis period. Details of the methodology involved in 
this analysis are given in Appendix J. 

Construction Specifications 

Specifications for heater-planing, heater-scarification, and 
heater remixing operations are included in Appendix H. 
Specifications for asphaltic concrete used with these tech-
niques should be those commonly used by the contracting 
agency. 

Quality Control 

Methods of testing for quality control purposes are cov-
ered in Appendix I, or methods commonly used by the 
contracting agency can be substituted. 

In-Place Recycling 

As discussed earlier in Part A, in-place recycling tech-
niques are different from the other broad categories of re-
cycling in that all construction operations are performed 
on-grade or in-place. Additional aggregate, stabilizing 
binder, and/or a recycling agent may be added to the pul- 
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verized old pavement material prior to reshaping and com-
paction. These characteristic construction operations create 
some quality control problems. 

Equipment and methods, application of in-place re-
cycling techniques, mixture design, structural design, con-

.struction specifications, and quality control guidelines are 
presented in the following. 

Equipment (111(1 Methods 

Many agencies have recycled existing unstabilized bases 
together with their surfaces without the addition of a sta-
bilizer. Recently, equipment has become available to pul-
verize stabilized bases and surfaces and to use the re-
processed material with a binder such as lime, cement, or 
asphalt for a quality base course material. 

The types of equipment used for in-place recycling are 
very similar to that used for on-grade stabilization with 
lime, cement, or asphalt. In general, the only specialized 
equipment is that used to properly size bound materials 
prior to restabilization. Specially designed pulverizers, 
hammer mills, or cold-milling machines have been devel-
oped for this purpose. The pulverizers and hammer mills 
that are presently used require more power and more wear 
resistant parts than are presently available on soil stabiliza-
tion equipment. 

The recycling techniques that have been identified for the 
use of this equipment are items BI to B8 as identified 
earlier in this chapter under I'art A. Basic differences in 
these techniques are: (1) the thickness of the stabilized 
material to be recycled, the use of a new binder, and the 
degree of structural improvement. 

The basic sequence of operations for in-place surface 
and base stabilization are shown in Figure 7. As noted, the  

initial separation of techniques is based on the thickness of 
the surface course (thickness of stabilized material). When 
the thickness of the stabilized material is about 5 in. or less, 
pulverization can be performed without a ripping and 
breaking operation. Recycling methods Bl, B2, B3, and 
B4 are approximates for pavements with 5 in. or less of 
stabilized materials; while methods B5, B6, B7, and B8 are 
approximates for pavements with 5 in. or more of stabilized 
surfacing materials. 

The second separation of in-place recycling techniques 
shown in Figure 7 is based on the use of stabilizing agents. 
Recycling methods B2, B4, B6, and B8 use a binder such 
as lime, cement, or asphalt. 

Two typical in-place recycling operations are shown in 
Figures 8 and 9. The operations are those required when 
the existing asphalt stabilized surface material is greater 
than 5 in., and a preliminary ripping and breaking opera-
tion is required prior to pulverization. The type and thick-
ness of the new wearing course will depend on the struc-
tural capacity required by traffic. 

The sequence of operations shown in Figure 9 is for a 
situation where both a modifier and additional asphalt ma-
terial is to be added to the pulverized material. In general, 
it is preferable to add the modifier prior to addition of the 
existing binder. If cement and/or lime is to be used as the 
new binder, steps 5, 6, and 7 of the sequence are replaced 
with a step to apply the cement or lime. 

Application of In-Place Recycling iechniue.t 

There are several advantages of in-place processing. 
Equipment required for the process is minimal and process-
ing in-place affords the opportunity to correct structural 
and material problems quickly and, therefore, without pro- 

Add and Mix 
Stabilizing Agent, 
LimeCement, Asphalt 
or Other Chemicals 

Pulverize Fk,vement 	 I and Base Material 	 Fine Grade 	 Tack or Prime
I.  (Asphalt Concrete 	 and 	 and oceface 

Surface Less Than 	 Compact Course as Require 
About 5lnches)  

Prepare 
Construction -' 
Area JWindrow 	JWindroi e 	Recompoci 

[aterial 	IMateriol ter 	Subqrade or 
Sub-base 

I Tack or Primeond VWx Place Surface 
Rp and Break Up Pulverize ix 	 Fine Grodel Course as Required, 
(Asphalt Concrete Ii Pavement g Agents, 	 and 	I Make Final Adjust- 
Surfaces Greater and Bose enl, Asphalt 	Compact ments to Manholes 
Than About Material hemicals and Drainage 
5 Inches) 	] Structures Open 

To Traffic 

Figure 7. In-place surface and base recycling operations. 
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Figure 9. Typical in-place recycling operation with modifier agent and additional binder. 

longed disruption of traffic. Where an existing asphaltic 
concrete course is pulveriied and mixed together with the 
existing aggregate base, the residual asphalt acts as an ex-
cellent binder to help make the recycled base waterproof 
and less frost susceptible. The addition of new binder or 
chemical stabilizer, such as lime or cement, may further 

up-grade the recycled base by reducing swell potential 
where active clays are present in the base, by reducing 
freeze-thaw potential, by waterproofing the base aggregate, 
and/or by increasing the load-carrying capacity of the 
pavement structure. 	 . 
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With an increased load-carrying capacity in the base 
course, the pavement structure may be constructed thinner. 
A thinner pavement structure could mean less total ma-
terials required and, therefore, a savings of "virgin," select 
materials. Another advantage is that any material gen-
erated as waste due to grade requirement of the new surface 
course can be sold or stockpiled for future use. 

Generally the equipment required for in-place recycling 
is of the basic road building type and is, therefore, avail-
able at almost any location. Furthermore, because in-place 
recycling is quite versatile in terms of the equipment re-
quired and the construction sequence, the engineer can 
tailor the operation to handle any peculiarities of the proj-
ect. Inasmuch as the equipment required is widely used, 
equipment operators are readily available. 

The binders most widely used to upgrade the existing 
base aggregate (i.e., liquid asphalt, lime, cement, and fly 
ash) are usually acquired economically. In addition, the 
agencies associated with these products (The Asphalt In-
stitute,.the National Lime Association, the Portland Cement 
Association) provide detailed construction procedures and 
suggestions for optimizing the benefits from the use of 
these binders. 

The ultimate decision as to the application of in-place 
recycling is based on a total evaluation considering user 
utility, structural requirements, energy expenditures, and 
cost. 

Construction Procedures 

For detailed construction procedures for use of lime, 
cement, or bituminous stabilizer, refer to Appendix H. 

Mixture Design 

The mixture design process for in-place recycling re-
quires the determination of both the type and amount of 
stabilizer to be used. If asphalt is to be the stabilizer, the 
engineer should consult Appendix A to determine the need 
for a recycling agent and/or the quantity of bituminous 
material. Guidelines for selecting stabilizers other than as-
phalt (such as lime and portland cement) are given else-
where (see App. K for further details). 

Structural Design 

The AASHO Interim Guide, 1972, procedure for pave-
ment structural design is suggested for use because layer 
coefficients, a, for in-place, upgraded materials either are 
published in the Guide or can be obtained from other 
agencies that have employed these guides for design (i.e., 
the Forest Service) (see App. D). Layer coefficients for 
selected recycled materials have been developed as a part 
of this NCHRP project and are also given in Appendix D. 

Economics and Energy 

The costs associated with in-place recycling are given in 
Tables F-i and F-2. Energy data may be obtained from 
Appendix G. 

Costs and energy comparisons should be made on a life-
cycle basis. A 20- to 30-year period is suggested for the  

analysis period. Details of the methodology involved in this 
analysis are given in Appendix J. 

Construction Specifications 

Appendix H contains specifications for in-place recycling 
of existing asphalt courses with existing base and/or sub-
base (lime stabilization, cement stabilization, and asphalt 
stabilization). 

Quality Control 

Methods of testing for quality control puropses are cov-
ered in Appendix I, or methods commonly used by the con-
tracting agencies can be substituted. 

Central Plant Recycling 

As previously discussed in Part A, central plant recycling 
techniques are different from the other methods of re-
cycling in that the material is removed from the roadway 
and mixed either cold or hot at a central location. Addi-
tional asphalt, recycling agents, cement, lime, aggregate, or 
other materials may be added at the plant to enhance the 
overall properties. These recycling operations, although 
maintaining good quality control, are often costly. 

Equipment and methods, application of central plant re-
cycling techniques, mixture design, structural design, con-
struction specifications, and quality control guidelines are 
discussed in the following. 

Equipment and Methods 

Recycling of asphalt pavements using central plants is 
not a new concept. Recycling plants utilizing heat were in 
existence in 1915, and large tonnagcs of recycled materials 
were produced in the Pittsburgh area in the 1950's and 
1960's. A widespread rebirth of central plant recycling 
occurred in 1973 because of the rapid increase in the price 
of asphalt cement and increased costs of other construction 
materials and equipment. This increased interest has led to 
the development of new techniques for heating and reusing 
materials, as well as of new concepts for pavement removal 
and sizing. Techniques developed are shown in Figure 10. 

Pavement Removal and Sizing Operations. Two ap-
proaches have been used to size the material prior to re-
cycling in a central plant. The pavement can be reduced 
in sizein-place and then hauled to the central plant, or the 
pavement can be removed from the site and crushed at the 
central plant. In-place or on-grade removal and sizing can 
be performed with equipment normally associated with 
surface and in-place recycling—specifically, hot- and cold-
milling machines, heater-planing equipment, and on-grade 
pulverizers. 

Central plant sizing can be performed with conventional 
fixed and portable crushing and screening equipment. The 
pavement is normally ripped and broken up prior to loading 
in a size suitable to be received by the primary crusher. In 
some instances it is economical to use grid rollers and other 
types of construction equipment to produce a suitably sized 
material on the roadway prior to hauling to the central 
plant. Jaw and roll crushers have proven to be satisfactory. 
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Central Pk,nt Eqtiipine;it. Equpment to centrally hot 

process the recycled material is available and for conve-

nience can be separated into at least three general categories 

(Fig. 10): direct flame heating, indirect flame heating, and 

superheated aggregate. The concepts of superheated ag-

gregate and direct flame overlap in several existing methods 

are discussed next. 
Direct flame heating is typically performed with a drum 

mixer wherein all materials are mixed simultaneously in a 

revolving drum with a flame at one end. The standard 
drum mixer plant, as shown in Figure 11, has been used 

on several experimental jobs. Problems with air quality 

have led to several modifications, such as the addition of 

heat shields, split feeds, and the like. 
The use of the drum mixer with a heat dispersion shield 

has been developed (Fig. 12). The heat shield and addi-

tional cooling air are used to reduce the hot gasses to a 

temperature below about 800 to 1200 F and thus reduce 

the amount of blue smoke formation. This type of equip-

ment can recycle successfully mixtures containing up to 

about 70 percent recycled asphaltic concrete. 
The concept of a drum within a drum has been used in 

Iowa (Fig. 13). This process is based on a small diameter 

drum that is inserted in the charging end of a conventional 

drum mix unit. New or virgin aggregate is introduced into 

the inner drum where it is superheated to 300 to 500 F. 
Reclaimed materials are introduced into the outer drum 

and the heated virgin material meet at the discharge point 

of the inner drum where heat transfer occurs. This type of 

equipment can recycle successfully mixtures containing up 

to about 50 to 60 percent recycled bituminous materials. 

Split feed drum mixers were first used in 1976 (Fig. 14). 

New aggregate is introduced at the flame end of the drum 

where it is superheated to 300 to 500 F. At about the mid-

point of the drum the recycled bituminous material is intro-

duced and is heated by the hot gasses as well as by heat 

transfer from the superheated new aggregate. This type of 
equipment can recycle successfully mixtures containing up 

to about 60 to 70 percent recycled bituminous materials. 

Indirect flame heating has been performed with special 

drum mixer exchanger tubes (Fig. 15). These tubes, which 

transfer the gasses, prevent the mixtures from coming into - 

direct contact with the flame and extremely high tempera-

tures. These plants can recycle up to 100 percent recycled 

materials. 

Superheated aggregate can be used to heat recycled bi-

tuminous material. Two of the direct flame methods pre-

viously noted make use of this concept to partially heat the 

recycled material. Figures 16, 17, and 18 show these meth-

ods which make use of superheating new or virgin aggre-

gate. This superheated aggregate is then used to heat the 

recycled or old mixture. Standard plants can be used for 

this approach. Figures 16 and 17 show different locations 

of blending the new aggregate and the recycled bituminous 

materal. 

Tandem drum mixers can also be used. The first drum 
or aggregate drier can be used to superheat new aggregate. 

The second drum or drier can be used either to heat the 
recycled mixture (Fig. 18) or to mix and heat the new and 

recycled materials. It is possible to use exhaust gasses from 

the first drier as a heat source for the second drier unit. 

The central plant recycling technique using superheated 

aggregate is limited to about 50 percent recycled bitumi-
nous materials. 

The final revision of central plant recycling, as shown in 

Figure 19, is without the addition of heat. High produc-

tion rates can be obtained with this type of plant using lime, 

cement, or asphalt as a binder. This cold central plant 

recycling operation can use up to about 100 percent 

recycled bituminous materials. 

The recycling techniques identified for the use of this 

equipment are items Cl to C8, as identified in this chatter, 

1frA .Basicdiff eren csJ 	es 	iques are type of 

process (hot or cold), use of new binder, and degree of 

structural improvement. 

Techniques Cl, C2, C3, and C4 are cold processes; tech-

niques C5, C6, C7, and C8 are hot processes. Techniques 

C2, C4, C6, and C8 use new binder; techniques C3, C4, Cl, 

and C8 provide major structural improvement. 

Applications of Central Plant Recycling Technique 

There are several advantages of central plant operations. 

Excellent quality control can be obtained in terms of parti-
cle sizing, recycling agent content, binder content, blend-

ing percentages of new and recycled aggregate, and mix-

ture homogeneity. Processes involving the use of heat 

generally produce mixtures that do not have to be cured 

before obtaining near maximum strength. 
Other advantages of central plant operations include the 

ability of the process to repair nearly all types of pavement 

SURGE STORAGE 

Figure 11. Standard drum mixer plant. 
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Figure 14. Drum mixer with split feed. 

distress and to produce significant structural improvement. 
Skid resistance problems can also be corrected by proper 
mixture. design, including the addition of a nonpolishing 
coarse aggregate. Reflection cracking can be eliminated 
provided the entire stabilized section of the pavement is 
removed and recycled. 

Selection of central plant recycling operations over other 
recycling approaches will be most dependent on the avail-
ability of plant equipment, the need for structural improve-
ment, and the distance of haul to new aggregate and exist-
ing plants. Central plant recycling appears most promising 
when major structural improvements are required on fairly 
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Figure 17. Standard batch plant with old mix added to superheated aggregate at drier discharge. 
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Figure 18. Tandem drum mixers—one healing aggregate only, the other heating old mix, blended in pug 
mill with binder. 

high traffic volume facilities. With proper scheduling, it is 
possible to remove a section of pavement and replace that 
same section of pavement the same day. Recycled mixture 
made with aggregate from the previous day's removal 
operation can be used. 

Construction Procedures 

For detailed construction procedures for use of lime, 
cement, or bituminous stabilizers, refer to Appendix H (see 
also App. K). 

Mixture Design 

The mixture design process for central plant recycling 
requires the determination of both the type and amount of 
binder to be used. If asphalt is to be the binder, the engi-
neer should consult Appendix A to determine the need for 
a modifier recycling agent and/or the quantity of bitumi-
nous material. Guidelines for selecting stabilizers other 
than asphalt (such as lime and portland cement) are given 
elsewhere (see App. K for further details). 

Structural Design 

The AASHO Interim Guide, 1972, procedure for pave-
ment structural design is suggested for use because layer 
coefficients, a, for upgraded materials either are published 
in the Guide or can be obtained from other agencies that 
have employed these guides for design (i.e. the U.S. Forest 
Service) (see App. D). Layer coefficients for recycled ma-
terials have been developed as a part of this NCHRP 
project and are also given in Appendix D. 

Economics and Energy 

The costs associated with central plant recycling are 
given in Tables F-i and F-2. Energy data may be obtained 
from Appendix G. A 20- to 30-year period is suggested 
for the analysis period. Details of: the methodology in-
volved in this analysis are given in Appendix J. 

Construction Specifications 

Because of the wide variations of conditions surrounding  

COLO FEED 	 PUG MILL 

Figure 19. Cold mix plant. 

a recycling project, a guide specification must necessarily 
be somewhat general. Most aspects of evaluation and de-
sign are covered elsewhere in this report. Once various test 
data are developed and the engineer is satisfied that re-
cycling is a reasonable alternative to other methds of 
rehabilitation, he must then be able to tell the contractor 
what he wants. One approach has been to prepare the 
usual construction specifications for reconstruction or as-
phalt overlay; additionally, another set of specifications is 
prepared for the most suitable recycling method. Then, 
both alternate procedures are presented in the call for bids 
and the potential contractors are asked to submit cost pro-
posals for one or both construction methods. The owner 
agency can thus evaluate them to determine the most cost 
effective approach. 

Instead of attempting to cover all types and options 
within the central plant area, a typical, or model, specifica-
tion has been adapted from The Asphalt Institute literature 
and is included in Appendix H. This particular specificaL 
tion is primarily for hot mix types of materials, but can be 
modified for other plant mix operations. During the early 
periods of an agency's utilization of recycling pavement 
materials, existing specifications probably will be revised to 
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meet one's needs. After more experience has provided 
confidence, a new special specification likely will be de-
veloped. A particularly useful procedure is to quote the 
standard specification and then modify it to meet special 
requirements with "Notes to the Engineer." 

Quality Control 

Methods of testing for quality control purposes can be 
found in Appendix I, or methods commonly used by the 
contracting agencies can be substituted. 

CHAPTER FOUR 

FINDINGS-GUI DELINES FOR RECYCLING 
PORTLAND CEMENT CONCRETE PAVEMENT 

This chapter contains guidelines associated with recycling 
portland cement concrete pavements. Portland cement con-
crete pavements are considered to be those pavements sur-
faced with portland cement bound materials. Composite 
pavements containing portland cement concrete that have 
been overlaid with an asphalt pavement were covered in 
Chapter Three, unless the recycled material was to be used 
as econocrete or portland cement-concrete. Recycled com-
posite pavements used as econocrete or portland cement 
concrete=are-considered~in--this- chapter-. 

Once the pavement engineer has determined that re-
cycling is a reasonable approach to rehabilitation, he must 
decide which recycling method is most suited for the par-
ticular project under consideration. The analysis tech-
niques described herein are guidelines for the engineer to 
follow during this decision process. For convenience, the 
analysis techniques have been divided into two major sec-
tions. The first section, Part A, is a preliminary analysis 
identifying the few recycling methods that appear to be 
most suitable. The second section, Part B, is a more de-
tailed analysis based on laboratory and field data, cost and 
energy projections, and results in a prioritized list of al-
ternatives with appropriate mixture and structural designs 
and construction specifications. The overall view of this 
preliminary analysis, which results in a selection of re-
cycling alternatives (Part A) is shown in Figure 20. 

PART A—SELECTION OF ALTERNATIVES 

This part of the report contains guidelines that allow the 
engineer to select a few of the many recycling alternatives 
available for a particular project. Eight recycling alterna-
tives have been identified as feasible for recycling portland 
cement concrete pavements. Table 9 gives the recycling 
alternatives available. A brief definition of these alterna-
tives follows. Detailed descriptions of the methods are 
contained in Part B of this chapter. 

Definitions 

Surface Recycling 

Surface Milling (A9). This operation involves the re- 

moval of the surface of a pavement by a cold-milling or 
cold-planing machine. The depth of removal is variable 
and may be as much as 2 in. in a single pass. The millings 
or shavings are removed from the construction site. 

Surface Milling Plus Thin Overlay (AlO). This opera-
tion involves the removal of the surface of a pavement by 
a cold-milling or cold-planing machine and the addition of 
a thin overlay. The material used for the overlay may be a 
new asphaltic concrete or portland cement concrete or a 

- mixtureprepared fruin-tlieiiiilliiigs or-shavings-- 
Surface 

r=shavings-
Surface Milling Plus Thick Overlay (All). This opera- 

tion involves the removal of the surface of a pavement by 
a cold-milling or cold-planing machine and the addition of 
a thick overlay. The material used for the overlay may 
be a new asphaltic concrete or portland cement concrete 
or a mixture prepared from the millings or shavings. 

Central Plant Recycling 

Cold Mix Process Without Binder (C9). This operation 
involves the breaking of the old concrete pavement on-
grade, loading, hauling, crushing at a central plant, blend-
ing the produced aggregate and mix aggregate as required 
to meet the desired gradation, hauling, placing and 
compacting. 

Cold Mix Process with Binder (ClO). This operation 
involves the breaking of the old concrete pavement on-
grade, loading, hauling, crushing at a central plant, blend-
ing the produced recycled aggregate and new aggregate as 
required to meet the desired gradation, mixing with a 
binder such as portland cement or emulsified asphalt, haul-
ing, placing, compacting, and curing. 

Cold Mix Process—Econocrete (Cil). This operation 
involves the breaking of the old concrete pavement on-
grade, loading, hauling, crushing at a central plant, blend-
ing the produced recycled aggregate and new aggregate as 
required to meet the desired gradation, mixing with port-
land cement to produce econocrete (a fluid, low cement 
content portland cement concrete), hauling, placing, con-
solidating, and curing. 

Cold Mix Process—Portland Cement Concrete (C12). 
This operation involves the breaking of the old concrete 
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pavement on-grade, loading, hauling, crushing at a central 
plant, blending the produced recycled aggregate and new 
aggregate as required to meet the desired gradation, mixing 
with portland cement to produce portland cement concrete, 
hauling, placing, consolidating, and curing. 

Hot Mix Process with Binder (C13). This operation in-
volves the breaking of the old concrete pavement on-grade, 
loading, hauling, crushing at a central plant, blending the 
produced recycled aggregate and new aggregate as required 
to meet the desired gradation, mixing the heated aggregate 
with asphalt cement or emulsified asphalt to produce as-
phaltic concrete or asphalt-treated base, hauling, placing, 
and compacting. 

Froiii a review of the foreguiiig definitions it is appafellt 
that the type of equipment, degree of structural improve-
ment, and the use of a binder are key factors used to define 
the recycling approaches. It is important that the engineer 
be familiar with the recycling operations previously defined 
prior to reading the remainder of the guidelines. 

Selection of Recycling Alternatives 

If the engineer is to select the most appropriate recycling 
alternative for a particular project, he must describe or 
characterize the condition of the existing facility. Aside 
from historical facts and known conditions, the present 
condition must be measured on some rational basis and 
compared to standard criteria. Key factors that influence 
the decision include the following as a minimum: (1) sur-
face condition, (2) structural capacity, (3),roughness, and 
(4) skid resistance. 

These factors together with a summary of key data de-
scribing the existing facility are discussed in the following. 

TABLE 9 

OPTIONS FOR PORTLAND CEMENT 
CONCRETE PAVEMENT 

[Category Method Description Code 

Surface milling 	grinding 

or planing 

Surface milling only AM 

Surface milling plus 	thin overlay AlO 

Surface milling pins thick overlay All 

Cold mix process Without binder CM 

With binder dO 

Ecanocrete Cli 

Portland Cement Concrete C12 

Hot mix process With binder C13 

Existing Facility 

Particular data are required to describe adequately the 
existing facility for the purposes of rehabilitation decision-
making. These factors are summarized in Table 10 in a 
form for easy reference. Specific items noted are as fol-
lows: (1) location and size of project, (2) roadway class, 
(3) existing pavement cross section, (4) geometrics, (5) 

traffic, and (6) subgrade characteristics. 
Location and Size of Project. The location and size of 

a project may be such that only certain techniques would 
be cost effective. For example, projects located in remote 
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TABLE 10 

SUMMARY OF EXISTING PAVEMENT 
CONDITIONS 

FEATURE VALUE COMMENT 

Location 

Size of ProjecC 	(lane-miles) 

Class of Roadway 

Existing Pavement Cross Section 
(Include date, 	thickness and 
type of original 	pavement 
layers; date, thickness and 
type- of subseqsent rehabili- 
tation and maintenance 
activities) 

Geometrics 
(Number of lanes, width, 
vertical 	clearance, other 
constraints) 

Traffic Characteristics 
Aol 
Average daily eq. 	18 kip 
axle loads 

Subgrade Characteristics 

Sjrface Condition 
(Pavement Rating Score, PRS) 

Structural Condition 
(Deflection, 	0.001 	inch 
overlay required) 

Roughness 
(Serviceability 	Index) 

Skid Resistance 
-(gIl40)  

Other Factors 
(Oistancc 	to aqjre;ate and 
binder 	source, 	available 
equipment and contractor 
experience) 

areas will have to be large in size to justify the transporta-
tion of the equipment associated with central plant re-
cycling. 

Roadway Class. Generally, the roadways can be classed 
in broad categories as: Interstate and Urban Freeway, 
Rural Primary (U.S. and state signed routes), Rural Sec-
ondary (farm and ranch-to-market, park roads, etc.), and 
Urban Streets (arterial, collector, local). Roadway class 
dictates criteria for determining the need for pavement re-
habilitation as well as general criteria for selection of an 
appropriate recycling alternative. 

Existing Pavement Cross Section. The date of original 
construction together with a listing of the thickness and 
types of materials used will be important in judging the 
general serviceabilty of the pavement. Subsequent history 
of rehabilitation and maintenance activities, such as seal 
coats, overlays, patching, crack sealing, etc., will influence 
the determination of a viable recycling alternative. Thick-
ness of each layer of different material, as well as the type 
of material and its condition, should be obtained from 
project records. Reliance on memory for the information 
is often risky. A few carefully located core samples will 
provide confidence in the information. 

The type or nature of the existing materials will influence 
the recycling method selected for a given project. If the 
bound materials are variable, both vertically and horizon-
tally, it may be difficult to make a uniform recycled mix- 

ture without adding large quantities of aggregate and/or 
binder to dilute these undesirables. If the structural strength 
of the pavement must be increased, several options exist 
that include removing the pavement materials and stabiliz-
ing the subgrade before remixing and replacing the pave-
ment, or using all existing pavement materials stabilized as 
a base course and then overlaying. 

Geometrics. The geometric features of a roadway, such 
as horizontal and vertical alignment, are often constraints 
to conventional rehabilitation techniques such as portland 
cement concrete or asphalt overlays. For example, the 
drainage line at curbs and gutters can not be altered with-
out considerable expense. Therefore, an overlay must be 
constructed at the appropriate thickness in the driving lanes 
and then tapered to near zero thickness at the gutter. Mul-
iple overlays can cause havoc, resulting in excessively high 
crowns at the centerline and steep cross slopes. Other fea-
tures such as drainage inlets and manholes also cause prob-
lems of a similar nature. Recycling of existing pavement 
materials offers a solution to some of these problems. 

Vertical clearance for trucks and other special vehicles 
at bridges and overhead signals and signs is often critical 
and can not be reduced as would be the case if overlays 
were used. Recycling offers a further benefit here. 

On multilane highways the truck or travel lane often 
deteriorates before the passing lane. Overlaying only one 
of the lanes would be impractical, but recycling of that lane 
alone or to strengthen it before adding a general overlay 
would provide a more acceptable solution. Similarly, super-
elevation could be preserved or altered as needed without 
disturbing adjacent lanes. 

Changing the horizontal alignment or adding new fea-
tures, such as shoulder widening or a new shoulder and lane 
widening or a new lane, may also be opportunities to use 
recycling techniques. Often, these features may not need 
the full design strength of adjoining lanes and could be 
stabilized in place or the existing aggregate base could be 
used to make asphaltic concrete without the need for new 
materials or for wasting existing materials. 

Traffic Characteristics. The speed and volume of traffic, 
to a large extent, determine the traffic control problems 
associated with pavement rehabilitation activities. The use 
of recycling on high traffic volume urban facilities should 
be geared toward those activities that can provide low road-
way occupancy time, can be performed with single lane 
blockage, and can use materials with rapid strength gain 
after placement. 

The volume and axle weight distribution of traffic are 
important from a pavement design standpoint. For pave-
ment design purposes, traffic should be converted to av-
erage daily equivalent 18,000-lb axle-load repetitions that 
are representative for the design period. It is suggested 
that the AASHTO procedures be used for this conversion. 

Sub grade Characteristic. Pavement failures due to fac-
tors outside the pavement layers often need to be consid-
ered. For example, a subgrade that contains a swelling clay 
may need to be improved before recycling the pavement 
materials would be effective. Another environmentally in-
fluenced problem related to volume change is frost heave. 
For both of these problems, recycling may offer a reason- 
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able solution in that the pavement materials would need to 
be removed in any event in order to remove or improve the 
poor subgrade. While removing the materials, they could 
be reprocessed and replaced after the subgrade has been 
prepared. (See App. K for further details.) 

In summary, all known information about the pavement 
materials and background needs to be summarized and used 
in the decision process. Surprises at the time of construc-
tion can be avoided usually by proper testing, evaluation, 
planning, and design. 

Surface Condition 

Each potential recycling project should be surveyed for 
surface defects that can be used not only to assess the cause 
of distress but perhaps to also suggest corrective action. 
Several agencies have devised methods to estimate pave-
ment distress and one such approach is discussed in Ap-
pendix A, Volume 3, of the agency's report (see App. K 
for further information). Once this survey is made, the 
results can be summarized and entered on the first line of 
Table 11. The engineer should systematically look at each 
distress marked on the first line in this table and estimate z 
which recycling methods would correct that distress, and 
indicate this assessment by placing a check mark in the 
appropriate box. Note that a number of boxes are shaded; 
this indicates that these recycling options would not be ap- 
propriate. 	For example, the central plant operations are 
not suitable for recycling continuously reinforced concrete 
pavements (CRCP). 	Similarly, surface milling by itself is C 
unsuitable for treating several types of distress such as z 
severely spalled joints. 

Once all the viable recycling alternatives for improving 
surface conditions are determined, they can be summarized z 
in Table 14. If the portland cement concrete pavement has 8 
been previously overlaid with asphaltic concrete, a condi- 
tion survey should be used and recycling options, as given 
in Table 2, should be considered as well as those recycling 
alternatives specific to portland cement concrete. 

Structural Condition 0 

The structural adequacy or structural condition of the 
roadway under consideration is determined by the thick- 
ness of the overlay required. The Corps of Engineers pro- 
cedure for flexible overlays over rigid pavements or the 
Illinois Department of Transportation method is suggested 
for use. 	The equation used in the Corps of Engineers 
method is as follows: 

t=2.5 (Fha ch) 	 (2) 

in which: 
= thickness of the overlay, in.; 

F = factor related to the subgrade modulus; 
hd  = required thickness determined using a conventional 

poitland 	cement 	concrete 	pavement 	thickness 
method, in.; 

h = existing pavement thickness, in.; and z 
c = coefficient depending on the ; condition of the exist- 

ing slab (c = 1 when the existing pavement is in 
good overall structural condition, c = 0.75 when 
the existing pavement has initial joint and corner 
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cracks due to loading but no progressive structural 
distress or recent cracking, and c = 0.35 when the 
existing pavement is badly cracked or shattered 
structurally). 

Determination of the factor h, in the equation can be 
accomplished by any number of thickness design meth-
ods—AASHO Interim Guide, Portland Cement Associa-
tion method, American Concrete Institute method, United 
States Steel method, Continuously Reinforced Pavement 
Group method, and methods presently used by the various 
states. Additional details can be obtained in Appendix E. 

If the portland cement concrete has been overlaid with 
asphaltic concrete, the overlay design procedure developed 
by Illinois should be used. 

Selection of recycling alternatives based on structural im-
provement is based on the required thickness of overlay as 
determined by these methods. For example, if the thick-
ness for overlay is greater than 2 in., surface milling by it-
self and surface milling with thin overlay will not be an 
acceptable recycling alternative (Table 12). Central plant 
operations should not be scheduled unless an overlay 
greater than 2 in. is required (Table 12). Those recycling 
alternatives identified as appropriate for improving the 
pavement from a structural adequacy standpoint should be 
entered in Table 14. 

As previously noted, the criteria used for selecting the 
recycling alternative is based on the thickness of asphaltic 
concrete overlay required. It is not the intent of this cri-
terion to eliminate the consideration of a portland cement 
concrete overlay. The use of a portland cement concrete 
overlay is one of several rehabilitation alternatives that 
should be considered in addition to the recycling options 
contained in these guidelines. 

Roughness 

The smoothness of ride may be a deciding factor for re-
habilitation of many roadways. Occasionally, a rough sur-
face may be the only significant problem and surface re- 

TABLE 12 

SELECTION OF RECYCLING TECHNIQUES TO 
IMPROVE STRUCTURAL STRENGTH 

Recycling Method 

Thickness of Required Overlay 

None 
Less Than 
2 	Inches 

Greater Tha 
2 	Inches 

Surface milling only 
ç 

Surface milling plus 	thin overlay 

" Surface milling plus thick overlay 

Cold mix process without binder  

Cold mix process with binder 
 , Cold mix process 	Ecomocrete 

Cold mix process 
portland cement concrete  

- Not Mix process with binder 

cycling would be the solution. If a pavement is rough, but 
also has other deficiencies that require more extensive re-
working, the roughness may be taken care of automatically 
in that operation. Therefore, the need for surface recycling 
based on ride measurements (serviceability index, SI) can 
be estimated as noted in Table 13. As in previous discus-
sions, some methods would not be appropriate and have 
been blocked out. For example, it is not recommended that 
rough Interstate and primary highways be recycled with-
out an appropriate overlay. Those methods that are con-
sidered appropriate should be checked off in Table 13 and 
the results summarized in Table 14. (See App. K for fur-
ther details.) 

Skid Resistance 

Many pavements perform adequately from a structural 
standpoint, but are deficient in skid resistance because of 
loss of surface texture or perhaps because of polishing ag-
gregates. As part of the overall pavement testing scheme, 
skid resistance can be measured by using any one of sev-
eral standard test methods, but preferably the so-called 
ASTM skid trailer (see App. K). It is noted that all re-
cycling methods are appropriate for improving skid resist-
ance. The acceptable recycling methods to improve skid 
resistance should be entered in Table 14. 

Steps in Determining Preliminary Recycling Alternatives 

As discussed earlier, the goal in this chapter is to select 
several reasonable viable alternatives to recycle portland 
cement concrete pavements. Referring to Figure 20, one 
can note that after all preliminary information is collected, 
the potentially successful approaches can be analyzed with 
respect to cost and energy savings and the most viable 
survivors determined. The steps required in order to reach 
these conclusions are summarized as follows: 

I. List available information on existing roadway (Table 
10). 

2. Test existing pavement: 

Surface condition (Table 11) 
Structural condition (Table 12) 
Roughness (Table 13) 
Skid resistance (App. K) 

3. Evaluate other decision factors unique to the particu-
lar project. 

4. Make preliminary cost analysis of remaining options 
and rank accordingly (Table 15). 

5. Consider alternatives that appear most viable and 
continue evaluation (Chap. Four, Part B). 

PART B—DETAILED ANALYSIS AND DESIGN 

This part of the report will provide guidance and an out-
line for making a detailed analysis of a recycling approach. 
Cost, energy, mixture design, structural design, construc-
tion specifications, and quality control requirements are in-
cluded for surface and central plant recycling. Use of this 
part will allow the engineer to prioritize the preliminary 
recycling alternatives selected earlier in this chapter under 
Part A. 
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TABLE 13 

SELECTION OF RECYCLING TECHNIQUES BASED ON ROAD ROUGHNESS 

Ile 
Interstate or Urban 
Urban Freeway Primary Secondary Street — - 

0 

Recycling Method 
a + + + .. + . 

——.----——--———--—-- 
Surface milling only 

t Surface milling plus thin overlay — — — — — — — — — — — - — — — 
LI  Surface milling plus thick overlay 

Cold mix process without binder 

Cold mix process with binder 

40 
Cold mix process - Econocrete — — — — -- — — — — — — — - — — — 

'-' Hot mix process with binder 

Surface Recycling 

Surface recycling techniques used on rigid pavements 
involve the use of cold-milling or cold-planing machines. 
This type of equipment is capable of removing up to about 
2 in. of portland cement concrete in a single pass. Asphal-
tic concrete overlays are often placed after milling. Port-
land cement concrete overlays could also be used. 

Milling obtained from the pavement has been used for 
unstabilized base courses and has the potential to be used 
as stabilized bases and surface courses. 

A numberof pavements -have been—milledto improve 
skid resistance. Surface texture, drainage, and skid num-
ber are improved; however, the immediate increase in skid 
number may be temporary if the old concrete contains a 
polishing aggregate. 

Equipment and methods, applications of surface re-
cycling techniques, structural design, construction specifi-
cations, and quality control guidelines are presented in the 
following. 

Equipment and Methods 

Surface milling and grinding on .portland cement con-
crete was first performed by attachments on motor patrol 
equipment. These units were 30 in. wide and had relatively 
little production capability as compared to existing equip-
ment that can remove a 12-ft pavement in a single pass. 
The sequence of operations involving surface recycling is 
as follows: (1) establishing desirable grade line; (2) mill-
ing, grinding, or planing the pavement to the desired depth; 
(3) clean-up involving rotary broom:and vacuum equip-
ment; and (4) disposal or recycling of the millings. 

Surface recycling operations involving overlays use the 
sequence of operations as described, with the addition of a 
tack coat and an asphaltic concrete overlay. Portland ce- 

TABLE 14 

SUMMARY OF PRELIMINARY RECYCLING 
ALTERNATIVES 

40 
C 
0 In 

a) 
LI 

Recycling Process 
LI a 
0) 

= 
-C 

0 

In 

SO) 

Surface milling only -- — 
Surface milling plus thin overlay — 

S 
v Surface milling plus thick overlay 

Cold mix process without binder 

Cold mix process with binder 

Cold mix process - Econocrete — — 

Cold mix process - 
a) '- portland cement concrete 

Hot Mix process with binder 

ment concrete overlays could also be used. Recycling tech-
niques identified in these guidelines and using this equip-
ment are methods A9, AlO, and All. 

The guidelines established in Part A have indicated that 
surface recycling techniques without the addition of an 
overlay offer little increase in the load carrying ability of 
the pavement. In fact, if a substantial portion of the pave-
ment is removed, a decrease in load carrying ability will 
result. 



TABLE 15 

REPRESENTATIVE COSTS FOR PCC RECYCLING OPERATIONS 

Representative 
Costs per Sq.Yd.$ 

Category Method Description Code Average Range Assumptions. 

Surface milling only A9 0.80 0.501.50 Milling, 	cleaning, 	hauling, traffic 

Surface milling, control 	(1-inch removal) 

grinding or Surface milling plus thin overlay Ala 2.80 2.50-3.50 Milling, cleaning, 	hauling, 200 lbs 
planing of asphalt concrete, traffic control 

(1-inch removal) 

Surface milling plus thick overlay All 4.80 4.50-5.50 Milling, cleaning, 	hauling, 400 lbs 
of asphalt concrete, 	traffic control 
0-inch removal) 

Without binder C9 5.50 4.50-7.50 Remove and crush 9 inches of P.C.C., 
place 9 inches without binder, 
traffic control 

Cold Mix With binder dO 6.50 5.50-8.50 Remove and crush 9 inches of P.C.C., 

Process place 9 inches with binder, 
traffic •control 

Econocrete Cli 6.50 5.50-8.50 Remove and crush 9 	inches of P.C.C., 
place 9 inches of econocrete, 
traffic control 

L) 

Portland cement concrete 02 12.00 9.00-15.00 Remove and crush 9 inches of P.C.C., 
place 9 inches of P.C.C.. 	traffic 

• control 

hot Mix With binder C13 8.00 6.25-10.50 Remove and crush 9 inches of P.C.C., 
Process 

• 
place 9 inches of asphalt concrete, 
traffic control. 
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Application of Surface Recycling Techniques 

Pavement milling operations are suitable for correction 
of poitlaiid ceilteilt concrete paveuieiits with iuttiiig (due 
to tire chains, studded tires, etc.); for removal of localized 
severe surface undulations caused by swelling clays, frost 
heave, etc.; for removal of pavement prior to overlay along 
gutters, at bridge approaches and other areas where a 
feathered edge of asphaltic concrete or portland cement 
concrete is likely to abrade; and for improved drainage, 
surface texture, and skid number. 

An added advantage of surface recycling is the increase 
in bond strength between a milled portland cement con-
crete and an overlay as compared to a normal overlay op-
eration. This anticipated increase in bond strength may 
allow the use of thin overlays on portland cement concrete 
pavements. 

Milling of concrete often causes spalling of the joints 
and/or cracks. Care must be taken to minimize this 
problem. 

Mixture Design 

Materials and mixture design techniques used for over-
lays, either asphaltic concrete or portland cement concrete, 
should be based on procedures currently used by the agency 
involved in recycling. Particular attention should be given 
to providing a long lasting skid resistant surface. If the 
millings are to be used for unstabilized base, stabilized base 
and surface courses design procedures contained in Ap-
pendixes A, B, and C should be used. 

Structural Design 

Structural design considerations associated with surface 
recycling are limited to the thickness of overlay required to 
prevent failure due to traffic and reflection cracking. Ap-
pendix E contains a method to determine the thickness of 
asphaltic concrete overlay required to consider the effects 
of traffic. A satisfactory design method has not been de-
veloped to consider reflection cracking. 

Econbmics and Energy 

The costs associated with surface recycling operations on 
rigid pavements are given in Tables F-i and F-2. Detailed 
cost information of materials used in various operations 
associated with surface recycling are also included in 
Appendix F. 	- 

The energy associated with surface recycling operations 
is included in Appendix G. Little data have been devel-
oped to define the energy required for the various recycling 
operations; however, sufficient data exist in Appendix 0 to 
calculate a representative energy for each of the surface 
recycling options given in Table 9. 

Cost and energy consumption should be made on a life-
cycle basis. A 20- to 30-year period is suggested for the 
analysis period. Details of the methodology involved in 
this analysis are given in Appendix J. 

Construction Specifications 

Specifications for surface milling are included in Ap- 

pendix H. These are the same specifications that are sug-
gested for use with aspshaltic concrete pavements. Speci-
fications for asphaltic concretes used with these techniques 
should be those commonly used by the contracting agency. 

Quality Control 

Methods of testing for quality control purposes can be 
found in Appendix I, or methods commonly used by the 
contracting agency can be substituted. 

Central Plant Recycling 

As discussed earlier in Part A, central plant recycling 
techniques are different from the other methods of re-
cycling in that the material is removed from the roadway 
and mixed either cold or hot at a central plant location. 
Additional portland cement or asphalt may be added at 
the plant to enhance the overall properties. These recycling 
operations, although maintaining good quality control, are 
often costly. 

Equipment and methods, applications of central plant 
recycling techniques, mixture design, structural design, con-
struction specifications, and quality control guidelines are 
discussed in the following. 

Equipment and Methods 

Recycling of portland cement concrete pavements using 
central plants is not a new concept. During World War II 
a crushed concrete pavement was used as unstabilized base 
in Illinois. Cement treated subbase made with crushed con-
crete was used at Love Field in Dallas, Tex., in 1964. The 
first econocrete or lean concrete section made with re-
cycled portland cement was placed in California in 1975, 
and Iowa placed the first portland cement concrete pave-
ment with crushed portland cement concrete in 1976. The 
first large scale job using recycled portland cement-  con-
crete as an aggregate for asphaltic concrete occurred in 
Texas in 1969. Techniques developed for central plant re-
cycling of portland cement concrete pavements are shown. 
in Figure 21. 

The pavement removal and crushing operations are nor-
mally performed with conventional construction and demo-
lition equipment. The old concrete pavement is normally 
broken with a headache ball or pneumatic ram. The size 
of the resulting slab is normally small enough to be re-
ceived by the primary crusher. Additional reduction in slab 
size can be performed at the crushing location. 

Central plant sizing can be performed with conventional, 
fixed and portable crushing equipment; however, reinforc-
ing steel may be a problem and may have to be removed 
at one or more of six process locations: (1) on the grade 
during the loading operation, (2) during the loading opera-
tion for crushing if stockpiling occurs prior to crushing, 
(3) at the entry to the primary jaw crusher, (4) on the belt 
aftef primary crushing, (5) on the belt after final crushing, 
and (6) in the stockpile prior to remixing. 

Blending and mixing operations in the central plant are 
standard operations as are the techniques used for placing 
and curing the recycled materials. Gradation adjustments 
are often made to improve workability. 



Blend crushed PCC with 
new aggregates as required 

Blend crushed PCC with 
new aggregate as required 
and add portland cement 
or asphalt 

Blend crushed PCC with 
new aggregate as required 
and add portland cement 

Break 	 Load and 	Crush screen 	and 
c
water to make lean 

h a ul t 

	

	 con rete - econocrete o 

Haul, place 
and cure 

Blend crushed PCC with 
new aggregate as required 
and add portland cement 
and water to make port-
land cement concrete 

Blend crushed PCC with 
new aggregate as with  
and add asphalt cement to 
make asphalt concrete 
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Figure 21. Central plant recycling operations. 

The recycling techniques identified for the use of this 

chapter under Part A. Basic differences in these techniques 
are the types of materials that are produced. Techniques 
C9, ClO, Cli, and C12 are cold processes; technique C13 
is a hot process. All of these techniques have the capability 
of providing major structural improvement. 

Application of Central Plant Recycling Techniques 

There are several advantages of central plant operations. 
Excellent quality control can be obtained in terms of par-
ticle sizing, binder content, blending percentages of new 
and recycled aggregate and mixture homogeneity. The 
process using heat to produce asphaltic concrete does not 
have to be cured before obtaining near maximum strength. 

Other advantages of central plant operations include the 
ability of the process to repair nearly all types of pavement 
distress and to produce a significant structural improve-
ment. Skid resistance problems can also be corrected by 
proper mixture design, including the addition of a non-
polishing aggregate. 

Central plant operations appear most promising where 
structural improvement is required, the haul distance to 
new aggregate sources is great, and the highway has fairly 
high traffic volumes. With proper scheduling, it is possible 
to remove a section of pavement and replace that section 
of pavement the same day. Recycled mixtures made with 
aggregate from the previous day's removal operation can be 
used. 

The use of recycled portland cement concrete as econo-
Crete appears to be an economical use of this recycled ma-
terial, particularly if the crushed concrete has some con-
tamination due to fines or asphalt stabilized materials. This  

lean concrete can be placed with standard construction 

structure. The surface course can be constructed with port-
land cement concrete made from natural aggregate or good 
quality recycled aggregate with sand. 

Construction Procedures 

Detailed construction procedures for central plant re-
cycling of portland cement concrete can be found in Ap-
pendix H (see also App. K). 

Mixture Design 

A number of different materials can be produced from 
central plant recycled materials. Mixture design methods 
for these mixtures can be found in an appropriate appendix 
as follows: 

Unstabilized base and subbase (App. I). 
Cement stabilized base (App. F in Vol. 3—see App. K 

for further details). 
Emulsified asphalt stabilized base (App. A). 
Econocrete (App. B). 
Portland cement concrete (App. C). 
Asphaltic concrete (App: A). 

Structural Design 

The AASHO Interim Guide, 1972, procedure for flexi-
ble pavement structure designs is suggested for use because 
layer coefficients, a, for upgraded materials either are pub-
lished in the Guide or can be obtained from other agencies 
that have employed these guides for design (i.e., the U.S. 
Forest Service) (see App. D). Layer coefficients for re- 
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cycled materials have been developed as a part of this 
NCHRP project and are also given in Appendix D 

Economics and Energy 

The costs associated with central plant recycling are 
given in Tables F-i and F-2. Energy data can be found 
in Appendix G. 

Costs and energy comparisons should be made on a life-
cycle basis. A 20- to 30-year period is suggested for the  

analysis period. Details of the methodology involved in 
this analysis are included in Appendix J. 

Construction Specifications 

Specifications for central plant recycling of portland ce-
ment concrete can be obtained in Appendix H. 

Quality Control 

Methods of testing for quality control purposes can be 
found in Appendix I, or methods commonly used by the 
contracting agencies can be substituted. 

CHAPTER FIVE 

FINDINGS-GUIDELINES FOR EVALUATION 
OF RESULTS 

Data on performance of pavements and in-place mate-
ril propertics should bc obtaMed iii a uiiifuiiii atid euii 
tinuous manner for a 20- to 30-year period. Project data 
collection should include preconstruction mixture design 
and structural design information, construction quality 
control records, properties of the materials after construc-' 
tion, and performance of the pavement after construction. 
A similar performance evaluation program should be used 
to study the behavior of selected conventional construction 
and rehabilitation projects for comparison purposes. These 
-data Thduld be used áfeedack Tñforiti6nio the design 
process described in Chapters Three and Four and, thereby, 
should form the basis for future selection of pavement 
rehabilitation alternatives. 

A description of the types of information that should 
be considered for inclusion in this evaluation program is 
defined in the following and is shown in Figure 22. For 
convenience, data collection associated with preconstruc-
tion, construction, and postconstruction is discussed. 

PRECONSTRUCTION INFORMATION 

Preconstruction information that is of interest when 
studying the performance of pavements includes structural 
design information and mixture design information. Spe-
cific structural design information includes the amount and 
axle weight distribution of the present and projected traf-
fic, the type materials and the thickness of materials used 
for the structural section, strength coefficients of materials, 
availability of materials, and other preconstruction infor-
mation that may be useful for postconstruction evaluation. 

Mixture design information should include data defining 
the properties at various binder contents and densities. 
This information will form the basis for comparing design 
and field mixture properties. 

CONSTRUCTION INFORMATION 

It is important to monitor the recycling operation from 
other than a construction quality control standpoint. For 
example, equipment capabilities in terms of production, 
operating costs, energy requirements, maintenance costs, 
and the like should be defined if equipment improvements 
are to be made. Modification of construction techniques or 
equipment should be encouraged because possible improve-
ments could be used in future recycling operations. Traffic 

------control, -workmen safety, -and-  air-  qualty problems - should 
be identified and required solutions obtained. 

Detailed records should be kept by the contractor or the 
agency to define cost and energy associated with compo-
nent construction operations. For example, costs and en-
.ergy associated with pavement removal, transportation, 
mixing, placing, and finishing would be useful if central 
plant operations are to be used. 

Complete environmental records should be collected. 
These records should include daily temperatures and hu-
midity records that define both maximum and minimum 
conditions. Moisture amounts (rainfall, snow, sleet) should 
be recorded. Environmental records should be kept for the 
life of the project. Environmental data from nearby per-
manent installations are usually satisfactory for this 
purpose. 

Construction quality control records should be obtained. 
These daily records normally contain mixture design and 
property data as well as production quantities and location 
of placement of materials on the roadway. These types of 
data may be useful if localized failures occur. 

Samples of the loose or fluid mixture should be obtained 
and samples fabricated. The testing plan shown in Figure 
23 is suggested for recycling jobs where asphalt is used as 
a binder. This testing plan has been formulated for re- 
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Evaluation 
of 

Field Projects 

Obtain Structural 
Design Information 

E5trEEELI Infonnat Obtain Mixture 
Design Information 

Define 

* 	Equipment Capabilities 
* 	Cost and Energy 

Production Rate 

Construction 
* 	Environmental Conditions 

Information  
Obtain Samples of 
Loose or Fluid 	xture, 
Binder and Aggregates 

LJ Obtain Construction 
Control Records 

in Field 
Cores 

Perform Field 

Post Construction 	 Survey  
Information 

Obtain Maintenance 
and Rehabilitation 
Requi rements • Cost 
and Energy 

Perform Tests as Shown on 
Fig. 23 for Asphalt Mixtures 
Fig. 24 for PCC Mixtures 

Perform Tests as Shown on 
Fig. 23 for Asphalt Mixtures 
Fig. 25 for PCC Mixtures 

Condition Survey 
See Appendix K 

Deflection Survey 
See Appendix 1< 

Serviceability Index 
See Appendix K 

Skid Number & Surface Texture 
See Appendix K 

Figure 22. Evaluation of field  projects. 

search purposes and a particular agency may elect to 
perform a limited number of these tests. 

Figure 24 can be used if portland cement is used as a 
binder in econocrete or portland cement concrete mixtures. 
This testing plan has been formulated for research purposes 
and a particular agency may elect to perform a limited 
number of these tests. 

Recycling operations using lime, portland cement (other 
than econocrete or portland cement concrete), or. other 
types of binder should be sampled after mixingi and just 
prior to compaction. These materials should be used to 
fabricate samples suitable for strength and durability test-
ing. The types of tests that should be used are those pres 
ently specified by the agency performing the recycling 
operation. 

POSTCONSTRUCTION INFORMATION 

The types of postconstruction information that should be 
obtained in a uniform and continuous manner are shown in 
Figure 23. It is suggested that field cores be obtained im-
mediately after construction and at 0.5, 1.0, 1.5, 2.0, 3.0, 
5.0, 7.0, and 12.0 years. Sufficient field cores or samples 
should be obtained to perform the test plans shown in 
Figure 23 if asphalt is used as a binder and in Figure 25 
if portland cement is used as a binder in an econocrete or 
portland cement concrete mixture. The testing plans shown 
in Figures 23 and 25 have been formulated for research 
purposes and a particular agency may elect to perform a 
limited number of these tests. 

Pavement condition surveys, deflection tests, and rough-
ness measurements should be made on a yearly basis as a 
minimum. If rapid deterioration is likely, more frequent 
surveys should be scheduled. Skid measurements and sur-
face texture measurements should be made on recycled 
mixtures used as surface courses. 

ANALYSIS OF PERFORMANCE DATA 

It should be pointed out that considerable detail is con-
tained in Figures 22, 23, 24, and 25. The reader is en-
couraged to study these figures thoroughly, because a num-
ber of analyses are possible based on these data. As an 
example, proper selection of core locations will allow for 
an analysis of variance to be performed. 

Cost and energy requirements for maintenance and re-
habilitation operations performed subsequent to recycling 
should be recorded for the project. These costs and energy 
requirements are important in determining the pavement 
life and a realistic value for a pavement's time cost and 
energy demand over a 20- to 30-year period. 

The laboratory and field data collected in a manner simi-
lar to that previously described will allow the engineer to 
compare the performance of recycled pavements with con-
ventional pavements. Specific comparisons should be made 
on graphs describing the following relationships: 

Surface condition versus time. 
Deflection versus time. 
Roughness versus time. 



Determine Marshall Extract and Determine Asphalt Determine Gradation 
Stability, ASTM J Recover 	L Properties - Pen, of Recovered 
01559-73 Asphalt 77, 	39.2, Viscos- Aggregate 
3 Cores Ity 77, 	140. 	275 

Softening Point  

[Determine Hveeml Water Suscepti- Determine mine Hveem Perform Indirect 
Stability. ASTM I--'-  —.1 bility, Lottman —j Resilient lity. 

tASTM 
Tension @ 77°F 

I 01560-71 I Procedure Modulus, H • 01560-71 at Load Rate of 
3 Cores 0 77°F, an ___________ 2 	in./min. 

0.1 	sec.  
Load 
Duration 

Obtain Field Cores Determine Determine  
(2 Cores at Each Bulk Resilient Determine Vacuum 	1 Determine [termlne liveem 
of 9 LocatIons) Specific Modulus, H - Kveem I Saturate 	I  Resilient I and Marshall 
or Mold 18 Gravity 0 - 	13, 	33' Stability, —j and Soak 	- Modulus, MR  0 	— j Stability Samples 	in ASTM 68, 77 and ASIM Dl60-7l for 7 77°F and 0.1 
Laboratory 02716-73 104°F and 3 Cores Days sec. Load 

Load _____  
Duration  Perform Indirect ,JPerfonn Calculate Air 

Tension 0 77°F 1 Rice Void Content 
at Load Rate of Specific  
2 	ln./min. I Gravity 
3Cores I 

Permaner.t Defor- 
______________________ mation iredic- 

tion 
• 3Cores 

Thermal  
Predictio 
3 Cores 

Figure 23. Suggested test sequence for field cores and laboratory-molded samples—asphalt recycng. 	• 	 : j 
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ressine Strength 

	I 
ASTM C192 and C39 	 I 
3 Cylinders 	 I 
Splitting Tensile Strength 
ASTM C192 and C496 
3 CylInders 

Strength 

H
Flexural 
ASTM C192 and C78 
3 Beams 

Resistance 	 1 
AST14 Cl92 and 418 

H
Abrasion 

Surface Course Mixtures Only 	I 
3 Beams 	 J 
Freezing and Thawsng 
ASTM C192 and C666 

1 Mold Cylinders, 0  Determine Bulk Determine Resilient 
3 Beams- 

I Beams. 	Prisms 

H 
Specific Granity Modulus, H 	at 77F. Orying Shrinkage of Concrete I ASTM C192 - Laboratory and Air Void Content 0.1 sec. 1ad Duration - ASTM CIS? ASTM C31 	- Field 85114 C642 on Core Samples Prisms 

B eam Fatigue 
and/or IS Beans 

{ 
5 Beams A Each of 3 Stress 

Modulus of Elasticity - Levels 
 

85TH C469 Alkaki 	Reactivity 

_f 
ASTM C227 
4 Prisms - 2 Batches 

Time of Set 
ASTH Co43 
3 Batches 

Figure 24. Suggested test sequence for samples molded in the field or laboratory (cured in 
laboratory) from fluid mixtures—FCC and econocrete recycling. 

I Cmnpresslne Strength 

r-I 85114 C42 and C39 
3 Cores 

Splitting Tensile Strength 
ASTM C42 and C46 
4 Cores 

I 	Fleoural Strength 
Determine Resilient ASTM C42 and C78 

Obtain Field Cores Modulus. 14 	at 3 Beams 

2 Cores at Each Determine Bulk 0.1 	lec. 	Loud 

of 5 locations Gravity Duratlon 00  
I and 2 Beams at 

1Specitic 
and Air gold Core Samples 	- Abrasion Resistance 

tack of 3 Content I ASTM C42 and C418 
Locations ASTM C642 and/or 1 Surface Course Mixtures Only 
85TH C42 Cores 

or Mold Necessary 
Sample in the Modulus of  

laboratory Elasticity I Freezing and Thawing 
ASTM C468 -I 85114 C42 and C666 

3 Beams 

Figure 25. Suggested test sequence for field samples—FCC and econocrete recycling. 

Skid number versus time. 
Cost versus time. 
Load carrying ability (stiffness, layer coefficient) 

versus time. 
Stability versus time. 
Tensile strength versus time. 
Water susceptibility versus time. 
Density and air void content versus time. 

Temperature susceptibility versus time. 
Binder hardening versus time. 

The preparation of standard data input sheets and stan-
dard paper to display the foregoing relationships is en-
couraged, because it is extremely important that these data  

be collected over a period of years even though several 
individuals may be in charge of data collection and analysis. 

Numerous structural analysis models can make use of 
the data described to predict pavement life. Selection of an 
appropriate model will depend on the preference of the 
agency. 

SUM MARY 

The evaluation of a recycling job is an extremely impor-
tant part of a recycling project. If the engineering com-
munity is to define the proper place for recycling in pave-
ment rehabilitation, these types of field performance data 
must be obtained. 
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In order to obtain the data outlined earlier, an agency or 
organization must be convinced of their usefulness and be 
willing to schedule these activities in order to make the 
necessary surveys, obtain the field samples, perform the 
laboratory tests, and make the appropriate analysis. Per- 

haps the most effective way to make sure the data are col-
lected in a uniform and continuous manner is to assign 
responsibility to a specific individual or organizational unit 
for a 10- to 15-year period. 

CHAPTER SIX 

EXAMPLE PROBLEM 

An example problem is included in this chapter to il-
lustrate the approach that can be used (based on these 

-guidelines) to define a recycling method suitable for a par-
ticular pavement. It should be realized that more than one 
recycling approach will likely be suitable for a given set of 
conditions. Details of some of the steps in the process have 
not been included, because the engineer no doubt will be 
familiar withthe process described. 

EXAMPLE 

An Interstate highway in west Texas is in need of re-
habilitation. The resident engineer would like to consider 
recycling as a rehabilitation alternative because aggregate 
supplies are not locally available (within 50 to 75 miles). 

PRELIMINARY ANALYSIS 

Because local contractors were not familiar with in-place 
recycling alternatives, B7 and B8 were eliminated. Alter-
native C3 was eliminated because of the long haul distances 
required to obtain suitable material for the thicker sections. 
Alternative C4 was eliminated because the engineer pre-
ferred to use a bituminous binder rather than portland 
cement (lime is not a suitable stabilizer for the existing 
in-place material). Alternative C7 was not used because of 
the initial cost demonstrated in Table 8. Alternative A8 
was not used because the millings, from an economic stand-
point, would have to be recycled. Thus, recycling alterna-
tives AS and C8, together with conventional rehabilitation 
techniques, were considered in a detailed analysis. 

DETAILED ANALYSIS 

Equipment and Methods 
Information collected on this section of roadway is given 

in Table 16. An inspection of the roadway indicated a 
minor amount of alligator cracking and large amounts of 
longitudinal and transverse cracking (Table 17). On the 
basis of the results of Dynafiect tests, a 2-in, to 21/2 -in. 
overlay will be required (Table 18). The Serviceability 
Index as determined with the Mays Ride Meter is 2.3 
(Table 19). Tables 16, 17, 18, and 19 were used to select 
preliminary recycling alternatives (Table 20). On the basis 
of this preliminary analysis, the following recycling options 
appear feasible: 

AS—Heater-scarify plus thick overlay. 
A8—Surface milling plus thick overlay. 
B7—In-place recycling with major structural improve-

ment and without new binder. 
B8—In-place recycling with major structural improve-

ment and with new binder. 
C3—Central cold mix process with major structural 

improvements without new binder. 
C4—Central cold mix process with major structural 

improvements with new binder. 
C7—Central hot mix process with major structural im-

provement and without new binder. 
C8—Central hot mix process with major structural im-

provement and with new binder. 

Figure 4 was used as a basis to select the heater-
scarification recycling technique. The surface is to be 
heated and scarified to a minimum depth of 3/4  in.—the 
surface "screed" and a 2-in. asphaltic concrete overlay 
applied. 

The central plant recycling technique will consist of rip-
ping, loading, and hauling to a central crushing operation 
followed by a direct flame hot recycling operation (Fig. 10). 
Several contractors in the west Texas area have this type 
of recycling equipment, and it can be used with 30 percent 
new aggregate to produce an acceptable recycled asphaltic 
concrete while satisfying air quality regulations. 

Mixture Design 

Figue A-i was used as a basis to determine the amount 
of recycling modifier to be used in the hot central plant 
recycling operation. (A similar procedure could be used 
for the heater-scarifications operation; however, sampling 
and testing should be confined to the top 3/4  to 1 in. of the 
pavement.) The pavement was sampled at five locations 
and the asphalt extracted and recovered. Results of these 
tests indicated that the pavement could be considered 
homogeneous, because the penetration ranged from 15 to 
22 and the gradation of the recovered aggregate varied 
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little. The average viscosity of the recovered asphalt was 
50,000 poises at 140 F, while the average penetration was 
19 as measured under standard conditions at 77 F. 

The aggregate gradation was satisfactory as recovered 
from the pavement; however, 30 percent new aggregate 
was added to help control air quality. The total estimated 
asphalt demand for the recycled mixture containing 70 per-
cent recycled material and 30 percent new aggregate was 
6.5 percent by dry weight or aggregate. The amount of 
asphalt in the mixture to be recycled was 6.2 percent. The 
anticipated additional amount of bituminous modifiers is 
therefore 2.2 percent: 6.5 - [(0.70 X 6.2) + (.30 X 0.0)1 
= 2.2. 

Figure A-2, together with the following, can be used to 
determine the approximate desired viscosity of the recycling 
agent (step 8 of Fig. A-i): 

The desired weight percent of recycling modifier is 
(2.2/6.5) = 0.34-or 34 percent of the total binder, as-
suming the specific gravity of the modifier is equal to that 
of the recovered asphalt. 

The viscosity of the recovered asphalt from the old 
pavement is 50,000 poises. 

The desired binder in the recycled mixture is an 
AC-b. 

The approximate viscosity of the modifier is 650 to 
700 centipoises. 

Table A-i indicates that an RA-5 recycling agent is suit-
able. Tests performed on blends of recovered asphalt and 
modifier confirm that approximately 35 percent of the total 

binder should be an RA-5 designated recycling agent. Tests 
on mixtures prepared with 70 percent recycled asphaltic 
concrete and 30 percent new aggregate indicate that ade-
quate stability and air void contents can be obtained at 
6.5 percent total binder. Water susceptibility of the mixture 
is also adequate. The 70-30 blend with 6.5 percent total 
binder is the mixture which should be tried first itT the field. 

Structural Design 

The structural design was performed according to Ap-
pendix D and resulted in the thickness requirements as-
sociated with the various alternatives given in Table 21. 

Economics and Energy 

Table 21 contains rehabilitation alternatives based on de-
tailed structural analyses as well as on pavement perform-
ance experience gained in the Southwest. 

Anticipated life-cycle costs are given in Table 22 for a 
20-year period. Costs were based on information obtained 
by the local resident engineer and are given in Table 23. 
Table 24 contains a summary of the cost and energy re-
quirements for these 10 rehabilitation alternatives (App. F 
and App. G). Both initial and life-cycle costs and energies 
are shown. Life-cycle costs in terms of present worth for 
rates of return of 0 and 8 percent are given (App. J). 
Equal annual life-cycle costs (assuming an 8 percent rate 
of return) are of the order of $0.50 to $0.70 per square 
yard of pavement surface. Various hot recycling cost and 





TABLE 18 

SELECTION OF RECYCLING TECHNIQUES TO IMPROVE STRUCTURAL 
STRENGTH BASED ON PAVEMENT DEFLECTION—EXAMPLE PROBLEM 

Recycling Methods Thickness of Required 
Overlay 

None Cess Than 
2 inches 

Greater 
Than 

inches 

Heater Planer Al Without additional aggregate  

AZ With additional aggregate - 
Heater scarify A3 Heater scarify only  

A4 Heater scarify plus thin overlay or aggregate  

AS Heater scarify plus thick overlay  

Surface milling 

or grinding 

AS Surface milling only  
A7 Surface milling plus thin overlay  

A8 Surface milling plus thick overlay 

Asphalt 

concrete 

surface less 

than 5 	inches 

81 Minor structural improvement without new binder  

82 Minor structural improvement with new binder  

83 Major structural 	improvement without new binder  

84 Major structural improvement with new binder 

Asphalt 

concrete 

surface greater 

than 5 inches 

85 Minor structural improvement without new binder - 
85 Minor structural improvement with new binder 

87 Major structural improvement without new binder  

88 Major structural improvement with new binder 

Cold mtx 

process 

Cl Minor structural improvement without new binder  

C2 Minor structural improvement with new binder - 
C3 Major structural imorovement without new binder  
CZ Major structural improvement with new binder  

Hot mix 

process 

CS Minor structural improvement without new binder  

CS Minor structural improvement with new binder  

Cl Major structural improvement without new binder 

C8 Major structural improvement with new binder 

TABLE 19 

SELECTION OF SURFACE RECYCLING TECHNIQUES BASED 
ON ROAD ROUGHNESS—EXAMPLE PROBLEM 

Type of Interstate Primary Secondary Urban Streets 
Facility Urban Freeway 

Serviceability 

. 

Index 

Recycling 1I Methods 

Heater Planer Without Additional Aggregate 	Al  

Heater Planer With Additional Aggreqate 	A2 
p 

Heater Scarify A3 X. 

Heater Scarify and Thin Overlay A4 

Heater Scarify and Thick Overlay A5 

Surface Hilling 

Surface Hilling and Thin Overlay A7 

---.---.--------- 

Surface Hilling and Thick Overlay All 



TABLE 20 
sUMMARYOF PRELIMINARY RECYCLING ALTERNATIVES—
EXAM PLE PROBLEM 

C a, 
C Q - C 

Recycling Methods  

Heater Planer Without additional aggregate 	 Al X X X - 
With additional aggregate 	 P2 

Heater scarify Heater scarify only 	 A3 X X X - 
Heater scarify 'plus thin overlay or aggregate 	P4 X x x - 
Heater scarify plus thick overlay 	 AS 

Surface milling Surface milling only 	 P6 X X X - 
Surface milling plus thin overlay 	 A7 X X - - or grinding 

Surface milling plus thick overlay 	 P8 - 
Asphalt concrete Minor structural improvement without new binder 	81 - X - 

Minor structural improvement with new binder 	82 X - surface less than 

Major structural improvement without new binder 	93 - - - 5. inches 
Major structural Improvement with new binder 	94 - -- - - , Asphalt concrete Minor structural improvement without new binder 	85 - X - 

surface greater Minor structural improvement with new binder 	96 - X - - 
Major structural improvement without new binder 	87 - - - than 5tnches 

Major structural improvement with new binder 	98 

Cold mix Minor structural improvement without new binder Cl - X - - 
Minor structural improvement with new binder 	C? - X - process 

Major structural improvement without new binder 	C3 - - - 
Major structural improvement with new binder 	C4  - - - - 

W.  Hot mix Minor structural improvement without new binder 	C5 - X - 
process Minor structural improvement with new binder 	C6 - X - - 

Major structural improvement without new binder 	Cl - - - - 
Major structural improvement with new binder 	CS L_ 

TABLE 21 

REHABILITATION ALTERNATIVES DEFINED—
EXAMPLE PROBLEM 

Plan 1: Two-inch asphalt concrete overlay with maintenance on a 
7-year cycle (asphalt concrete $25.00 per ton). 

Plan 2: Chip seal plus 2-inch asphalt concrete overlay with 
maintenance (chip seal $0.55 per square yard, asphalt 

concrete S25.00 per ton). 

Plan 3: Fabric reinforcement plus 2-inch asphalt concrete overlay 
with maintenance (fabric reinforcement $1.25 per square 

yard, asphalt concrete $25.00 per ton). 

Plan 4: Recycle existing 4 inches of material and blend a selected 
aggregate into recycle mixture. A 2-inch overlay is 
'scheduled after 5 years (recycling at $20.00 per ton and 
overlay at $25.00 per ton). 

Plan 5: Recycling existing 4 inches of asphalt materials and 2 
inches of asphalt concrete overlay with maintenance 
(recycling $16.00 per ton, asphalt concrete S25.00 per ton). 

Plan 6: Recycling existing 4 inches of asphalt materials and 2 
inches of asphalt concrete overlay with maintenance which 
includes a 2-inch overlay (recycling $16.00 per ton, 

asphalt concrete $25.00 per ton). 

Plan 7: Recycling existing 4 inches of asphalt materials and 2 
inches of asphalt concrete overlay with maintenance 
(recycling $20.00 per ton, asphalt concrete $25.00 per'ton). 

Plan S: Delay recycling 4 years and then recycle and add 2 inches 
of asphalt concrete overlay with maintenance (recycling 
$16.00 per ton, asphalt concrete $25.00 per ton). 

Plan 9: Heater-scarify to a depth of 1 to 1.5 inch and 2 inches of 
asphalt concrete overlay with maintenance (heater-
scarification $0.90 per square yard, asphalt concrete 

$25.00 per ton). 

Plan 10: Asphalt-rubber interlayer and 2 inches of asphalt concrete 
overlay with maintenance (asphalt-rubber interlayer $1.25 
per square yard, asphalt concrete $25.00 per ton). 



TABLE 22 

REHABILITATION ALTERNATIVES COST SCHEDULES EXAMPLE PROBLEM 

Plan 3 
Fabric - 

Plan,2 Rein- Plan ID 

Plan I 
Seal Force- Plan 5 Plan 6 Plan 7 Plan 8 Plan 9 Asphalt-Rubber 
Coat nnt Recycle Recycle Recycle Recycle Heater-Scarify Interlayer 2' 	AC. +2" A.C. .2" 	A.C. Plan 4 .2" A.C. 42" A.C. .2" A.C. 42" A.C. 4 	2' 	A.C. ' 	2" A.C. Year Overlay Overlay Overlay Recycle Overlay Overlay 	- Overlay Overlay Overlay Overlay 

1980 2.50 3.05 3.75 4.00 5.70 5.70 6.50 	. .15 3.40 3.75 1981 
.15 1982 
.15 1983 .08 .15 

1984 
1985 

.13 

.15 
.08 
.13 

.08 
2.50 

6.50 .08 .08 

1986 .15 Is .13 . .13 .13 1987 2.50 .15 
1988 .15 	. .15 .08 .08 .08 .15 .15 1989 2.50 . 
1990 .08 2.50 .13 .13 .13 2.50 250 1991 .13 .08 .08 
1992 .15 .08 .15 .15 . .15 
1993 .15 .13 .08 .13 .13 .08 .08 1994 2.50 AS .13 .15 2.50 .15 .13 .13 1995 
1996 

.15 .15 .15 . .15 .15 .15 

1997 .08 
3.05 .15 .15 Is .15 .15 

1998 .13 
.15 
AS 

.15 
As 

. 
.08 . 	IS 

.15 .15 
.15 

.15 

.15 1999 .15 .15 .15 .15 :15 .15 2000 .15 .08 .15 .15 .13 15 .15 .15 

Nwibers represent costs per Square yard. 
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TABLE 23 

COST DATA USED TO ANALYZE REHABILITATION 
STRATEGIES-EXAMPLE PROBLEM 

Material 	or Operation 	 Cost - 	- 

- 	 S Per Ton S Per Sq. 	Pd. 

Asphalt Concrete 	 25.00 1.25* 

Recycle Asphalt Concrete 	 20.00 1.00* 

Recycle Asphalt Concrete 	 16.00 0.80* 

Chip Seal 	Coat 0.55 

Fabric 1.25 

Heater-Scarification - 	0.90 

Crack 	Sealing' 0.15 

Asphalt Rubber 	Interlayer 1.25 

Cost • per square yard for one-inch thickness. 

TABLE 24 

COST AND ENERGY SUMMARY-EXAMPLE PROBLEM 

Energy, BTU/Sq.Yd. 	 Cost, Dollars/Sq.Yd. 

20-Year Llfe* 

Plan 

	

No. 	 Method 

2" AC Overlay 

	

2 	Seal Coat + 2" AC Overlay 

	

3 	Fabric + 2" AC Overlay 

	

4 	Recycle 

	

S 	Recycle + 2" AC Overlay 

	

6 	Recycle + 2" AC Overlay 

	

7 	Recycle + 2" AC Overlay 

	

8 	Recycle+ 2" AC Overlay 

	

9 	Heater-Scarify + 2" 
AC Overlay 

	

10 	Asphalt Rubber Inter- 
layer + 2" AC Overlay  

InitIal 	20-Year Life 	Initial 	0 Percent 	8 Percent 

57,800 - 200,000 	- 2.50 9.03 5.50 	- 	- 

61.700 203,000 3.05 9.85 5.80 

60,000 145,000 3.75 7.72 5.44 

119,600 190,000 4.00 7.16 5.91 

177,400 195,000 5.70 6.66 6.03 

177,400 244,000 5.70 8.77 6.76 

177,400 195,000 6.50 7.46 6.83 

2,200 201,000 0.15 7.76 5.52 

74,800 160,000 3.40 7.37 5.09 

64,000 149,000 3.75 7.72 5.44 

a 
Equdl aiinu1 costs assuming 0 and 8 percent rate ot return. 

timing options (plans 4, 5, 6, 7, and 8) were investigated 
to demonstrate the sensitivity of the assumptions made in 
the analysis. Salvage values were not included in the 
analysis. 

The selection of the appropriate rehabilitation alternative 
is based on the amount of money initially available for the 
project, and, if life cycle costs are considered, the rate of 
return expected is on the monies available. The lowest first 
cost alternative is a 2-in. asphaltic concrete overlay (plan 1). 
(The "do nothing" alternative, plan 8, has not been con-
sidered in making this statement.) Alternative plan 5 has 

the lowest 20-year life-cycle cost if 0 percent rate of return 
can be expected. For an expected 8 percent rate of return,  

plan 9 is desirable. From a life-cycle energy standpoint, 
plans 3 and 10 are desirable. Table 24, therefore, forms a 
basis from which the decision can be made by the engineer. 
Local conditions and expected life cycles of the various 
alternatives must be considered in considerable detail be-
fore making the final decision. 

Guide Specifications and Quality Control 

Specifications used for hot central plant recycling in other 
Texas highway districts were reviewed together with infor-
mation from other states (App. H). Quality control pro-
cedures followed those typically used for asphaltic concrete 
surface courses (App. I). 
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CHAPTER SEVEN 

INTERPRETATION, APPRAISAL, AND APPLICATION 

GUIDELINES FOR RECYCLING MATERIALS 

The recycling guidelines provide the practicing engineer 
with a complete document for selecting the recycling 
method that is best suited for a particular distressed pave-
ment. Laboratory and field testing programs have been 
established to aid the engineer in the selection of the most 
appropriate alternative. The authors believe that the guide-
lines are suitable for federal, state, and local government 
engineers as well as consulting engineers. Engineering judg-
ment in some cases may be substituted for the detailed lab-
oratory and field testing recommended. 

A review of existing literature, personal conversations, 
and correspondance with knowledgeable individuals and 
opinions of the research team provided the background for 
this study. The criteria used for selection of preliminary 
recycling alternatives are based on the authors' opinions 
and have not been subjected to extensive implementation. 
The criteria given in Tables 4, 5, 6, 11, 12, and 13 can be 
improved and may have to be revised based on local 
conditions. 

Typical - cost data given in Tables--8 and 15-should- be 
considered as representative only. If costs for these opera-
tions are available from the agency's historical records, they 
should be substituted appropriately. Costs of construction 
materials are expected to escalate on the average of 15 per-
cent for the next several years. 

Typical energy data reported are intended to be repre-
sentative only. If energy requirements for recycling opera-
tions are available from the agency's historical records, they 
should be substituted appropriately. 

Implementation of the guidelines is necessary if revision 
of the guidelines is to be meaningful. This implementation 
effort should be closely monitored by the research study 
team. 

MODIFIER SPECIFICATION 

Specifications for modifiers have been suggested by 
Chevron (32), Pacific Coast User-Producer Group (17), 
and Witco Chemical (35) (Tables 25, 26, and 27). The 
specifications developed by the Pacific Coast User-Producer 
Group is suggested for use in this report because it repre-
sents a consensus by groups. The specification does not 
contain specification limits for Rostler parameters (ASTM 
D 2006), but rather determines chemical composition based 
on ASTM D 2007, In addition, a weight loss is specified by 
the rolling thin-film oven test, RTF-C (ASTM D 2872), 
rather than by the thin-film oven test (ASTM D-1754). It 
should be noted that the proposed Pacific Coast User-
Producer Group specifications do not allow the use of two 
commonly used, commercially available recycling modi-
fiers. The proposed specifications contained in Table 26 
consider the compatibility requirements of the old asphalt 

TABLE 25 

PROPOSED SPECIFICATIONS FOR HIGH FLASH 
RECYCLING AGENTS 

	

AASHTO 	 GRADE 
TEST 	 TEST 

	

METHOD 	H-i 	11-2.5 	H-5 

TEST ON ORIGINAL MATERIAL 

Viscosity. 60C(140'F). 	r-202 	50-200 	200-300 	400-600 
poise 

Viscosity, 135'C(275ff), 	T-201 	50 	 80 	 110 
cs, mis. 

Flash Point, COC, 	 T-48 	450 	 450 	 450 
'F, mm. 	 - - 

TESTS ON RESIDUE FROM 
RTFC PROCEDURE AASHTO T-240' 

Weight Loss, S max. 	r-240 	1.0 	1.0 	 1.0 

Aging Index. ** mao. 	-- 	3.0 	3.0 	 3.0 

* ff0 may be used but RTFC shall be the referee method 

"Aging Index 	RTFC viscosity at 60'C (l4O'F) 	 5/9 ('F -32) 
Original- viscosity-@ 60--C )140'FT 	CS 	0.001 Pa.s 

and the modifier by specifying a maximum allowable satu-
rates concentration. Rostler N/P ratio needs to be recom-
mended for inclusion as well as the concept of "effective-
ness ratio" as developed by Dunning (33). 

The proposed specification uses the weight loss after the 
RTF-C test and the viscosity ratio to control asphalt dura-
bility. Rostler's work, advanced by Witco (30, 34, 35), 
should be reconsidered for use in future specifications as 
additional field performance information is developed. This 
will define more accurately the relationship between asphalt 
durability and pavement performance. 

MIXTURE DESIGN 

Mixture design methods have been proposed by Chevron 
(32), Pacific Coast User-Producer Group (17), and Witco 
(34). The method used in these guidelines is based on 
these approaches and appears to work satisfactorily. The 
use of Marshall stability for establishing the binder demand 
of the recycled mixture must be approached with the 
knowledge that specified flow values may be exceeded. In-
sufficient field performance is available to indicate whether 
these high flow values should be of concern to the engineer. 
High flow values can be tolerated more readily in base 
course mixtures than in surface course mixtures. 

The resilient modulus appears to be an excellent test to 
determine the relative effects of modifiers on the properties 
of recycled mixtures. The value of the resilient modulus 
appears to be greatly dependent on binder properties and 
hence is a good measure of the effectiveness of the modi- 
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TABLE 26 

PROPOSED SPECIFICATIONS FOR HOT MIX RECYCLING AGENTS1  

TEST ASTM TEST 	PA S 	 PA 25 	 PA 75 PA 250 RA 500 

METHOD 	mm. 	max. 	mm. 	max. 	mm. 	max. mm. 	max. sin. 	max. 

Viscosity @140°F, 02170 or 
cSt 2171 	 200 	800 	1000 	4000 	5000 	10000 	15000 	35000 40000 	60000 

Flash Point 
COC, °F 092 	 400. 	- 	425 	- 	450 	- 450 	- 450 

Saturates, wt. 	% 02007 	 - 	30 	- 	30 	- 	30, - 	30 - 	30 

Residue from 
028722 RTF-C Oven 

Test @325°F 

Viscosity Ratio3  - 	 - S 	 - 	- 	3 - 	3 - 

RTF-C Oven 
Weight Change, 2 	 4 	- 	2 4 - 	2 - 	2 - 02872 	 - 

Specific Gravity 0 70 or 
01298 	 Report 	Report 	 Report Report Report 

The final 	acceptance of recycling agents meeting this specification is subject to the compliance of the reconstituted 

asphalt blendswith current asphalt specifications. 

The use of ASTM D1754 has not been studied in the context of this specification, however, it may be applicable. 	In 

cases of dispute the reference method shall be ASTM D2872. 

Viscosity Ratio = 	RTF-C Viscosity at 140°F, cSt 
Original Viscosity at 140°F, at 

= 5/9 (°F -32) 
1 	cST = 0.001 	Pa.s 

TABLE 27 

SPECIFICATIONS FOR RECLAIMING AGENTS 

Property Function & Purpose Test Method 
Cyclogen 

1* 
Cyclogen 

M. 
Cyclogen 

Viscosity 0 140°F, cSt Asphalt viscosity ASTM D 21 70-74 80-500 10004000 5000_10000 
adjustment in 
recycled mix 

Flash Point, 	COC, 	F Handling precaution ASTM D 92-72 350 mm. 350 min. 1 350 mm. 

Volatility, 	I 	8P, 	F Avoidance of air ASTM 0 1160-61, 	10 	mn 300 mm. 300 mm. 300 mm. 
2%, F pollution and hardening 375 mm. 375 mm. 375 mm. 
5, 	F by evaporation 410 mm. 410 mm. 410 mm. 

Compatibility, N/P Avoidance of syneresis ASTM 0 2006-70 0.5 mm. 0.5 mm. 0.5 mm. 

Chemical 	Composition, Durability of asphalt ASTM 0 2005-70 0.2-1.2 0.2-1.2 0.2-1.2 
(N + A1 )/(P+A2 ) in recycled mix. 

Specific Gravity Calculations ASTM 0 70-72 Report Report Report 

*Sumtable pumping temperatures are the following: 	L115 F, H = 190 F, and H = 200 F. 

IC S.  5/9 	(°F 	-32) 
1 	cST = 0.001 	Pa.S 

fier to alter the binder. Correlations between binder vis-
cosity and resilient modulus for a wide range of mixtures 
should be established. 

Water susceptibility, tests should be perfcrmed on re-
cycled mixtures. The Lottman procedure (40) is suggested 
for immediate use; however, improved acceptance criteria 
need to be developed. Test methods such a the vacuum 
saturation and soaking procedure used in this study should 
be considered for inclusion in future specifications because 
of their relative simplicity. 

Low temperature properties of recycled mixtures should' 
be considered prior to final selection of the binder. Data  

have been presented to illustrate that the blends (old as-
phalt and: modifier) temperature susceptibility is a function 
of the modifier used. 

A review of data presented indicates that acceptable mix-
tures have been produced with four widely different modi-
fiers. Three of the four modifiers used do not meet current 
proposed specifications. A continual updating of modifier 
specifications is needed as more experience is gained. 

STRUCTURAL STUDY 

In this study recycled pavement materials were eyaluated 
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in-situ and in the laboratory in order to predict their capa-
bilities as part of a structural pavement system. Structural 
capability was defined in this study in terms of the AASHTO 
structural coefficient, dynamic or resilient modulus, pave-
ment deflection, and thickness equivalencies. Unfortu-
nately, only limited conclusions can be drawn on the basis 
of these criteria. Although these conclusions are quite 
valid, they do not tell the "whole story" for every type of 
pavement. 

On the basis of the analyses discussed in this study, it 
would appear that the stiffer a pavement layer is, the better 
is its structural response. This, of course, may not be the 
case for the pavements subject to extreme thermal effects 
which cause the stiffer pavement layer to crack earlier than 
a softer pavement layer. 

The conclusion is that the analyses herein are primarily 
focused toward the ability of a recycled pavement layer to 
protect the system's structural integrity by favorable dis-
tribution of stresses and strains within the pavement system. 
This technique is generally valid in thicker pavements 
where stiffer layers generally are more effective in stress 
distribution. However, a stiff layer used as a relatively thin 
surface may crack earlier than a softer layer because of 
either load or temperature. 

The associated recommendation is that a characterization 
of the recycled materials in terms of load associated (fa-
tigue) and thermal cracking is necessary to understand the 
recycled layers used as relatively thin surfaces. Of para-
mount importance here is the effect of the amount and type 
of modifier used in the recycling process. 

On the basis of the structural evaluation, recycled as-
phaltic concrete bases stabilized either with emulsion, cut-
back, cement, lime, or with the addition of a modifier are 
greatly superior to aggregate bases in terms of load distribu-
tion. Recycled bases used as part of a pavement of sig-
nificant depth appear to be an excellent way to bolster the 
structural capability of the pavement. The recycled bases 
in this study are structurally equivalent to, or superior to, 
conventional stabilized bases. This statement, to have 
merit, of course, must be backed by laboratory tests that 
evaluate the water susceptibility of the recycled bases. As 
part of a more thorough laboratory characterization study, 
the water susceptibility of the recycled bases should be 
tested more thoroughly. 

The dual parameteric analysis similar to that first defined 
by Vaswani (56) is the preferred method for Dynaflect 
deflection basin analysis in that it can be used to differen-
tiate the structural contribution of the subgrade from that 
of the overlying pavement. This permits a seasonal evalua-
tion of the recycled pavement's structural response to load. 
Also correlations between the Dynaflect deflection basin 
and the Benkelman Beam basin may be used to estimate the 
structural response of the recycled pavement under the 
design wheel load, (i.e., a dual 4,500-lb (20-kN) wheel 
load). 

Because the analysis curves for the dual parametric 
analysis may be developed easily from layered elastic com- 

puter programs for various loading conditions and wheel 
configurations, this analysis is readily adaptable to non-
destructive devices such as the Cox Van and the Beiikeliiiaii 
Beam. It is recommended that the deflection basin be mea-
sured under a dual wheel load with the Benkelman Beam, 
and the basin analyzed on the basis of the dual parametric 
analysis developed for that particular loading situation. 
This will allow analysis of the structural contributions of 
the pavement and subgrade under actual design loads. 

The deflection basin for the recycled pavements should 
be measured and analyzed on a seasonal basis and at the 
same time during the season each year in order to evaluate 
comparatively the performance of the recycled material 
with time and change in environmental conditions. 

Although recycled materials of all types have yet to be 
sufficiently characterized in terms of fatigue, thermal crack-
ing potential, water susceptibility, and modifier effects, this 
study is in itself significant. The recycled materials studied 
have favorable structural responses to in-situ dynamic load 
testing and laboratory diametral resilient modulus testing. 

The structural characterization of recycled bases and 
surfaces developed in this study provides an initial approxi-
mation of the load carrying capability of these recycled 
pavement materials. The structural layer coefficients may 
be used as a guide to determining layer thickness in the 
AASHTO flexible pavement design method. 

FIElD CORE STUDY 

In this study, laboratory investigations were conducted 
to determine the mechanical properties of field-recycled 
mixtures on core samples taken from the following loca-
tions: Washington (Rye Grass, Blewitt Pass); Texas (Abi-
lene; Lyons, US 36; Dalhart, US 54; Snyder, US 84; Abi-
lene, US 277; Mission, Loop 374); Oregon (Woodburn); 
Arizona (Gila Bend, US 666); Minnesota (Trunk Highway 
94); Iowa (Kossuth County); Kansas (US 56); Nevada 
(Henderson); and Utah (Holden, US 50). These cores 
were obtained from 1,000 ft (305 m) of pavement section; 
and resilient modulus, Hveem stability, Marshall stability, 
and indirect tension tests were performed. A vacuum satu-
ration and 7-day soaking test was performed to evaluate the 
water susceptibility of the mixtures. 

As a result of this program, it is evident that the ma-
terial properties of recycled mixtures are dependent on the 
properties of the old asphalt and aggregate; however, these 
properties can be adjusted by the addition of modifiers 
and/or aggregates. Laboratory test results indicate that re-
cycled mixtures can be water susceptible. Laboratory com-
paction of field-mixed recycled materials produces samples 
with properties different from field-compacted and cored 
samples. Material property variations along a project can 
be significant and should be considered in both mixture and 
pavement design. The resilient modulus appears to be an 
excellent test to evaluate the properties of recycled asphaltic 
concrete mixtures. The test appears to be sensitive to 
binder properties. 



CHAPTER EIGHT 

CONCLUSIONS AND SUGGESTED RESEARCH 

59 

CONCLUSIONS 

On the basis of the information presented in this report 
the following conclusions appear warranted: 

1. Realistic guidelines for the recycling of pavement 
materials have been developed. The guidelines can be used 
by the practicing engineer and will provide the following 
information: 

Point out the potential advantages of recycling. 
Assist both in making a preliminary analysis of 
recycling as a pavement rehabilitation alternative 
and in identifying a suitable methodology. 
Provide guidance and criteria for making a de-
tailed analysis of cost, energy, materials design, 
structural design, construction specifications, and 
quality control. 
Recommend a methodology for evaluating project 
results so that recycling alternatives can be com-
pared with conventional methods of rehabilitation. 

2. Laboratory testing associated with recycling projects 
is necessarily more extensive than that required for typical 
rehabilitation alternatives. 

3. Mechanical properties of recycled asphalt mixtures as 
measured both in the laboratory and in the field are typical 
of those obtained from normal asphaltic concrete mixtures. 

4. The material properties of recycled mixtures are de-
pendent on the properties of the old asphalt and aggregate; 
however, these properties can be adjusted by the addition 
of modifiers and/or aggregate. 

5. Laboratory test results indicate that recycled mixtures 
can be water susceptible. 

6. Material property variations along a project can be 
significant and should be considered in both mixture and 
pavement design. 

7. The resilient modulus appears to be an excellent test 
to determine the properties of recycled asphaltic concrete 
mixtures. Its sensitivity to binder properties allows modi-
fier types and contents to be adjusted for design purposes. 

8. Portland cement concrete made with recycled port-
land cement concrete or combinations of recycled portland 
cement concrete and asphaltic concrete can be designed 
such that acceptable strength characteristics can be ob-
tained in both compression and tension Increased water 
contents will normally be required when crushed recycled  

aggregates are used to produce the desired workability. 
Higher shrinkage and poorer durability can be expected for 
recycled aggregate portland cement concrete. 

Structural coefficients of recycled materials are typi-
cal of those obtained for conventional materials of a simi-
lar nature. 

Recycled asphaltic concrete used as a base course is 
generally compared to conventionally stabilized (chemical 
or asphalt) bases as demonstrated by the stiffness responses 
of the layer to in-situ testing and computed structural layer 
coefficients. 

On the basis of in-situ stiffness responses and lab-
oratory resilient modulus versus temperature analysis, as 
well as computations of structural coefficients, recycled as-
phaltic concrete surfaces are generally slightly stiffer than 
conventional asphaltic concrete. 

SUGGESTED RESEARCH 

Improved criteria need to be developed for prelimi-
nary selection of rccycling alternatives. 

Performance of recycling projects needs to be defined 
and related to the type of distress corrected. 

Specifications and quality control for pavement re-
cycling operations need to be improved. 

Improved specifications for pavement modifiers need 
to be established. 

Compatibility of modifiers and old recycled asphalts 
needs to be defined better. 

Additional laboratory and field testing of recycled 
portland cement concrete is necessary to better define dura-
bility, shrinkage, and other properties. 

A more thorough laboratory evaluation of recycled 
asphaltic concrete is required to establish fatigue charac-
teristics, permanent deformation, and creep characteristics. 
The performance of recycled materials may then be pre-
dicted based on mechanistic systems such as PDMAP, 
VESYS II, and FPS-BISTRO. 

In-place material properties need to be defined for 
both conventional and recycled materials. 

Water susceptibility of recycled materials needs to be 
defined more accurately. 

Cost, energy, and environmental requirements as-
sociated with recycling operations need to be defined bet-
ter. Costs should be identified in terms of manpower, ma-
terial, and equipment costs for each unit operation. 



60 

REFERENCES AND BIBLIOGRAPHY 

1. WITCZAK, M. W., "A Generalized Investigation of Se- 	21. "Model Specifications." Asphalt Recycling and Re- 
lected Highway Design and Construction Factors by claiming Assn. (May 1977). 
Regional Geomorphic Units Within the Continental  Sales 	information. 	Jim Jackson 	Contractor, 	Little 
United States." 	Res. Rep., NCHRP Project 1-3(1), Rock, Ark. 
Purdue U. (1970).  "Kansas Salvages Old Road Base." Soil Cement News, 

2. MAREK, C. E., ET AL., "Promising Replacements for Portland Cement Assn. (1942). 
Conventional Aggregates for Highway Use." NCHRP 24. NOVAK, E. C. JR., and MAINFORT, R. C., "Base Course 
Report 135 (1971) 53 pp. Stabilization with Asphalt Emulsion-U.S. 131 South 

3. "Recycling Materials for Highways." NCHRP Syn- of Cadillac." 	Research Rep. No. R-598, Research 
thesis of Highway Practice 54 (1978) 53 pp. Lab. Div., Michigan Dept. of State Hwys. 	(Sept. 

4. BECKETT, S., "Recycling Asphalt Pavements" Dem- 1966). 	 - 

onstration Project No. 39, Interim Report No. 	1, 25. Epps, J. A., "Pavement Recycling in Texas." 	Pre- 
FHWA, Region 15 (Jan. 1,, 1977). sented at Natl. Asphalt Pavement Assn. meeting (Jan. 

5. BROWN, D. J., "Interim Report on Hot Recycling." 1976). 
Demonstration Projects Division, FHWA, Region 15 26. FOSTER, C. R., Oral presentation, Natl. Asphalt Pave- 
(Apr. 1977). ment Assn. meeting (Jan. 1976). 

6. "Concrete Recycling Project Ready." 	Issue No. 8, 27. DUNLAP, W. A., Epps, J. A., BIESWAS, B. R., and 
FHWA Newsletter (Oct. 1978). GALLAWAY, B. M., "United States Air Force Soil 

7. "Initiation of National Experimental and Evaluation Stabilization Index System-A Validation." AFWL- 

Program (NEEP) Project No. 22-Pavement Re- TR-73-150, Air Force Weapons Lab. Kirtland AFB, 
cycling." 	NOTICE N 5080.64, FHWA (June 3 N.M. (Jan. 1975). 

1977). 28. AASHO Interim Guide/or Design of Pavement Struc- 

8. "Recycled Asphalt Concrete." Implementation Pack- tures. AASHO, Washington, D.C. (1972). 

age 75-5, FHWA (Sept. 1975). 29. Personal 	correspondence, 	ASTM 	Subcommittee 

9. ANDERSOJ, D. I., PETERSON, D. E., WILEY, M. L., D04.37 (Modifier Agents for Bitumen in Pavements) 

and BETENSON, W. B., "Evaluation of Selected Soften- (1977 to date). 

ing Agents Used in Flexible Pavement Recycling." 30. DAVIDSON, D. D., CANESSA, W., ESCOBAR, S. J., "Prac- 

Report No. FHWA-TS-79-204; FHWA (Apr. 1978). tical Aspects of Reconstituting Deteriorated Bitumi- 

10. Highway Focus. 	Federal Highway Administration, nous Pavements." STP 662, ASTM (Nov. 1978). 

Vol. 	10, No. 1 	(Feb. 1978). 31. FAULKNER, J. A., Office Memo to W. J. Tolonen, An- 

11. LAWING, R. J., "Use of Recycling Materials in Air- zona DOT (May 3, 1977). 

field Pavements-Feasibility Study." Report AFCEC- 
32. KARl, W. J., SANTUCCI, L. E., and COYNE, L. D., "Hot 

TR-76-7, Air Force Civil Eng. Center, Tyndall Air Mix Recycling of Asphalt Pavements." 	Paper pre- 

Force Base, Ha. (Feb. 1976). sented 	at 	Assn. 	of Asphalt 	Paving Technologists 

12. BRowNIE, R. B., and HIRONAKA, M. C., "Recycling of 
33. 

(1979). 
DUNNING, R. L., and MENDENHALL, R. L., "Design of Asphalt Concrete Airfield Pavements." 	Naval Civil 
Recycling Asphalt Pavements and Selection of Modi- Eng. Lab., Port Hueneme, Calif. ('Apr. 1978). 
fiers." STP 662, ASTM (Nov. 1978). 13. "Asphalt Pavement Recycling Using Salvaged Ma- 34. DAVIDSON, D. D., CANESSA, W., and ESCOBAR, S. J., 

terials." The Asphalt Inst., West Coast Division. 
"Recycling of Substandard or Deteriorated Asphalt 14. "State of the Art: Hot Recycling." Recycling Report, 
Pavements-A Guideline for Design Procedures." 

Vol. 1, No. 1, Natl. Asphalt Pavement Assn. (May 27, Assn. of Asphalt Paving Technologists, Proc., Vol. 46 1977). 
(1977). 

15. "State of the Art: 	Hot Recycling 1978 Update." Re- 35. ESCOBAR, S. J., and DAVIDSON, D. D., "Role of Re- 
cycling Report, Vol. 2, No. 3, Natl. Asphalt Pavement cycling Agents in the Restoration of Aged Asphalt 
Assn. (Oct. 1978). 

Cements." Paper presented at Assn. of Asphalt Pay- 
16. "Recycling Failed Flexible Pavements with Cement." ing Technologists (1979). 

Portland Cement Assn. (1976). 36. BETENSON, W. B., 	"Recycling Asphaltic Concrete 
17. Pacific Coast User-Producer Specification Committee, Pavement." Paper presented at Assn. of Asphalt Pay- 

miscellaneous internal repis (1978, 1979). - ing Technologists (1979). 
18. Recycling of Bituminous Pavements. STP 662, ASTM 37. HEUKELOM, W., "An Improved Method of Character- 

(1978). izing Asphaltic Bitumens with the Aid of Their Me- 
19. "Hot Recycling of Yesterday." Recycling Rep., Vol. chanical Properties." Assn. of Asphalt Paving Tech- 

1, No. 2, Natl. Asphalt Pavement Assn. (Sept. 1977). nologists, Proc., Vol. 42 (1973). 
20. SMITH, R. W., "NAPA-Asphalt Institute Committee 38. HALSTEAD, W. J., "The Relation of Asphalt Ductility 

Agree on Recycling Definitions." NAPA Spec. Rep. to Pavement Performance." Assn. of Asphalt Paving 
(May 1977). Technologists, Proc., Vol. 32 (1963). 



61 

39. KRCHMA, L. C., personal correspondence (1978). 51. AASHO Interim Guide for Design of Pavement Stiuc- 

40. LOTTMAN, R. P., "Predicting Moisture-Induced Dam- tures. AASHO, Washington, D.C. (1972). 

age to Asphaltic Concrete." 	NCHRP Report 192 52. PSAD2A, Report No. TE 70-5, University of Califor- 

(1978) 46 pp. nia, Berkley (Dec. 1970). 

41. "The AASHO Road Test-Report 5, Pavement Re- 53. MONISMITH, C. L., and Epps, J. A., "Asphalt Mixture 

search." HRB Spec. Rep. 61E (1962). Behavior in Repeated Flexure." 	Institute of Traffic 

42. VAN TIL, C. J., MCCULLOUGH, B. F., VALLERGA, B. A., 
and Transportation Report 69-6, University of Cali- 

and HIcKs, R. G., "Evaluation of AASHO Interim 
fornia, Berkley (1969). 

Guides for Design of Pavement Structures." NCHRP 54. LYTTON, R. L., and MICHALAK, C. H., "Flexible Pave- 

Reportl28 (1972) 111 pp. 
ment Deflection Equation Using Elastic Moduli and 

43. FINN, F. N., ET AL., "Development of Pavement Struc- 
Field Measurements." Research Report 207-7F, Texas 
Transportation Institute, College Station, Tex. (Aug. 

tural Subsystems." 	Final Report, NCHRP Project 1979). 
1-108 (Feb. 1977). s. ODEMARK, N., "Investigations as to the Elastic Prop- 

44. SCHMIDT, R. J., "A Practical Method for Measuring erties of Soils and Design of Pavements According to 
the Resilient Modulus of Asphalt-Treated Mixes." the Theory of Elasticity." Staten Vaeginstitut, Stock- 
Highway Research Record 404 (1972) pp. 22-32. holrn (1949). 	\ 

45. JUNG, E. W., KHER, R., and PHANG, W. A., "A Per- 56. VASWANI, N. K., "Method for Separately Evaluating 
formance Prediction Subsystem-Flexible Pavement." Structural Performance of Subgrades and Overlying 
Ministry of Transportation and Communication, On- Flexible Pavements." Highway Research Record 362 

tario, Can. (1975). (1971) pp.  48-62. 

46. JUNG, F. W., and PHANG, W. A., "Elastic Layer Analy-  LITTLE, D. N., "Structural Evaluation of Recycled 

sis Related to Performance in Flexible Pavements." Pavement Material." Ph.D. dissertation, Texas A&M 

Ministry of Transportation and Communication, On- University (Aug. 1979). 

tario, Can. (1975).  PETERSON, D. E., and SHEPHERD, L. W., "Improve- 

47. PHANG, W. 	A., 	"Four Years' 	Experience at the ment of Utah's Flexible Pavement Performance Sys- 

Brampton Test Road." Research Rep. 153, Ministry tern." Final Report, Utah Hwy. Dept. (1976). 

of Transportation and Communication, Ontario, Can. 
59. SCRIvNER, F. H., PEOHL, R., MOORE, W. M., and 

 
"Deflecting PHILLIPS, W. B., 	 Seasonal Changes in 

(1969). Load-Carrying Capabilities of Flexible Pavements." 
48. PHANG, W. A., and SLOCUM, R., "Pavement Decision NCHRP Report 76 (1969) 37 pp. 

Making and Management System." 	Research Rep.  "Asphalt Overlays and Pavement Rehabilitation." The 
174, Ministry of Transportation and Communication, Asphalt Institute Manual Series No. 17 (1969). 
Ontario, Can. (1971).  MAJIDZADEH, K., "Evaluation of a Dynamic Load In- 

49. WITCZAK, M. W., and BELL, K. R., "Remaining Life ducing Device." 	Final Report, Maryland Dept. of 
Analysis of Flexible Pavements." 	Assn. of Asphalt Transp. (Jan. 1977). 
Paving Technologists, Vol. 47 (1978). 62. BROWN, R. B., and HIRONAKA, M. C., "Recycling of 

50. FINN, F. N., "Relation Between Cracking and Per- Asphalt Concrete Airfield Pavements." 	Naval Civil 

formance." Proc., Highway Research Rep. SR 140, Engineering Laboratory, Port Hueneme, Calif. (Apr. 

Highway Research Board, Washington, D.C. (1965). 1978). 

APPENDIX A 

LABORATORY MIXTURE DESIGN PROCEDURES 
USING ASPHALT MODIFIERS 

The recycling of old bituminous-bound pavements often 
requires special consideration because the binder is often 
hard and brittle. Asphalt modifiers can be used to soften 
these old binders and produce mixtures with properties 
similar to those of conventional asphalt-bound materials. 
The method outlined in the following allows the engineer 
to select the types and amount of bituminous modifiers to 
produce the desired mixture. The method is applicable for 
both hot and cold recycling operations and includes modi-
fiers such as softening agents, rejuvenators, flux oils, and 
soft asphalt cements. The method consists of the following  

general steps: (1) evaluation of salvaged materials, (2) 
determination of the need for additional aggregates, (3) 
selection of modifier type and amount, (4) preparation and 
testing of mixtures, and (5) selection of optimum combina-
tions of new aggregates and asphalt modifiers. 

The overall philosophy of this approach is to use the re-
cycled materials, new aggregate, and modifier to produce 
a mixture with properties as nearly like a new asphaltic 
concrete mixture as possible. Standard test methods have 
been used where possible. The mixture procedure is shown 
in Figure A-i and has been modeled after that suggested in 
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Davidson et at. (A-i), Dunning (A-2), Canessa (A-3), 
and Terrel et at., (A-4). The circled numbers on the flow 
diagram (Fig. A-i) refer to the topics presented in the 
following. 

FIELD SAMPLES (1) 

Representative field samples should be obtained from the 
pavement to be recycled. A visual evaluation of the pave-
ment should be made together with a review of construc-
tion and maintenance records to determine significant dif-
ferences in the material to be recycled along the pavement 
section. Roadway sections with significant differences in 
materials should not be lumped together because uniform-
ity and predictability of results will be impaired. Locations 
within a project can be determined on a random basis using 
the procedure outlined in the Asphalt Institute Manual 
Series 17 (A-5). At least 5 or 6 locations should be used 
as a minimum, and a total composite sample of about. 
200 lb is recommended for laboratory evaluation. If de-
sired, core samples may also be obtained and used for 
comparison of original and recycled properties such as 
stability and resilient modulus (A-6). 

EXTRACT AND RECOVER ASPHALT 
AND AGGREGATE (2) 

Extrction and recovery tests should be performed at 
each location sampled. Resutls of these tests (penetration, 
viscosity, asphalt content) together with thickness measure-
ments made from the cores should help determine the uni-
formity of the section under consideration for recycling. 
Sufficient asphalt should be recovered to permit blending 
with asphalt modifiers for further testing. 

AGGREGATE PROPERTIES (3) 

Aggregate recovered from the samples in step (2) should 
be tested for gradation and durability, such as Los Angeles 
Abrasion and Polish value, if the recycled mixture is to be 
used as a surface course. These data can be used to estab-
lish project uniformity together with the recovered asphalt 
data obtained in step (2). 

NEW AGGREGATE (4) 

New aggregate may have to be added to the mixture for 
one or more of the following purposes: (1) satisfy grada-
tion requirements; (2) skid resistance requirements for 
surface courses; (3) air quality problems associated with 
hot, central plant recycling; (4) thickness requirements; 
and (5) improved stability, durability, flexibility, etc. Gra-
dation requirements for recycled mixtures should be those 
presently required by the specifying agency or those in 
ASTM D3515. 

To provide initial and long lasting skid resistance for the 
recycled bituminous surface cOurse, it may be necessary to 
blend coarse nonpolishing aggregate with the recycled 
pavement. It appears as if 40 percent by volume of the 
plus No. 4 fraction should be: nonpolishing to provide the 
desired skid performance on moderate-to-high traffic 
volume facilities. 

Air quality regulations for hot, central plant operations 
necessitate the use of a minimum of about 30 to 40 percent 
by volume new aggregate. This requirement will be grad-
ually reduced as equipment manufacturers and contractors 
improve the hot recycling operation. 

Replacing the recycled pavement with a thicker section 
of asphalt stabilized material may be required from a struc-
tural. pavement design standpoint. This can be accom-
plished by blending new aggregate with the recycled ma-
terial or by the additional layers of new asphalt stabilized 
materials. If hot, central plant operations are to be used, 
it appears practical to blend the new aggregate with the 
recycled pavement. 

ASPHALT DEMAND (5) 

The asphalt demand of the proposed recycled material 
can be estimated from the following: 

DT = VRDR+ VNDN 	 (A-i) 

D1  = DCKE - AN 	 (A-2) 

in which: 

DR  = asphalt demand for salvaged or recycled aggre-
gate, percent; 

DOKE  = CKE derived oil ratios for salvaged or recycled 
aggregate, percent; 	 - 

= asphalt content of salvaged or recycled aggre-
gate; 

DN = CKE derived oil ratios for new aggregate, 
percent; 

V ft  = volume of recycled aggregate in mixtures; and 
VN = volume of new aggregate in mixtures. 

It should be noted that if new aggregate is not used, Eq. A-i 
becomes Eq. A-2. 

The asphalt demand determined in this manner should 
be considered an estimate and can be used as a starting 
point for mixture design purposes. It should be noted that 
the asphalt demand will be satisfied by the modifier as 
specified in Table A-i. These modifiers can be softening 
agents, asphalt cements, or blends of softening agents and 
asphalt cements. 

ASPHALT PROPERTIES (6) 

Asphalt recovered from the samples in step (2) should 
be tested for penetration at 77 F and viscosity at 140 F. 
Asphalt content, penetration, and viscosity should be de-
termined on all extracted samples. These data can be used 
to determine project uniformity. 

DETERMINE TYPE AND AMOUNT OF 
MODIFIERS (7) (8) 

The type and amount of modifiers can be selected by 
using Figures A-2 or A-3 and Tables A-i or A-2 together 
with a definition of the penetration or preferable-  viscosity 
of the binder in the processed recycled mixture and a 
knowledge of the asphalt demand of the recycled mixture 
which was obtained in step 5, Eq. A-i. For example, 
assume the following: 

A 
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TABLE A-I 

PROPÔSD SPECIFICATIONS FOR HOT MIX RECYCLING AGENTS 

TEST ASTM TEST 	 RA 5 RA 25 RA 75 RA 250 RA 500 
- METHOD 	mm. 	max; 	sin. 	max. mm. 	max. mm. 	max. mm. 	max. 

Viscosity @140°F, D217Ô or 
cSt 2171 	 20b 	800 	1000 	4000 5000 	10000 15000 	35000 40000 	60000 

Flash Point 
COC, 	°F 092 	 400 	- 	425 	- 450 	- 450 	- 450 	- 

Saturates, wt. 	% 02007 	 - 	30 	- 	30 - 	30 - 	30 - 	30 

Residue from 
RTF-C Oven 028722  

Test @325°F 

Viscosity Ratio3  - 	 - 	3 	.- 	3 3 - 	3 - 

RTF-C Oven 
Weight Change, 

2 
02872 	. 	 - 	4 	- 	4 - 	2 - 	2 - 	2 

Specific Gravity 070 or 
01298 	 Report 	Report Report Report Report 

I. 	The final 	acceptance of recycling agents meeting this specification is subject to the compliance of the reconstituted 
asphalt blendswith current asphalt specifications. 

The use of ASTM 01754 has not been studied in the contect of this specification, however, 	it may be applicable. 	In 
cases of dipute the reference method shall be ASTM 02872. 

Viscosity Ratio ° 	RTF-C Viscosity at 140°F, cSt 
Original 	Viscosity at 140°F, cSt 

° 5/9 (°F -32) 
1 	cST = 0.001 	Pa.s 

TABLE A-2 

INTERIM SPECIFICATIONS FOR EMULSIFIED MODIFIERS [AFTER CANESSA (A-3)] 

FUNCTION 
PROPERTY & PURPOSE TEST METHOD SPECIFICATIONS 

Viscosity @ 778F, SFS Ease of handling ASTM 0 2144-76 15-85 

Pumping Stability Prevention of premature breaking G.B. Method(2) Pass 

Emulsion Coarseness, percent Optimal 	dfstribut Ion Sieve Test, 
24476(14oD)(3)  0 O.i max. ASTM 

Sensitivity to Fines, percent Adequate mixing life Cement Nixing, 
ASTM 0 21+476 2.0 max. 

Particle Charge preferential affinity to asphalt ASTM 0 2144_76 Positive 

Concentration of oil 	Phase, percent Assurance of oil content and 
) for calculations ASTM 0 244 7o(tiOD)( 60 mm. 

(I) Oils used for emulsions must meet specifications listed in Table A-I. 
Pumping stability is determined by charging 1+50  ml of emulsion Into a.one-liter beaker and circulating the 
emulsion through a gear pump(Roper 29.822621) having I/Li" inlet and outlet. The emulsion passes If there Is no 
significant oil separation after circulating ten minutes. 
Test procedure identical with ASTM 0 21+4  except that distilled water shall be used in place of two percent sodium 

oleate solution. 
(Li) ASTM 0 2141+ EvaporatIon Test for percent of residue is modifIed by heating 50 gram sample to 300F until foamIng 

ceases, then cooling limnediately and calculating results. 
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CKE oil ratios on extracted salvaged or recycled 
aggregate, DOKE  = 5.0 percent. 

Percent asphalt in salvaged or recycled material, 
AR  = 4.0 percent. 

Viscosity of aged asphalt = 20,000 poises. 
Additional new aggregate, V N  = 30 percent. 
CKE oil ratio of new aggregate, DR  = 6.0 percent. 
Desired viscosity of recycled asphalt = 2,000 poises. 

From Eqs. A-i and A-2, the following asphalt demand 
can be calculated: 

DT  = VRDH  + VNDN  
DR  = DcKE - AR . 
D=5.O-4.0= 1.0 
DT= (0.70)(1.0) + (0.30) (6.0) 
DT = 2.5 percent 

The maximum percent modifier by weight of total binder 
in the recycled mixture is therefore: 

D x 100 
VRAR  + D 

2.5 
= 	 x 100 

(0.70) (4.0) +2.5  

= 47 percent 

By use of Figure A-i the viscosity of the modifier can be 
approximated. The figure is entered with the volume per-
cent of lower viscosity modifier (47 percent) and the de-
sired viscosity of the recycled binder to locate point A. 
Point A is connected with the viscosity of the recovered 
salvaged binder and the line projected to obtain the vis-
cosity of the modifier. Table A-i indicates that modifier 
grade RA 5 would likely be suitable. 

It should be noted that new asphalt cement and a softer 
modifier could be used to form the new binder provided 
air quality requirements can be met. 

MODIFIER TESTS (9) 

Samples of modifiers to be used on the job should be 
obtained and subjected to tests to establish their conform-
ance to specifications (Table A-i or A-2) as well as to 
establish the viscosity of the modifier in order to obtain 
a more realistic modifier content (Figs. A-2 or A-3). A 
partial list of modifier suppliers is given in Table A-3. 

BLEND MODIFIER WITH RECOVERED ASPHALT (10) 

The modifier that may consist of an asphalt cement and 
softener should be blended with the recovered asphalt and 
subjected to viscosity and penetration tests to determine if. 
the predicted viscosity (penetration) of the blend was ac-
curate. It is suggested that two blends, one 5 percent above 
and one 5 percent below the percent recycling agent de-
termined in steps 7 and 8, be made. About 75 to 100 grams 
of recovered asphalt for each blend should be used. A third 
blend may be required to confirm the desired viscosity or 
penetration. 

Some recycling modifiers may not be compatible with 
the salvaged asphalt. Therefore, a thin-film oven test 
should be performed on the selected recovered salvaged  

asphalt—modifier blend. A ratio of the aged viscosity to 
original viscosity of less than 3 will indicate that the re-
cycling agent is likely compatible with the recovered 
salvaged asphalt. 

PRELIMINARY MIXTURES (11) 

Five different mixtures of recycled aggregate, new aggre-
gate if desired, and modifier should be fabricated. Three 
samples of each mixture should be. fabricated and sub-
jected to stability testing and tests to determine the air void 
content. These preliminary tests should vary the percent 
new asphalt cement and/or the type and amount of modi-
fiers. It is helpful to have an experienced engineer present 
during the mixing and molding operation because subse-
quent trial mixtures may depend on the appearance of the 
first few trial mixtures. It should be realized that the 
modifiers often have a delayed softening reaction. 

Standard mixing and molding operations should be used. 
An oven curing procedure after mixing and prior to com-
paction such as that used in California appears to be 
desirable. 

DETAILED MIXTURE EVALUATIONS (12) 

The three most promising mixtures evaluated in step 11 
should be evaluated in detail for properties that can be used 
in pavement thickness design and for durability considera-
tions such as water susceptibility. The testing plan shown 
in Figute A-4 can be used as a guidc. Thcamount of test 
ing will depend on the capability of the agency considering 
the recycling project. 

SELECT OPTIMUM MIXTURE DESIGN (13) 

The optimum mixture design should be based on results 
of steps ii and 12 and economic and energy considera-
tions. Reference A-9 can be used as a general guide. 

The foregoing discussion is primarily directed toward the 
use of hot, central plant operations. Recycling in-place 
with emulsified modifiers can be accomplished by using the 
base modifier and the recovered salvaged binder properties. 

Mixture design methods are those outlined for bitumi-
nous stabilization of base courses (see App. K for further 
details). Specifications for emulsified modifiers are given 
in Table A-2. 
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TABLE A-3 

PARTIAL LIST OF MODIFIERS FOR RECYCLING ASPHALT—
AGGREGATE MIXTURES 

Petroleum 	 Product Name 
or 	 or 

Oil Company 	 Identification 

Arizona Refining Co. 

Light Aromatic Oil 

Ashland Petroleum 
	

Medium Aromatic Oil 

Company 
	

Slurry Oil 

Ashland Plasticizer Oil (APO) 

Bituminous Materials 

Company, Inc. 	-- 

Cenex 
	

Dust Oil 

Chem-Crete Corporation 

Chevron USA, Inc. 	Chevron X109 

Chevron X90 

Mike Davis Associates 

Koppers Co., Inc. 	BPR 

Lion Oil Co. 	 Smackover Flux Asphalt 

Rejuvenator Oil 

Mac Millan 

Mobil Oil Corp 
	

XMTY-1 25B 

MobIlsol 30 

Pax International 
	

Paxole 

Petroset 

Phillips Petroleum 	.10 Extract 

Company 
	

20 Extract 

250 Extract 

Saunders Petreleum 
	

SA- 1 

Company 

Shell Oil Co. 	 Dutrex 

Sun Oil Co. 	 Sundex 840T 

Sundex 790T 

Tenneco 

Union 011 Co. 	 Rejuv-Acote-Base 

Witco Chemical 
	

Reclaini te 

Cyclogen 

Cutback Asphalt 

Emulsified. Asphalt 

Califlux GP 

Numerous Companies 
	

Soft Asphalt Cement 

Reclaimed Oil 
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Figure A.4. Test sequence for field cores. 

APPENDIX B 

ECONOCRETE MIXTURE DESIGN 

Econocrete is portland cement concrete designed for a 
specific application and environment and for making use of 
(in this case) recycled aggregates. These aggregates do not 
necessarily meet conventional quality standards for aggre-
gates used in pavements. 

Econocrete made from recycled aggregates may be used 
as composite pavements, subbase, concrete shoulders, or 
law volume road surfaces. 

MIXTURE DESIGN 

Mixture design methods for econocrete are the standard 
mixture proportioning methods used for conventional con-
crete. The ACI Method 211.1-74 (B-i) is recommended. 

The strength and durability characteristics of the econo-
crete mixture should be tested as follows: 

Compressive strength (ASTM C 192 and C 39). 
Splitting tensile strength (ASTM C 192 and C 496). 
Flexural strength (ASTM C 192 and C 78). 
Abrasion resistance for surface courses only (ASTM 

C 192 and C 418). 
Freezing and thawing (ASTM C 192 and C 666). 
Drying shrinkage of concrete (ASTM C 157). 
Beam fatigue. 

8.' Alkali reactivity (ASTM C 227). 
9. Time of set (ASTM C4O3). 

PAVEMENT STRUCTURAL DESIGN 

General 

Any of the three types of pavement—jointed unreinforced 
concrete, jointed reinforced concrete, or continuously re-
inforced concrete may be designed with econocrete as the 
base or as part of a composite pavement. Standard joint-
ing or reinforcing practices may be followed, and thus are 
not repeated here. 

Cement-Treated Bases 

Econocrete may be considered as a lean concrete base 
and the pavement structure designed accordingly. A 
cement-treated base (CTB) meeting the requirements noted 
herein would be stronger than many of the cement-treated 
bases now being used. Therefore, some reduction in pave-
ment thickness may be warranted. If the California design 
procedure is used, the pavement thickness should normally 
not exceed 9 in., even if jointed unreinforced pavements 
are used in the most heavily travelled area. 

If continuously reinforced concrete pavement is being 
considered, one design change should be made. A bond 
breaker -should be provided between the econocrete and the 
continuously reinforced concrete pavement. Otherwise the 
subbase friction becomes so high that longitudinal cracking 
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can occur in the continuously reinforced concrete pave-
ment between 12-ft hinge joints. A thin tack coat of as-
phalt cement will reduce this friction and help prevent 
meandering longitudinal cracking. 

Composite Pavement Design 

Because of the excellent strength of the econocrete, the 
Federal Highway Administration Notice (B-2) permits a 
composite pavement design, the thickness of which is based 
on the modulus of elasticity of the econocrete. A design 
chart has been prepared (Fig. B-i) and is recommended 
for design purposes. By using this figure, the thickness of 
the econocrete layer and the surface layer can be deter-
mined once the thickness of a regular concrete pavement 
has been calculated by using standard design methods. The 
thickness of the econocrete layer should be such that most 
of the available recycled concrete can be used. 

REFERENCES 

B-i. "Recommended Practice for Selecting Proportions 
for Normal and Heavy Weight Concrete." AC! 
211.1-74, ACI Committee 211 (1975). 

B-2. "Subject: Pavement, Subbase and Shoulder Designs 
'Using Econocrete and the Initiation of NEEP Project 
No. 20—Experimental Pavement Construction Using 
Econocrete." FHWA Notice N5080.34 (Apr. 23, 
1975). 

Figure B-I. Thickness design chart for composite concrete 
pavements. 	 - 	 - 	- 

APPENDIX C 

RECYCLED PORTLAND CEMENT CONCRETE DESIGN 

The philosophy and technique of mixture design for port-
land cement concrete or asphaltic concrete that is recycled 
back to portland cement concrete is identical to conven-
tional portland cement concrete mixture design. However, 
in the recycling operation all or part of the coarse aggregate 
fraction is composed of crushed portland cement concrete 
or asphaltic concrete or both. This "twist" in the procedure 
requires a few considerations not normally necessary in, 
standard portland cement concrete mixture design. Most 
of the field experience with recycling portland cement con-
crete and/or asphaltic concrete back to portland cement 
concrete suitable for slipform paving comes from the 
Lyon's County, Iowa, experience from 1974-1975. In 
terms of mixture design, Lyons County discovered that: 

Excess fines removed during the break-up and pick-up 
operation must be considered and ac:counted for in the 
specifications. 

Projects involving crushing old pavement should re-
quire splittinTg the product at about the 3/8-in. screen size,. 

This remedies the segregation problem and facilitates better 
mix proportioning and earlier control. 

An economical and workable mix design should be 
readily attainable by considering a 3-aggregate mix of uni-
form coarse and fine crushed product plus concrete sand. 

On the basis of the resulting gradation of the crushed 
concrete in the Iowa project, the addition of natural sand 
in the neighborhood of 20 to .25 percent seems to provide 
a very workable, easy to finish mix proportion. 

It is felt that a mix in which approximately 50 to 
55 percent of the total aggregate passes the No. 4 screen 
would be most desirable from the placing and finishing 
standpoint. 

These considerations are reflected in the specifications 
for portland cement concrete using recycled pavement (see 
App. H). These specifications cover the all important re-
moval and crushing phase and describe an acceptable 
mixture. 
- The crushing and removal operation is of primary im- 
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portance because it is here that excess fines from the sub-
grade and from the crushing operation may enter the 
process. In addition, proper gradation of the coarse aggre-
gate fraction is dependent on this phase. 

It is the objective of any recycled mix design to use as 
much of the old pavement as possible. The three mixes 
discussed in the following vary the percentages of crushed 
pavement and natural sand. Basically, mix B seemed to 
provide the most suitable mix in the Iowa experience be-
cause it contained enough sand for workability but was not 
oversanded. 

The project research team believes that a unit design 
based on the Iowa supplemental specification, which is 
based on absolute volume, will provide an excellent start-
ing point for recycled PCC or AC into PCC pavement using 
conventional slipform paving techniques. 

MIXTURE DESIGN 

Flexural strength (ASTM C 192 and C 78). 
Abrasion resistance for surface courses only (ASTM 

C 192 and C 418). 
Freezing and thawing (ASTM C 192 and C 666). 
Drying shrinkage of concrete (ASTM C 157). 
Beam fatigue. 
Alkali reactivity (ASTM C 227). 
Time of set (ASTM C 403). 

The evaluation of compressive strength for field concrete 
should be conducted in accordance with ACI 2 14-65 (C-3). 

PAVEMENT DESIGN 

Either the AASHTO rigid pavement design method 
(C-4) or the Portland Cement Association method (C-5) 
is recommended for pavement thickness design purposes. 

REFERENCES 

The proper proportioning of the constituents of recycled C-i. "Recommended Practice for Selecting Proportion for 
portland cement concrete may be accomplished by any ac- Normal and Heavy Weight Concrete." ACI 211.1-74, 
ceptable mixture design procedure. 	The procedure devel- 

ACI Committee 211 (1975). 
oped by the American Concrete Institute (ACI) is recom- 

 "Guide for Use of Admixtures in Concrete." Title 
mended (ACI 211.1-74) (C-i). 	When additives such as 

No. 68-56, ACJJ. (Sept. 1971). 
water reducers are employed to improve the characteristics 
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tion of Compression Test Results of Field Concrete." 
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AC1214-65, ACI Committee 212 (1965). 
The strength and durability characteristics of the re- 

 AASHO Interim Guide for Designof Pavement 

the following tests and specifications: 
C-S. "Thickness Design for Concrete Pavements." Pub- 

Compressive strength (ASTM C 192 and C 39). lication No. IS010P, Portland Cement Association, 
Splitting tensile strength (ASTM C 192 and C 496). Skokie, Ill. (1966). 

APPENDIX D 

FLEXIBLE PAVEMENT DESIGN 

The design procedure of the American Association of 
State Highway and Transportation Officials (AASHTO) 
and the layered elastic design procedures are offered as the 
primary methods of structural design because these meth-
ods are the most flexible in terms of materials layer strength 
characterization. Agencies such as the Forest Service 
(D-1), The Asphalt Institute, and state highway depart-
ments from Arizona, California, Illinois, Louisiana, New 
Mexico, Ohio, Wyoming, Texas, and Utah have developed 
additional layer coefficients which, when used in the 
AASHTO design, represent the relative strength of ma-
terials in a layer. These available layer coefficients make it 
possible to evaluate a fairly wide range of pavement ma-
terials used in the structural pavement system. The rela-
tive AASHTO design procedure strengths of materials in 
the layered elastic analysis can be determined by using rela- 

tively simple laboratory resilient modulus or elastic modu-
lus tests. 

Layer strength coefficients for recycled materials have 
been defined. Table D-1 summarizes the structural coeffi-
cients determined in the field and laboratory investigations 
of recycled pavements throughout the United States. Over 
25 recycled pavements were evaluated both in the labora-
tory (field cores) and in-situ as part of this7 analysis. It is 
suggested that the average AASHTO structural coefficients 
for the corresponding conventional layer be used in the de-
sign process. This, in effect, means that the structural study 

of recycled materials showed them to be approximately 
equal to conventional layers. 

The AASHTO flexible pavement design method is re-
viewed next together with the layered elastic design method. 
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TABLE D-1 

TYPICAL AASHO STRUCTURAL LAYER COEFFICIENTS (AFTER REF. 32) 

Average ai 	for Corresponding 

Layer Used Range of a i 
Number of Test Layer and Material 

Type of Recycled Material as Convuted 
a1 

Sections at MSII0. Road Test 

Central 	Plant 
Recycled Asphalt Surface 0.37-0.59 0.48 14 0.44 
Concrete Surface 

Central Plant 
Recycled Asphalt Base 0.37-0.49 0.42 3 0.35 

Concrete Base 

in-Place Recycled 
Asphalt Concrete 
Stabilized with Asphalt Base 0.22-0.49 0.39 6 0.35 
and/or an Asphalt 
Modi tier 

In-Place Recycled 
Asphalt Concrete and 

Base 0.23-0.42 0.33 4 0.150.23 
Existing Base Material 
Stabilized with Cement 

In-Place Recycled 
Asphalt Concrete 
and Fxisting Base Base 0.40 0.40 1 0.15-0.30 
Stabilized with 
lime 

In-Place Recycled 
Asphalt Road Mix Surface 0.42 0.42 
Stabilized with 
Asphalt 

AASHTO METHOD Layer Coefficients (a1, a2 . . . a)—The empirical relation- 

The AASHTO design proccdure is based on the AASHO 
ship between structural number, SN, and layer depth. 

Road Test in Ottawa, Ill., and on later satellite programs. 
The a value represents the relative strength of the ma- 

The AASHO Interim Guide for Design of Pavement Struc- 
terial in the layer. 

Layer Depth (D1, D2 . . . D) —The end product of the de- 
tures (D-2) along with NCHRP Report 128, which reports sign method. 	The thickness in inches of the individual 
on data accumulated by state highway departments since pavement layers. 
1961 (D-3), and Highway Research Board Special Report Serviceability—The ability at time of observation of a pave- 
73 (D-4) form the background for the procedure presented ment to serve traffic. 
herein. 	The Transportation Engineering Handbook pub- Present Serviceability Rating (PSR)—A subjective rating lished by the Forest Service in January 1974 (D-i) alsois --by-a-special-panel -as--to-the-serviceability-of--a-section-of ---  

of highway. A rating scale of 1 to 5 is used. 
layer coefficients that will be of interest to the engineer. Present Serviceability Index (p)—A number derived by use 

The following is a partial list of definitions (for a corn- of a correlation formula or estimating the serviceability olete list, see AASHO Interim Guide (D-2). - 

Axle Load—The total load transmitted by all wheels whose 
centers may be included between two parallel transverse 
planes 40 in. apart, extending across the full width of the 
vehicle. 

Design Equation—SN = a1D1  + a2D2 . . . a,,D,, in which: 
SN is the structural number, a is the layer coefficient, 
and D is the layer depth. 

Design Lane—The traffic lane carrying the heaviest axle 
loading or the greatest number of 18-kip equivalent axles, 
thus requiring greatest structural depth. 

Design Period—The number of years the pavement struc-
ture is expected to last before major resurfacing. 

Equivalent 18,000-Pound Single-Axle Load—A numerical 
factor that expresses the relationship of a given axle load 
to an 18,000-lb single-axle load in terms of its effect on 
the serviceability of a pavement structure. 

Flexible Pavement—A pavement structure that maintains 
intimate contact with, and distributes loads to, the sub-
grade. It depends on aggregate interlock particle friction 
and cohesion for stability. 

I 	i rating, PSK. nput s from certain physical measure-
ments. 

Terminal Serviceability Index (p)—The lowest service-
ability index that will be tolerated before major resurfac-
ing. The present serviceability, p, at the end of the design 
period. 

Regional Factor (R)—A numerical factor that is used to 
adjust the structural number for climatic and environ-
mental conditions. 

Weighted Structural Number (SN)—An index number de-
rived from an analysis of traffic, roadbed soil conditions, 
and regional factor. The index is converted to layer 
thicknesses through the use of the "design equation" and 
suitable "layer coefficients." 

Soil Support Value (S)—An index number that expresses 
the relative ability of a soil or aggregate mixture to sup-
port traffic loads through a flexible pavement structure. 

An excellent discussion of the AASHTO flexible pave-
ment design procedure is contained in Yoder and Witczak 
(D-5, pp. 507-518). Much of the following discussion of 
the AASHTO procedure is taken from Yoder and Witczak. 

i 
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Design Procedure 

The general AASHO Road Test equations are: 

	

Gt  = $ ( log W - log p) 	(D-1) 

$ 0.40 + 
0.81 (L1  + L2) 323  

(D-2) =  
(S + 	L2323  

log p = 5.93 + 9.36 log (SN' + 1) - 4.79 log 
(L1  + L2)+ 4.33 logL2 	 (D-3) 

in which: 

G= a function (the logarithm) of the ratio of loss in 
serviceability at the time t to the potential loss 
taken to a point where Pt = 1.5; 

= a function of design and load variables that in-
fluence the shape of the p versus W serviceability 
curve; 

p = a function of design and load variables that de-
notes,_the expected number of axle load applica-
tions to a p = 1.5; 

Wt  = axle load applications at end of time t; 
Pt  = serviceability at end of time i; 
L1  = load on one single axle or on one tandem-axle set, 

kips; 
L2  = axle code (L2  = 1 for single axle and L2  = 2 for 
- 	tandem axle); and 
SN = structural number of pavement. 

The solution of the general equation is difficult when 
solving for SN, which is the factor normally sought. The 
solution is simplified by expressing all load factors in terms 
of a standard vehicle load. The AASHTO design method 
uses the 18,000-lb single-axle load (L1  = 18,000 lb, L2  = 
1). A set of equivalent axle load factors used to determine 
equivalent 1 8-kip repetition based on assumed load distri-
bution is given in Table D-2 Analysis of the PSI value for 
new flexible pavements at the Road Test resulted in an 
initial PSI = 4.2. Use of this value along with standard L1  
and L2  values results in 

log W 18  = 9.36 log (SN + 1) —0.20 + 

	

log [(4.2— Pt)!  (4.2— 1.5)] 	
'D4 

0.40 + [1094! (SN + 1)'] 

where W 8  is the number of 18-kip single-axle load appli-
cation to time t, and Pt  is the terminal PSI. 

Equation D-4 represents the basic flexible pavement de-
sign applicable to the AASHO Road Test subgrade and 
environmental conditions.' A soil support value, S, and a 
regional factor, R, were introduced into the design equa-
tion to account for variation in the subgrade and environ-
mental condition. 

For the soil subgrade' condition, a value of S = 3.0 was 
used as a starting point for the subgrade soil type of the 
AASHO Road Test. A second point on the S scale was 
developed by an examination of the performance of thick, 
crushed rock bases selected to minimize the effect of the 
road-bed soil. This value was assigned an S= 10.0 rating, 
and intermediate values were based on a linear relation 
between these two points such that: 

log W 18  = log N' 18  + K(S - S) 	(D-5) 

in which: 

S = soil support value for any condition i; 
So  = soil support value for Road Test conditions; 

W 18  = total load applications for condition i, 
N' 18  = total load applications for Road Test conditions; 

and 
K = regression constant (K = 0.372). 

To take into account the effect of various climatic con-
ditions other than that encountered at the Road Test, a 
regional factor R was introduced. It is assumed that the 
total load application is an inverse function of R such that: 

W t18 = N(" t18 ) 	 (D-6) 

in which N18  is the total unweighted load application. 

Substitution of the modifications into Eq.' D-4 results in 
the final flexible pavement design expression: 

log W,18  = 9.36 log (SN + 1) —0.20 + 

log [(4.2—pt )!(4.2— 1.5)] 
0.40+ [1094/(9N+ 1)5.19] 

+ log- + 0.372 (Si — 3.0) 	 (D.:7) 

Thus, this final design expression relates the number of 
1 8-kip single-axle load repetitions, W 18, required to reach 
a predefined terminal serviceability level, Pt,  for any given 
pavement structure, SN, climatic condition, R, and sub-
grade soil, S. Figure D-1 shows the nomographic solution 
to Eq. D-7 for Pt  (terminal PSI) values of 2.0 and 2.5. The 
nomographic solution is accomplished by first finding the 
unweighted SN (center scale) for a given S and Wns  value. 
This SN value is then corrected by the regional factor, R, 
to determine the required design SN. 

Terminal 'Serviceability 

As noted in the design nomograph, commonly used val-
ues of the terminal serviceability are 2.0 and 2.5. The Pt 
value is the lowest serviceability that will be tolerated on 
the' road at the end of the traffic analysis period before 
resurfacing or reconstruction is warranted. For major high-
way facilities a value of 2.5 is recommended, and a Pt = 
2.0 is suggested for lesser traffic volume roads. Normally 
it is recommended that the Pt  value 'selected should never 
be less than 2.0. For minor highways, the approach is to 
keep Pt = 2.0 but to reduce the traffic analysis time period. 

Equivalent Wheel Load Repetition (W518 ) 

For the 'AASHTO design method, mixed traffic within a 
given period of time (termed the traffic analysis period) is 
accounted for by equivalent damage factors relative to the 
standard 1 8-kip single-axle load (D-5, Chap. 4). 

Traffic may be equated to daily 1 8-kip load applications 
if a common 20-year traffic analysis period is selected, or 
it may be expressed as the total 1 8-kip load applications 
within the traffic analysis period. As can be seen from 
Table D-1, the equivalency factors, and hence W 18  appli-
cations, are a function of p and SN. For most design 
problems, an SN value of 3.0 may be assumed for the 
equivalency analysis. This value will normally result in an 
overestimation of the W 18  but, in general, the resulting 
error will be insignificant. 
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EQUIVALENCE FACTORS-FLEXIBLE PAVEMENT 
(Single axles, p 	2.0) 

Axle Structural Number, SN 
Load - 

(kips) 1 2 3 4 5 8 

2 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 
4 0.002 0.003 0.002 0.002 0.002 0.002 
6 0.01 0.01 0.01 0.01 0.01 0.01 
8 0.03 0.04 0.04 0.03 0.03 0.03 

10 0.08 0.08 0.09 0.08 0.08 0.08 
12 0.16 0.18 0.19 0.18 0.17 0.17 
14 0.32 0.34 0.35 0.35 0.34 0.33 
16 0.59 0.60 0.61 0.61 0.60 0.60 
18 1.00 1.00 1.00 1.00 1.00 1.00 
20 1.61 1.59 1.56 1.55 1.57 1.60 
22 2.49 2.44 2.35 2.31 2.35 2.41 
24 3.71 3.62 3.43 3.33 3.40 3.51 
26 5.36 5.21 4.88 4.68 4.77 4.96 
28 7.54 7.31 6.78 6.42 6.52 6.83 
30 10.38 10.03 9.24 8.65 8.73 9.17 
32 14.00 13.51 12.37 11.46 11.48 12.17 
34 18.55 17.87 16.30 14.97 14.87 15.63 
36 24.20 23.30 21.16 19.28 19.02 19.93 
38 31.14 29.95 27.12 24.55 24.03 25.10 
40 39.57 38.02 34.34 30.92 30.04 31.25 

EQUIVALENCE FAcTORS-F!.ExIBLE PAVEMENT 
(Tandem axles, p 	2.0) 

Axle 	 Structural Number, SIV 
Load 
(kips) 1 2 3 4 5 6  

EQUIVALENCE FAcTORS-FLEXIBLE PAVEMENT 
(Single axles, p - 2.5) 

Axle Structural Number, SN 
Load 

(kips) 1 2 3 4 5 6 

2 0.0004 0.0004 0.0003 0.0002 0.0002 0.0002 
4 0.003 0.004 0.004 0.003 0.003 0.002 
6 0.01 0.02 0.02 0.01 0.01 0.01 
8 0.03 0.05 0.05 0.04 0.03 0.03 

10 0.08 0.10 0.12 0.10 0.09 0.08 
12 0.17 0.20 0.23 0.21 0.19 0.18 
14 0.33 0.36 0.40 0.39 0.36 0.34 
16 0.59 0.61 0.65 0.65 0.62 0.61 
18 1.00 1.00 1.00 1.00 1.00 1.00 
20 1.61 1.57 1.49 1.47 1.51 1.55 
22 2.48 2.38 2.17 2.09 2.18 2.30 
24 ' 3.69 3.49 3.09 2.89 3.03 3.27 
26 5.33 4.99 4.31 3.91 .4.09 4.48 
28 7.49 6.98 5.90 5.21 5.39 5.98 
30 10.31 9.55 7.94 6.83 6.97 7.79 
32 13.90 12.82 10.52 8.85 8.88 9.95 
34 18.41 16.94 13.74 11.34 11.18.' 12.51 
36 24.02 22.04 17.73 14.38 13.93 15.50 
38 30.90 28.30 22.61 18.06 17.20 18.98 
40 39.26 35.89 28.51 22.50 21.08 23.04 

EQUIVALENCE FACTORS-FLEXIBLE PAVEMENT 
(Tandem axles, p - 2.5) 

Axle 	 Structural Number, SN 
Load 
(kips) 1 2 .3 4 5' 6 

10 0.01 ' 0.01 0.01 0.01 0.01 0.01 10 0.01 0.01 0.01 0.01 0.01 0.01 
12 0.01 0.02 0.02 0.01 0.01 0.01 12 0.02 0.02 0.02 0.02 0.01 0.01 
14 0.02 0.03 0.03 0.03 0.02 0.02 14 0.03 ' 0.04 0.04 0.03 0.03 0.02 
16 0.04 0.05 0.05 0.05 0.04 0.04 16 0.04 0.07 0.07 0.06 0.05 0.04 
18 0.07 0.08 0.08 0.08 0.07 0.07 18 0.07 0.10 0.11 0.09 0.08 0.07 
20 0.10 0.12 0.12 0.12 0.11 C.10 20 0.11 0.14 0.16 0.14 0.12 0.11 
22 0.16 0.17 0.18 0.17 0.16 0.16 22 0.16 0.20 0.23 0.21 0.18 0.17 
24 0.23 0.24 0.26 0.25 0,24 0.23 24 0.23 0.27 0.31 0.29 0.26 0.24 
26 0.32 0.34 0.36 0.35 0.34 0.33 26 0.33 0.37 0.42 0.40 0.36 0.34 
28 0.45 0.46 0.49 0.48 0.47 0.46 28 0.45 0.49 0.55 0.53 0.50 0.47 
30 0.61 0.62 0.65 0.64 0.63 0.62 30 0.61 0.65 0.70 0.70 0.66 0.63 
32 0.81 0.82 0.84 0.84 0.83 0.82 32 0.81 0.84 0.89 0.89 0.86 0.83 
34 1.06 1.07 1.08 1.08 1.08 1.01 34 1.06 1.08 1.11 1.11 1.09 1.08 
36 1.38 1.38 1.38 1.38 1.38 1.38 36 1.38 1.38 	' 1.38 1.38 1.38 1.38 
38 1.76 1.75 1.73 1.72 1.73 1.74 38 1.75 1.73 1.69 1.68 1.70 1.73 
40 2.22 2.19 2.15 2.13 2.16 2.18 40 2.21 2.16 2.06 2.03 2.08 2.14 
42 2.77 2.73 2.64 2.62 2.66 2.70 42 2.76 2.67 2.49 2.43 2.51 2.61 
44 3.42 3.36 3.23 3.18 3.24 3.31 44 3.41 3.27 2.99 2.88 3.00 .3.16 
46 4.20 4.11 3.92 3.83 3.91 4.02 46 4.18 3.98 3.58 3.40 3.55 3.79 
48 5.10 4.98 4.72 4.58 4.68 4.83 48 5.08 4.80 4.25 3.98 4.17 4.49 

Regional Factor 

As noted previously, the regional factor was placed into 
the AASHTO design procedure to allow for its use in cli-
matic environments other than the one that existed during 
the Road Test. In its present form, the R value constitutes 
a fairly significant input value but, unfortunately, it is one 
that, at present, 'is not well documented. On the basis of 
an analysis of the Road Test results dealing with the rate 
of loss of serviceability during various climatic periods dur-
ing the testing, typical values of R were developed by the 
AASHO Guide. These values are given in Table D-3. 

Figure D-2 shows a generalized R value contour map for 
the United States based on an NCHRP state evaluation  

study of the AASHO Interim Guide (D-3). In most cases, 
the selection of the proper R value must be based on the 
local conditions of the highway in combination with the 
judgment of an experienced engineer. The recommended 
range in R by the AASHTO design guide for U.S. condi-
tions is.from 0.5 to 4.0. 

Structural Number (SN) 

The SN is defined as an index number derived from an 
analysis of traffic, road-bed soil conditions, and regional 
factor that may be converted to thickness of various flexible 
pavement layers through the use of 'suitable layer coeffi-
cients, related to the type of material being used in each 

J 



10 

9 
. Ci 

8 
20,000—I k - 3000

2000 
7 - 

a 6 ' 
1000-- 2' 

C 

500-° 
— 5 -1 -. 

100— g; - 
Ji 

: 

2 

-5 

-4 
Ci -2 
E 
C 

- 	t -3 
'a 1.0 23 

2h2.0 

3  

- 
5.0 

z 
-2 (0 

-3 

-4- 

-5 

-6 

74 

10 

9 

o• 
C) 

20.000—i- 3000 	, 
E 	10.000 - 2000 

50QQ'°°°Ca 
-500a2a, C 

6 -I-  a a ! 	•1000- 
5 500-° CL 

50  . 

(3 -4-- 

c, 	4 
CL •1- 

100-a  in 

!
50 5 

3 I- a 
2 

-6 

-5 

-4 
2 

E 
C 

• 2 
-3" ,-0.5 

1.0 
• -2.0 3 - 

cr 

 
U, 

4 

5 

€ 

Design chart for ;exb Ic payments. P1  = 2.0 

:6 

I— i 

Design chart for flexible pavements, P1  = 2.5 

Figure D-1. AASHO flexible-pavement design nomographs. 
(From AASHO Interim Guide, 1972) 	 TABLE D-3 

REGIONAL FACTORS" 

Condition 	 R Value 

Roadbed materials frozen to depth of 5 in. or more 	0.2-1.0 

Roadbed materials dry, suer and fall 	 0.3-1.5 

Roadbed materials wet, spring thaw 	• 	 4.0-5.0 

From AASHO Interim Guide 
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Figure D-2. Generalized regional map of the United States. [From Van Ti!, et al. (D-3)] 

layer of the pavement structure. The layer coefficient (des-
ignated by a1, a2  and a3, for surface, base, and subbase, 
respectively) is the empirical relationship between SN for 
a pavement structure and layer thickness, which expresses 
the relative ability of a material to function as a structural 
component of the pavement (D-2). 

Analytically, the SN is given by 

SN = a1D1  + a2D2  + a3D3 	(D-8) 

in which the D j  values are the respective layer thicknesses. 
At the AASHO Road Test, four types of basic materials 

were used in the study: crushed stone, gravel, cement-
treated gravel, and bituminous-treated gravel. On the basis 
of the results of the study and an estimation from results of 
special base studies at the test, layer coefficients were es-
tablished by the AASHTO Committee on Design and are 
given in Table D-4. 

Since the initial publication of the layer coefficients given 
in Table D-3, several state highway departments and trade 
agencies have developed their own layer coefficients for 
materials commonly used by their respective agenices. On 
the basis of the NCHRP evaluation study of the AASHO 
Interim Guide (D-3), nomographic solutions of the layer 
coefficients have been proposed from a combined analysis 
of individual state highway results and a theoretical multi-
layered elastic analysis. These nomographs are shown in 
Figure D-3 and are presented as guides in assessing relative 
changes in the ai  values as the measured test response of the 
material varies. 

Because the solution of the AASHTO eqJation results in 
a design, SN, it should be realized that any combination of 
layer thicknesses and material types satisfyiig Eq. D-8 satis- 

TABLE D-4 

STRUCTURAL LAYER COEFFICIENTS PROPOSED BY 
AASHO COMMI1TEE ON DESIGN, OCT. 12, 1961 

Pavement Component Coefficientb 

Surface course 

Roadmix (low stability) 0.20 

Plantmix (high stability) 0.44* 

Sand asphalt 0.40 

Base course 

Sandy gravel 
' 	0.07c 

Crushed stone 0.14* 

Cement treated (no soil-cement) 

Compressive strength @ 7 days 

650 psi or more d 0.23c  

400 psi to 650 psi 0.20 

400 psi or less 0.15 

Bituminous treated 

Course graded 
034c 

Sand asphalt 0.30 

Lime treated 0. 15-0.30 

Subbase course 

Sandy gravel 0.11 

Sand or sandy clay 0.05-0.10 

*Eatablished from AASHO Road Test data 

From AASHO Interim Guide. 

bi is expected that each state will study these coefficients and 
make such changes as experience Indicates necessary. 

cThiS value has been estimated from AASHO Road Test data, but not 
to the accuracy of those factors marked with an asterisk. 

dCOmpresslve  strength at 7 days. 

fies the design. However, Van Til et al. (D-3) have advo-
cated that, because the flexible pavement is a layered 
structure, each layer must be checked to ensure that an 
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adequate thickness of proper material is provided as cover. 
This logic parallels that of the CBR design method in which 
the thickness of pavement above any specific layer must be 
such that excessive stresses (greater than the strength) do 
not occur in that layer. 

Figure D-4 illustrates the suggested procedure for check-
ing the pavement design on this layered concept. In es-
sence, the procedure is to select appropriate S1  values for 
each layer and then compute the required SN j.  value from 
the design equation or nomograph. By using the differences 
in SN between the computed SN required over each layer, 
the minimum allowable thickness of any given layer must 
be obtained. 

Soil Support Value (5) 

The arbitrary manner in which the soil support scale was 
introduced into the AASHTO design procedure has been 
previously discussed. Because this input value, 5, can not 
be directly obtained by testing, each design agency using 
the Guide must establish correlations between standard soil 
tests (e.g., CBR, R, triaxial strength) and soil support value. 
Figure D-5 illustrates such a correlation. Figure D-5(a) is 
based on a Utah study, while D-5(b) is based on a layered 
elastic study (D-3). A close examination of these two stud-
ies shows that even though the two are in fairly good gen-
eral agreement, differences in S for a given soil test pro-
cedure do occur. This fact illustrates the obvious necessity 
to use as much engineering judgment as possible with the 
selection of the soil support value. 

Minimum Layer Thicknesses 

The suggested minimum layer thicknesses for surface, 
base, and subbase course are 2, 4, and 4-in., respectively. 
These minimums are based primarily on construction and 
maintenance considerations. Obviously, the minimum thick-
ness for the subbase layer is only applicable when such a 
layer is used in the pavement structure. 

Forest Service Layer Coefficients 

Much study and research has been given to the layer 
coefficient variables in design. Coefficients are not con-
stant but vary with input variables such as traffic, position 
in the pavement structure, and so forth. The present state 
of the art requires engineering judgment for correct choice 
of coefficients. 

In applying engineering judgment the probability of suc-
cess must be considered. The designer must think in terms 
of what strength is a material likely to have considering the 
construction process and not what strength is developed in 
the laboratory. 

As a guide to selecting proper layer coefficients, assuming 
adequate construction inspection by experienced person-
nel, the Forest Service (D-1) has published tables that aid 
in the final decision when a range of values is possible. 
This procedure is discussed in Ref. D-l. 

LAYERED ELASTIC PROCEDURES 

When using multilayered elastic theory in conjunction 
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with limiting strain criteria for design, three factors must 
be considered: (1) theory used, (2) material characteriza-
tion values, and (3) development of failure criteria for each 
mode of distress. Elastic layered design procedures con-
sider both permanent deformation (rutting) and fatigue 
cracking of the asphalt-bound layer as the two most sig-
nificant failure mechanisms. 

A simplified approach to the elastic design procedure is 
outlined as follows: 

Determine the nature and value of the wheel loads to 
be carried. 

Determine the cross-section geometry (thickness) and 
types of material in each layer. 

Estimate "elastic" parameters (modular, Poisson's 
ratio) for each material. 

Compute stresses, strains, and defiections using an 
appropriate theoretical method. 

Compare these stresses and strains with appropriate 
failure on performance criteria. 

Load Evaluation 

Except for complex special cases the individual wheel 
loads should be converted to some single value. For most 
computerized computation methods, the effect of adjacent 
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Figure D-3. Suggested AASHO layer coefficient nomographs. (a) Variation in a1 with surface course strength parameters. (b) Variation in a8 for granular sub-
base and subbase strength parameters. (c) Variation in a2 for bituminous-treated bases with base strength parameters. (d) Variation in granular coefficient  a2 with 
base strength parameters in a2 for cement-treated bases with base strength parameters. [From Van Til, et al. (D-3)] 
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SN2 	 Layer 1-Surface 
SN4 	SN ) 	 -- 	- 

f'r 8ase? 1 

3-Subbase 

Layer 4-Subgrade 

Pavement structure analysis 

Figure D-4. Alternate procedure for determining flexible pave-
ment layer thicknesses. (From AASHO Interim Guide, 1972) 

wheels can be accounted for by superposition. In addition, 
it may be necessary to examine the pavement system by 
layers in conjunction with various materials. 

Thickness and Materials 

Construction and/or maintenance records should provide 
adequate information. 

Elastic Parameters 

Ideally, the various materials should be tested. However, 
an estimate of these values can be made by using the ex-
perience of several researchers as given in Table D-5. 

Computaton of Stresses, Strains, and Deflections 

Several computer programs are available, such as the 
Chevron 5-L or n-layer program, or the Shell BISAR 
(D-8). Although the BISAR program is more powerful 
and flexible, it may be too time consuming and costly for 
many computations. The input to the Chevron program is 
limited to a single load, but others can be added by super-
position. Furthermore, the Chevron program has been 
modified to accept up to ten surface loads. The modifica-
tion is called ELSYM 5 (D-9). If computers are not avail-
able, computations can be made by using tabulated infor-
mation such as that in Highway Research Board Bulletin 
342. Those particular values required for analysis are given 
in Table D-6. 

Comparison with Failure Performance Criteria 

Infrequently applied, abnormally heavy loads can cause 
either excessive permanent deformation (rutting) or crack-
ing of the surface. A single pass may not manifest itself 
immediately as a "failure," but may substantially decrease 
the number of normal loads that can be carried before 
failure occurs. To date, it is somewhat difficult to specify 
allowable values for stress or strain because these data are 
not yet readily available from experience. However, one 
can use values such as those given in Table D-7, which are 
only approximate for the materials shown for fatigue type 
cracking. 

Limiting subgrade strain criteria have been offered by 
several design agencies. Some of these are summarized in 
Table D-8. It should be noted that design based on these  

parameters does not ensure that permanent deformation 
will be avoided in the upper layers. 

It is extremely important in using the criteria in Table 
D-8 that identical values of the critical asphaltic concrete 
modulus (Table D-9), Poisson's ratio (Table D-10), and 
assumed granular base—subgrade modular ratios be used. 

SUMMARY 

This appendix is only a basic guide to flexible pavement 
design and should not be regarded as in anyway a complete, 
self-contained procedure. Instead, it is meant as a guide 
toward more detailed procedures that can be used success-
fully in the design of recycled pavements. 
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TABLE D-5 

APPROXIMATE METHODS FOR ESTIMATING ELASTIC PARAMETERS 
FOR PAVEMENT MATERIALS [AFTER FOREST SERVICE 
HANDBOOK (D-1)] 

Modulus of Poisson's 
Material Elasticity, 	psi Ratio 

Asphalt concrete 200,000 - 600,000 Low stiffness: 	0.50
High stiffness: 	0.35 

Low stiffness: 	0.50 
Asphalt treated base 100,000 - 600,000 High stiffness: 	0.35 

Uncracked: 	up to Uncracked: 	0.20 
2,000,000 

Cement treated base Cracked: 	down to 
values for untreated Cracked: 	0.30 
granular base material 

Uncracked: 	up to Uncracked: 	0.20 
500.000 

Lime treated base Cracked: 	down to 
values for untreated Cracked: 	0.30 
granular base material 

Untreated granular 2.5 times the value 0.30 
base for underlying material 

Subgrade soil 1500 x C.B.R. 	(psi) 
Cohesive: 	0.50
Non-cohesive: 	0.30 

TABLE D-7 

APPROXIMATE FATIGUE RELATIONSHIPS FOR STABILIZED MATERIALS 
[AFTER FOREST SERVICE HANDBOOK (D-1)] 

TABLE D-6 

STRESSES, STRAINS, AND DEFLECTIONS 
REQUIRED FOR ANALYSIS [AFTER FOREST 
SERVICE HANDBOOK (D-J)] 

Layer Required Response 

Asphalt surfacing Horizontal strain at bottom 
and asphalt (only required if untreated 
treated base base Is utilized) 

Horizontal stress at bottom 
Cement and lime (vertical 	stress and strain 
treated base at top) 	or stress ratio 

Untreated 
Horizontal stress at bottom 

granular base 
(vertical 	stress and strain 
at top)* 

Subgrade Vertical 	strain at top 

considered for permanent deformation 

Number of Repetitions to Failure 
Material 

10 100 1,000 10,000 1C0,000 1,600.000 

Asphalt stabilized -6 
tensile strain x 	10 4,000 2,000 850 400 140 85 

(dense graded) 

Cement stabilized 
tensile stress, 	psi 140 125 105 90 72 51 

(granular 	soil) 

------- 

Cement stabilized 
tensile stress, 	psi 92 85 78 70 62 54 

(silty clay) 

Lime stabilized 
ratio of applied 

0.87 0.79 0.72 0.63 0.55 0.7 
stress 	to static 
strength 
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TABLE D-8 

LIMITING SUBGRADE STRAIN CRITERIA [AFTER YODER AND WITCZAK (D-5)] 

- 	- Original Revised. The Asphalt - 	Kentucky 

Shell Oil Co. Shell OilCo. Institute Highway.  

Strain parameter 

Year introduced 1962-1965 1970-1972 1971-1973 1971-1973 

Type pavement Highways Airfields Airfields Highways 

Allowable strain 

N1 =10 - - - - 
10' - - 2548 - 
10' 2700 4500 1904 790 

10 1680 2700 1646 639 

10' 1050 1700 1508 502 

10' 650 1030 1423 364 

107  420 650 - 227 

10' 260 400 - 89 
00 - - 1060 - 

Effective E1  (ksi) 140 (thin A.C.) 150 100 480 (33% A.C.) 
200 (thick A.C.) - - 300 (100% A.C.) 

Note: to, is maximum compressive subgrade strain (X 10' in./in.). - 

TABLE D-9 

POISSON'S RATIO USED BY VARIOUS AGENCIES 
[AFTER YODER AND WITCZAK (D-5)] 

Original Shell Revised Shell The Asphalt Kentucky 

Material Oil Co. Oil Co. Institute Highway 

Asphalt concrete 0.50 0.35 0.40 0.40 

Granular base 0.50 0.53 0.45 	. 0.45 

Subgrade 0.50 	. 0.35 0.45 0.45 

TABLE D-10 

GRANULAR BASE-SUBGRADE MODULAR RATIOS 
[AFTER YODER AND WITCZAK (D-5)] 

Agency 3000 

K-Modular Ratio for E,, Shown 

6000 	12,000 	20,000 30,000 

Shell Oil Co. 3.5 2.4 1.9 1.8 1.7 

The Asphalt Inst. 4.8 2.7 1.8 1.6 1.5 

Kentucky High. Dept. 

150,000psi 4.6 3.5 2.7 2.2 1.9 
270,000psi - 	4.2 3.4 2.7 2.3 2.0 
600,000psi 3.8 3.2 2.7 2.4 2.2 

1,800,000psi 3.6 3.1 2.7 2.5 2.3 
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APPENDIX E 

THICKNESS DESIGN FOR ASPHALTIC CONCRETE OVERLAYS 
ON RIGID PAVEMENTS 

Two overlay design methods are currently available that 
allow the engineer to determine the thickness of asphaltic 
concrete overlay on a rigid pavement. The Corps of Engi-
neers procedure (E-1) was developed for airfield pave-
ments but has been used for highway pavements. The 
Illinois procedure (E-2) is a modification of their design 
procedure and is suggested for use. 

ILLINOIS PROCEDURE 

A large number of resurfaced portland cement concrete 
pavements were studied in Illinois and their performance 
was evaluated relative to performance predictions for new 
pavements. The Illinois analysis showed that the perform-
ance of the resurfaced pavements resembled the perform-
ance of rigid pavements more closely than that of flexible 
pavements. A design procedure was developed by modify-
ing the currently used rigid pavement procedure. The pro-
cedure used the design parameters of traffic, soil support, 
and material thicknesses. 

Traffic is evaluated in terms of equivalent 18,000-lb 
single-axle load applications based on the AASHO Road 
Test performance equation for rigid pavements. Material 
thicknesses are included as a structural number similar to 
that employed in the AASHO Interim Guide procedure for 
flexible pavements. The design analysis is presented in the 
form of nomographs that include the three design 
parameters. 

Equivalent 18-kip axle-load applications (traffic factor) 
are determined by using the appropriate equation from 
Figure E-1, a selected design period not exceeding 15 years, 
and the estimated average daily traffic for the middle year 
of the design period. The next step in the state's procedure 
is to determine the soil support value. This is usually 
determined from original soil surveys or from construc-
tion or design records. Once the traffic factor and soil 
support values have been determined, the next step is to 
apply them to the appropriate nomograph (Figs. E-2 or 
E-3). It is noted that the roadway classifications, defined 
in Figure E-1, determine which traffic factor equation and 
nomograph are applicable. A straight line is constructed 
that connects the traffic factor and soil support value on the 
appropriate nomograph. The point of intersection on the 
structural number scale is the required resurfacing struc-
tural number. The overlay thickness can be determined by 
using the thickness of the existing pavement components. 
If it is the first overlay to be applied to the pavement, the 
thickness is based on 

SNr -026 Dc 
DF = 

	

	 (E-1) 
0.40 

DEFINITIONS 

Class I Roads and Streets 

Trunk, major , area service, and collector roads and streets designed as 
fourlane or more facilities, and one-way streets with structural design 
traffic greater than 3,500 ADT. 

Class II Roads and Streets 

Major and area service roads and streets designed as two-lane facilities, 
oneway streets with structural design traffic less than 3,500 ADT and 
collector routes designed as two-lane facilities with structural design 
traffic greater than 2,000 ADT. 

Class III Roads and Streets 

Collector routes designed as two-lane facilities with structural design 
traffic between 750 and 2,000 ADT. 

Class IV Roads and St 

Collector and land access routes with structural design traffic less than 
750 ADT. 

TRAFFIC FACTOR EQUATIONS 

Class I Roads and Streets 

DP(0.146 x U x PC + 44.895 x U5  x SU + 421.575 x UM  x MU) 

TF = 	 11000,000 

Class II, III, and IV Roads and Streets 

DP(O.146xu x PC + 44.895 x U5  x SU + 413.910 x UM  x MU) 

TF 	 1,000,000 

Where: 
TF = equivalent 18-kip single axle load application in millions 
OP = design period, not to exceed 15 years 
PC = average daily passenger car traffic 
SU = average daily single unit traffic 
MU = average daily multiple unit traffic 

= percent passenger cars in design lane 

U= percent single units in design lane 

UM = percent multiple units in design lane 

Figure E-1. Definitions of road classes and traffic equations. 

in which: 

DF = overlay thickness; 
SNr = resurfacing structural number; and 
Dc = PCC pavement thickness. 

For second overlays the thickness is determined by 

SNr -(0.25 D + 0.17 Dc) 
Ds= 	 (E-2) 

0.40 
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in which Ds is the second overlay thickness. However, it is 	cause the procedure was developed with the assumption 
suggested that, for Class I and Class II roads, the overlay 	that the existing pavement will be properly repaired prior 
thickness be a minimum of 3 in. and, for Class III and 	to placement of the resurfacing, the selected thickness will 
Class IV roads, a minimum of 21/4  and 11/2  in., respectively, 	not be adequate to bridge highly distressed or failed areas 

The procedure as developed by Illinois provides a means 	in the existing pavement. 
of determining the resurfacing thickness required to up- 
grade structural capabilities and restore the riding quality 	REFERENCES 

of properly repaired existing concrete pavements and re- 	E- 1. Department of Army Technical Manual, TM 5-822-6 
surfaced concrete pavements that have already served their 	(Apr. 1969). 
original lives. It is not intended for use in selecting thick- 	E-2. ELLIOTT, R. P., "Thickness Design Procedure for 
nesses for . structurally sound pavements that require re- 	Bituminous Resurfacing of Portland Cement Con- 
surfacing simply to restore riding qualities lost because of 	crete Pavements." Illinois Division of Highways, 
scaling, raveling, or inadequate skid resistance. Also, be- 	R&D Report (Nov. 30, 1971). 
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COST INFORMATION-CONSTRUCTION, RECYCLING, 
AND MAINTENANCE OPERATIONS 

This appendix contains information defining costs asso-
ciated with highway construction, reconstruction, recycling 
and maintenance operations. (Costs given are those asso-
ciated with construction, rehabilitation and maintenance in 
1977. Costs escalations can be approximated by the means 
suggested for updating cost information discussed later in 
this appendix.) The costs are intended to be representative 
only. If costs for these operations are available from the 
agency's historical records, they should be substituted 
appropriately. 

Costs of common recycling operations are given in 
Tables F-i and F-2. Table F-i contains representative costs 
of the 24 recycling operations used extensively in the re-
port. Table F-2 contains cost information on specific re-
cycling techniques that form a part of a recycling operation. 

Costs of common highway construction operations are 
given in Table F-3 (F-3, F4). These costs are considered 
representative of average costs in the United States. 

Costs associated with highway maintenance operations 
are given in the following in considerable detail. The rea-
son for this detail is based on the premise that maintenance 
costs are not readily available to the engineer. 

HIGHWAY MAINTENANCE COSTS 

Annual highway maintenance budgets for the various 
states range from a low of $9,000,000 (Hawaii) to a high 
of $160,000,000 (California), with an average of $41,000,-
000. Annual maintenance costs are on the order of $1,000 
to $4,000 per lane mile ($600 to $2,400 per km) (F-i). 
Thus, it is apparent that highway maintenance expenditures 
have become a significant portion of the total money ex-
pended on the highway system. 

Maintenance costs for the pavement are typically of the 
order of 30 to 50 percent of the total highway maintenance 
budget. Expenditures for mowing, vegetation control, 
drainage, traffic services, snow and ice control, and ad-
ministration are the other areas of a state's maintenance 
program that require relatively large expenditures. 

In an attempt to define pavement maintenance cost, four 
states were contacted and maintenance cost information 
was obtained (F-2 through F-9). A summary of state-wide 
pavement maintenance costs by maintenance activity is 
given in Table F-4 for Arizona, California, Nevada, and 
North Dakota. These costs are for the 1976 fiscal year 
(March—April 1977). Low and high costs represent the 
range of unit costs for individual districts within each state. 
Also given are average costs for each maintenance activity. 
In addition, productivity, crew size, and equipment require-
ments for the individual maintenance activities are given in 
the table. 

Flexible Pavements 

A review of Table F-i indicates that a wide variety of 
pavement maintenance activities has been defined. For 
purposes of establishing maintenance cost information for 
flexible pavements, these activities have been condensed to 
the following items: 

Fog seal—partial width. 
Fog seal—full width. 
Chip seal—partial width. 
Chip seal—full width. 
Surface patch—hand method. 
Surface patch—machine method. 
Digout and repair—hand method. 
Digout and repair—machine method. 

Crack pouring. 
Asphaltic concrete overlay. 

A general description for each activity is given in Table 
F-5 together with average, low, and high unit costs for 
these activities. The reported suggested costs are the proj-
ect research team's best estimate of representative unit costs 
for the stated maintenance activity (Table F-5). Figure 
F-i, which is a comparison of unit costs for the four states 
surveyed, was used as an aid in the analysis of the data 
and determination of representative average unit costs. The 
wide range of reported unit costs for this condensed list of 
activities is due in part to different crew sizes used in the 
various states, different equipment requirements for various 
states, differences in maintenance work activity as defined 
by various states, variety of traffic conditions under which 
maintenance is performed, type of facility on which main-
tenance activities are performed, and amount of work per-
formed per lane mile. 

Maintenance unit cost information has been converted 
to costs per square yard of total pavement surface area 
treated and cost per lane mile. Figure F-2, which graphi-
cally represents pavement area treated for a lane mile of 
highway, was used to estimate the amount of area typically 
treated. The suggested average unit cost for the mainte-
nance activity (Table F-2) was used together with the ex-
pected range in cost to prepare Figures F-3 to F-12. These 
figures graphically illustrate the cost per square yard or cost 
per lane mile of rehabilitated pavement. Thus, costs are 
represented in terms of percent of total pavement surface 
area treated. Adjustments, based on experience, were used 
to alter average unit costs when very small or very large 
areas of the pavenrent were treated with a particular main-
tenance activity. For information purposes, the approxi-
mate pavement condition has been estimated in each case, 
in terms of distress type, distress severity, and distress extent. 



TABLE F-i 

REPRESENTATIVE COSTS FOR PAVEMENT RECYCLING OPERATIONS 

TY?E OPATION OPTION OR EXPECTED RESULTS REPRESENTATIVE ASSU1T1ONS 

COSTS PER SQ.YD 
AVERAGE RANGE 

Heater Planer Without Additional Aggregate AL 0.50 0.35 - 0.90 heat, 	plane, 	clean-up, 	haul, 	traffic 

control 

With Additional Aggregate *2 0.45 0.30 - 0.80 spread aggregate, 	heat, 	roll, 

traffic control 6 clean-up 

Heater Scarify Heater .carity only A3 0.50 0.25 - 0.80 heat, 	scarify, 	recoa'pacL, 	traffic 

control 	(3/4 	Inch scarification) 

Heater •carlIy plus thiq overlay of aggregate A4 1.10 0.80 - 1.40 heat, 	scarify, 	recoepact.r add 50 lbs 
of asphalt concrete per square yard, 

compact, 	traffic control. 	(3/4 	inch 

S 
scarification) 

U 

S  Heater ecarify plus thick overlay *5 3.30 2.60-6.00 - 	hear, 	scarify, 	reco,act,add 	300 

vi  lbs of asphalt concrete per sçuare 

yard, 	coapact, 	traffic control 	(3/4 

inch scarification) 

Surface Surface milling only A6 - 0.60 0.35 - 1.20 millIng, 	cleaning, 	hauling, 	traffic 

Milling or control, 	(1 	inch renoval) 

Grinding 
Surface milling plus thin overlay *7 2.60 2.00 - 3.00 milling, 	cleaning. 	hauling, 	200 lbs 

of asphalt concrete, 	traffic control 

(1 	inch rcaval) 

Surface milling plus thick overlay *6 4.60 3.75 - 	5.75 milling, 	cleaning, hauling, 	400 lbs 
of asphalt concrete, 	traffic control 

(1 	inch rcooval) 

s Asphalt Minor etructural 	improverent without new binder 81 2.80 2.20 - 3.40 rip, 	pulverize and remix to 4 	inch 

rn Concrete surface S  depth with 2 inches of asphalt, 

a. lee than 5 	in. concrete, 	traffic control 

00 
Ui 



TABLE F-I (Continued) 

TYPE OPERATION OPTION OR EXPECTED RESULTS REPRESENTATIVE ASSU.'(PTIOUS 
COSTS PER 

MLRACE RAMCE 

Asphalt Minor structural isprovesent with new binder 82 2.40 1.90 - 2.90 rip, 	pulverize and renix with Concrete 
Surface less 

stabilizer to 4 	inche depth with 1 

than 5 in. inch of asphalt concrete, 	traffic 
control 

Major structural taprovenenc without new binder 83 :5.20 4.10 - 6.30 rip, 	pulverize and reels to 6 In 
depth with 4 inch 	of asphalt 

- concrete, 	traffic control 

Major structural iwproveat with new binder s4 4.10 3.30 - 4.90 rip, 	pulverize and rexix with 
V stabilizer to 6 inch depth with 2 

tnche9 of asphalt concrete, 	traffic 
control 

Minor structural inprovenent without new binder 85 3.00 2.40 - 3.60 rip, 	pulverize and reels to 4 inch 
depth with 2 	inches of asphalt 
concrete, 	traffic control 

Asphalt Minor structural inprovement with new binder 86 260 2.10 - 3.10 rip, 	pulverize and renix with 
Concrete stabilizer to 4 	inch depth with 1 
surface inch of asphalt concrete, 	traffic 
$reater than control 
5 inches 

Major structural tizprovenent without new binder ai 5.50 4.40 - 6.60 rip, 	pulverize and reels to 6 inch 
depth with 4 	inches of asphalt 
concrete, 	traffic 	control 

Major structural inprovenent with new binder 88 4.40 3.50 - 5.30 rip, 	pulverize and rents with 
stabilizer 	to 6 inch depth with 2 
inches of asphalt concrete. 

- traffic control 

Minor structural improveczient without new binder Cl 3.60 2.90 - 4.30 renove, 	crush, and replace to 4 
Cold Mix inch depth with 2 inches of asphalt — 

a-. 
Process concrete, 	traffic control 

Minor structural inprovenent with new binder C2 3.00 2.40.- 3.60 renove, 	crush, 	nix, 	and replace to 
I.)  4 	inch depth with 1 inch of asphalt 

U concrete, 	traffic control 



TABLE F-i (Continued) 

TYPE OPERATION OPTION OR EXPECTED RESULT REPRESENTATIVE ASSINPTION 

COSTS PER SQ YD 
AVERAGE RANGE 

Major structural improvement without new binder C3 6.40 5.10 - 7.70 remove, crush and replace to 6 inch 
depth with 4 inches of asphalt 

Cold $ix concrete, traffic control 

Process 
Major structural improvement with new binder C4 5.00 4.00 - 6.00 remove, crush, mix and replace to 

6 inch depth with 2inches of 
asphalt concrete, traffic control 

C 
Minor structural improvement without new binder CS 3.90 3.10 - 4.70 remove, crush, and replace to 4  

inch depth with 1.5 inches of 
asphalt concrete, traffic control 

Minor structural improvement with new binder C6 3.30 2.60 - 4.00 remove, crush, mix and replace to 

U 4 inch depth with 1/2 inch of 

HOt Mix asphalt concrete, traffic control 

Process - 
Major structural improvement vttboui new binder C7 6.60 5.30 - 7.90 remove, crush and replace to 6 inch 

depth with 3 inches of asphalt 
concrete, 	traffic control 

Major structural improvement with new binder C8 5.20 4.20 - 6.20 remove, crush, mix and replace to 
6 inch depth with 1 inch of asphalt 
concrete 

1 inch = 25.4 m 

1 lb(f) = 4.448 N 

00 
-4 
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TABLE F-2 

COSTS OF COMMON RECYCLING OPERATIONS 

RECYCLING OPERATION REPRESENTATIVE COSTS 
PER SQ YD - INCH* 

AVERAGE RANGE 

Heat and Plane Pavement - 3/4 inch depth 0.25 0.15 - 0.50 

Heat and Scarify Pavement - 3/4 inch depth 0.40 0.15 - 0.70 

Cold Mill Pavement 0.60 0.30 - 1.00 

Rip, Pulverize and Compact - Existing 0.20 0.13 - 0.35 
Pavement less than 5 inches of Asphalt 
Concrete 

Rip, Pulverize, Stabilize and Compact - 0.35 0.20 - 0.40 
Existing Pavement less than 5  inches of 
Asphalt Concrete 

Rip, Pulverize and Compact - Existing 0.25 0.15 - 0.40 
Pavement Greater than 5 inches of Asphalt 
Concrete 

Rip, Pulverize, Stabilize and Compact - 0.40 0.25 - 0.50 
Existing Pavement Creater than 5 inches of 
Asphalt Concrete 

Remove and Crush Portland Cement Concrete 0.50 0.30 - 0.70 

Remove and Crush Asphalt Concrete 0.30 0.20 - 0.50 

Cold Process - Remove, Crush, Place,Compact, 0.40 - 	0.30 - 0.60 
Traffic Control - (Cold Process) without 
stabilizer 

Cold Process - Remove, Crush, Mix, Place, 0.50 0.35 - 0.70 
Compact, Traffic Control - (Cold Process) 
with stabilizer 

Hot Process - Remove, Crush, Place, Compact, 0.60 0.45 - 0.90 
Traffic Control - without stabilizer 

Hot Process - Remove, Crush, Mix, Place, 0.70 0.50 	1.00 
Compact, Traffic Control - with stabilizer 

L.osts are for a square yard inch except where listed 

TABLE F-3 

COSTS OF COMMON HIGHWAY CONSTRUCTION OPERATIONS 

CONSThUCTION OPENATION REPRESENTATIVE COSTS 
PER SQ '(0 - INCH 

AVERAGE RANGE 

Untreated Base Course 0.40 0.10 - 0.60 

Lime Stabilized Subgrade 0.25 0.17 - 0.35 

Cement Stabilized Subgrade 0.30 0.20 - 0.40 

Cement Treated Base 1.00 0.80 - 1.10 

Asphalt Treated Base 0.85 0.70 - 1.00 

Asphalt Concrete 1.00 0.80 - 1.20 

Chip Seal 

Portland Cement Concrete 

0.35 

1.35 

0.20 - 0.45 

1.00 - 1.50 



TABLE F-4 

HR.HWAY MMN NANc .  COST FOR VARIOUS MAINTENANCE ACTIVITIES 
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TABLE F-5 

UNIT COST FOR FLEXIBLE PAVEMENT MAINTENANCE OPERATIONS 

D..cript iv. Geasral Deac ription Stat. Bo. Lepor ted Average t! it Sv..t.d Cost. • DoU.srs 

Titis Cost. Dollars Avg. Low High unit of 
measure 

Fog Seal - Light application of diluted maulsion AR! 109 0.095/742 .095 .075 .131 yd2  
Partial Width or a proprietary material over a 

partial lane.  

Fog Seal - Light application of diluted emuslion AR! 108 0.069/yd7  
Pull Width or a propri.tary material over a fuLl CAL 01.983 0.06/742 

06 05 11 d2  
lane width in a continous section. NEV 101.06 0.06Iyd2 V 

ND 435 0.11/yd2  

Chip Seal - Application of Asphalt and cover AR! 106 0.36/yd2  
Partial Width aggregate to a limited area. CAL 01-051 0.41/yd2 

.3 .23 2 . 61 d2  y 
NEV 101.05 0.23/742 

ND. 412 0.26/742 

Chip Seal - Application of asphalt and cover All 106 0. l8/yd 
Pull Width agagate to $ full lan, width in CAL 01-054 Q. 24/yd .21 18 24 yd2  a continous section. NEV 101.09 0.23/742 

MD 422 0.21/yd  

Surface Application of a Permi.x material AR! 102 34.56/yd 	- 
Patch-Band to the surface of the pavement by CAL 01-031 147.00/yd3 	. 130.00 60.00 170.00 yd3  
Method hand method. NEV 101.02 123.60/ya  
Surface Application of a PranLa material AR! 102 34.56/yd3 
Patch-Macht, to the surface of the pavement with CAL 01-021 52.50/y4 
Method machine CAL 01-022 43.00/yd3 . 3 

CAL 01-023 28.50/,d 28.00 20.00 40.00 yd 
CAL 01-024 40.40/d 
NEV 101.0 27.96/yd3  
ND 421 22.35/y43  

Digout 6 Reaoval 6 repair of,  limited areas AR! 112.39/yd3  
Repair Rand by use of hand tools. CAL 

1101 
01-034 145.00/, 110.00 40.00 160.00 yd 

Method . MD 411 55.34/yd'  

Digout 6 Rva1 6 repair of limited areas AR! 27.3.8'yd3  
Repair by use of mechanized equipment. CAL 

1105 
01-011 	68.00/yd3  25.00 10.00 70.00 yd 

Machine WRY 101.01, 	17.35/yd3  
Method 

Crack Pouring crecks to flexible pave- ARt 103 3.38/gai 
Pouring aent with aephalt material (may CAL. 4 .83/gal 

include cleaning with compressed CAl. 
101-041  
01-042 6.41/ga.l 3.25 1.10 6.50 gal 

air & covering with sand. REV 101.07 3.00/gal 
MD 414 1.18/gal 

Aapb1t Application of en asphalt concrete T 21.005/ton 31.00 23.00 41 00 yd 3  
Concrete overlay uaually less than about 2 US 15.12*/te . 
Overlay inches. 

Coat per ton Matrie Conversions: 1 yd2 
 - 0.83 .2 

1 yd3  - 0.76 

This condition is in the form of deduct points, as described 
in Epps et al. (F-12). The overall pavement condition is 
represented by a number from 0 to 100, where 100 repre-
sents a distress-free pavement. The deduct points are to be 
subtracted from 100 (or some existing initial value less than 
100)-thus, the more extensive the maintenance the higher 
the deduct point. These deduct points are shown in each 
figure. 

To prepare this cost figure for each maintenance activity, 
representative average costs were selected from Table F-5, 
keeping in mind the range of reported costs. Each activity's 
costs are described in the following paragraphs. 

Fog Seal-Partial Width 

Costs for, various percentages of the pavement surface 
area treated are shown in Figure F-3. An average unit cost 
of $0.095 per yd2  ($0.11 per m2 ) is the basis for the rela-
tionship represented in Figure F-3. 

1 too - 907 kg 

Fog Seal-Full Width 

Costs for various pavement conditions are shown in 
Figure F-4. An average cost of $0.06 per yd2  ($0.07 per 
m2 ) was used as the basis for the relationship. For pave-
ments that are severely raveled (30 or more deduct points), 
the amount of applied emulsion was increased 0.02 gal per 
yd2  (0.09 liter per m2 ). Because material costs represent 
20 percent of the total unit cost of this operation (F-2), an 
increase in cost of $0.01 per yd2  ($0.012 per m2 ) resulted. 
Also, costs representing treatments for lightly raveled.pave-
ment were reduced by $0.01 per yd2  ($0.01 per m2). 

Chip Seal-Partial Width 

Costs for various percentages of the pavement surface 
area treated are shown in Figure F-5. An average unit cost 
of $0.35 per yd2  ($0.42 per m2 ) is the basis for the rela-
tionship represented in Figure F-5. 



Chip Seal—Full Width 

Costs for various pavement conditions are shown in 
Figure F-6. An average unit cost of $0.21 per yd2 ($0.25 

per m2 ) was used as the basis for, this relationship. An 
appioriate cost adjustment was made for pavcmcnts re-
quiring additional asphalt because of their surface condi-
tiori. Some states placing chip seals under contract have 
experienced unit costs of the order of $0.35 per yd2  to 
$0.40 per yd2  ($0.42 to $0.48 per m2 ). 

Surface Patch—Hand Method 

Costs for various percentages of the pavement surface 
area treated are shown in Figure F-7. An average unit cost 
of $130 per yd3  ($170 per m3) of material placed was used 
as the basis for this relationship, assuming a 1-in. (2.5-cm) 
thick patch. 
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Figure F-i. Ranges in flexible pavement unit costs. 

5 % 
 

Surface Patch—Machine Method 

Costs for various percentages of the pavement surface 
area are shown in Figure F-8. An average unit cost $50 
per yd3  ($65 per m3) of material placed was used as the 

I % 	 • 	basis for this relationship, assuming a 1-in. (2.5-cm) thick 
patch. 

Digout and Repair—Hand Method 

- U 	 •' U 	U U 
1% 	 , 	 I2FT 

5280 FT 	 '..1 
Figure F-2. Graphic representation of area to be repaired 
(.1 ft=03 m). 

Costs for various percentages of the pavement surface 
area treated are shown in Figure F-9. An average unit cost 
of $110 per yd3  ($144 per m3) of material placed was used 
for this relationship, assuming a 6-in. (15-cni) thick patch. 

Digout and Repair—Machine Method 

Costs from various percentages of the pavement surface' 
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Figure F-4: Representative maintenance costs for full width fog seal. 	 Figure F-6. Representative maintenance costs for full width chip seal. 
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Figure F-S. Representative maintenance costs for machine surface patch. 

area treated are shown in Figure F-b. An average unit 
cost of $25.00 per yd3  ($32.70 per m3) of material placed 
was used as the basis for the relationship, assuming a 6-in. 
(15-cm) thick patch. 

Crack Pouring 

Costs for the pouring of various amountsof cracks (rep-
resented by linear feet (0.3 m) of cracks per 100 ft 
(30.5 m) length of a 12-ft (3.7-rn) lane are shown in 
Figure F-il. An average unit cost of $3.25/gal ($085/  

liter) of crack sealing material placed was used as the basis 
for this relationship. It was assumed that 1 gal (3.785 liter) 
of liquid would be used to pour 50 lineal ft (15 m) of 
cracks. 

Asphaltic Concrete Overlay 

Costs for the placement of various thicknesses of asphal-
tic concrete are shown in Figure F-12. An average unit 
cost of $16/ton or $31.30/yd3  ($0.018/kg or $40.90/rn3) 
was used as the basis for this relationship. Overlay costs 
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Figure F-9. Representative maintenance costs for hand digout and repair. 
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Figure F-JO. Representative maintenance costs for machine digout and repair. 

of the order of $20/ton ($0.022/kg) are not unusual in 	Table F-6, it will be necessary toobtain data from a state, 
many parts of the United States. 	 county, or city performing that activity. 

The reader is reminded that the maintenance activities 

Discussion of Flexible Pavement Costs 	 described in this report are normally performed on pave- 
ments with certain specific types of distress. For example, 

Information contained in the previous tables and figures 	fog seals and chip seals are popular maintenance or re- 
is summarized in Table F-6 for ten maintenance and re- 	habilitation activities that are used to correct raveling pve- 
habilitation activities. These costs are based on the data 	ments. Typical types of pavement distress and maintenance 
obtained from four states and the assumptions stated in the 	activities associated with maintenance of these types of dis- 
earlier discussion. If the reader has need of determining 	tress are given in Table F-7. The reader is referred to Epps 
maintenance costs for activities other than those given in 	et al. (F-13) for a detailed description of the distress types. 
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Rigid Pavements 

For the purpose of establishing maintenance cost infor-
mation for :rigid pavements, the following five rigid pave-
ment maintenance activities have been defined: 

Mudjacking. 
Temporary patching. 
Permanent patching. 
Joint sealing. 
Expansion point repair. 

Unit cost information is given in Table F-8. Again the. 
wide range of values can be attributed to many of the pre-
viously enumerated reasons, and suggested unit costs are 
offered. 

UPDATING ESTIMATED COST INFORMATION 

Because cost information is obtained from various 
sources at various times it is necessary to bring these costs 
to a common time frame. In order to convert cost figures 



COst Dollars * Par P.rcemt of Total 
Sq Sd tans Nil.. Maintenance Activity P.ve.sut Area Traatad 

Fog Seal - 0.045 320 50 percent 
Partial Width 

Fog Seal - 0.56 420 100 percent 
Full Width 

Chip Seal - 0.06 420 15 percent 
Partial Width 

Chip Seal - 0.21 1500 100 percent 
Full Width 

SurfacePatch - 0.10 700 
2.5 percent 

Hand Method 1 inch thick 

Surface Patch - 
0.08 560 

10 percent 
Machine Method 1 inch thick 

Digout 6 Repair - 0.25 1160 
2 percent 

Hand Method 4 inches thick 

SignalRepair 
0.20 1400 S percent Machine Method 

6 inches thick 

Crack Pouring 	. 0.12 850 250 un. 	ft. 
Per Station 

Asphalt Concrete 
1.90 13,400 100 percent Overlay 

2 inches thick 

TABLE F-6 

REPRESENTATIVE COSTS FOR MAINTENANCE AND 
REHABILITATION ACTIVITIES 

Coscn are for square yards of total pavement surface maintained. For 
ecampie, surface patching by the hond method may have been applied 
over only 5 percent of total pavement surface area, yet costs reported are 
for the total pavement area maintained or one nile of pavement. 
Metric Conversions: 

S yd2  - 0.83 2 

1 ml - 1609 a 

1 in. 	0.024 5 

1 ft - 0.305 5 

TABLE F-7 

MAINTENANCE ACTIVITIES ASSOCIATED WITH FLEXIBLE PAVEMENT DISTRESS 

Types of Distress i4athtenftca Activity 

Surface Patch - Hand Asphalt Concrete Overlay 

Rutting Surface Patch - Machine 

Fog Seal - Partial Width Chip Seal - Partial Width 
Raveling Fog Seal - Full Width Chip Seal - Full Width 

Overlay 
Flushing (Bleeding) Chip Seal - Full Width 

Surface Patch - Hand Digout 6 Repair - Hand 
Corrugations Surface Patch - Machine Digout & Repair - Machine 

Asphalt Cone - Overlay 

Alligator Cracking All Maintenance Operations could be used 

Fog Seal - Partial Width Chip Seal - Partial 
Longitudinal Cracking Fog Seal - Full Width Chip Seal - Full Width 

Crack Pouring Asphalt Cone - Overlay 

Crack Pouring Asphalt Concrete Overlay 

Transverse Cracking Chip Seal - Fill Width 

Surface Patch - Hand Digout 6 Repair - Hand 
Patching Surface Patch - Machine Digout & Repair - Maehine 

Chip Seal -.Full Width Asphalt Concrete Overlay 

Surface Patch - Hand Digout 6 Repair - Hand 
Failures 	. Surface Patch - Machine. Digout & Repair - Machine 

Asphalt Cone Overlay 



TABLE F-8 

UNIT COST FOR RIGID PAVEMENT MAINTENANCE OPERATIONS 

?laintenance Activity S 

Reported Average Unit 
Suggested Unit 	o8t 	Dollar 

Descriptive unit o 

Title General Description State No. Costs, Dollars Avg. Low High measure 

Mudjacking Drilling Holes and Pumping concrete CAL 02-011 7.28/yd2  7.25 sq yd 

slurry under slab to fill the voids 
and raise the slab to grade. 

Tnporary Patch with Bituminous material. CAL 102-021 25.50/yd33 80 20 160 Cu yd 
Patching NEV 106.261yd  

Permanent Patch with P.C.C. NEV 111.02 371.25/yd3  375 cu yd 

Patching  

Joint Cleaning joint, pour joint and apply CAL 02-042 5.75/gal 
Sealing sand as required. CAL 02-043 4.77/gal 7.00 5.00 12.00 gal 

NEV 111.05 10.00/gal.  

Expansion Cut along distressed area, clean out NEV 111.06 6.79/lin ft 6.75 5.00 40.00 ha ft 

Joint Repair area, place filler material.  

MetriC. Conversions: 

1 yd2  • 0.83 a2  

1 yd3  - 0.76 a3  

1 gal - 0.26 litre 

1ft-0.305m  
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TABLE F-9 

CONSTRUCTION COST INDEX HISTORY 1960-1976 [AFTER ENGINEERING 
NEWS RECORD (F-14)] 

1913=100 
	

Monthly 

Annual 
Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Average 

1960 	812 	813 	813 	815 	823 	827 	829 	830 	831 	830 	830 	831 	824 

1961 	834 	834 	834 	838 	847 	850 	854 	854 	854 	854 	855 	855 	847 

1962 	855 	858 	861 	863 	872 	873 	877 	881 	881 	880 	880 	880 	872 

1963 	883 	883 	884 	885 	894 	899 	909 	914 	914 	916 	914 	915 	901 

1964 	918 	920 	922 	926 	930 	935 	945 	948 	947 	948 	948 	948 	936 

1965 	948 	957 	958 	957 	958 	969 	977 	984 	986 	986 	986 	988 	971 

1966 988 997 998 1006 1014 1029 1031 1033 1034 1032 1033 1034 1019 

1967 1039 1041 1043 1044 1059 1068 1078 1089 1092 1096 1097 1098 1070 

1968 1107 1114 1117 1124 1142 1154 1158 1171 1186 1190 1191 1201 1155 

1969 1216 1229 1238 1249 1258 1270 1283 1292 1285 1299 1305 1305 1269 

1970 1309 1311 1314 1329 1351 1375 1414 1418 1421 1434 1445 1445 1385 

1971 1465 1467 1496 1513 1551 1589 1618 1629 1654 1657 1665 1672 1581 

1972 1686 1691 1697 1707 1735 1761 1772 1777 1786 1794 1808 1816 1753 

1973 1838 1850 1859 1874 1880 1896 1901 1902 1929 1933 1935 1939 1895 

1974 1940 1940 1940 1961 1961 1993 2040 2076 2089 2100 2094 2101 2020 

1975 2103 2128 2128 2135 2164 2205 2248 2274 2275 2293 2292 2297 2212 

1976 2305 2314 2322 2327 2357 2410 2414 2445 2465 2478 2486 2490 2401 

1977 .2494 2505 2513 2514 2515 2541 2579 2611 2644 2675 2659 2669 2577 

1978 2672 2681 2693 2698 2733 2753 2821 2829 2851 2851 2861 2869 2776 

1979 2872 2877 ?8R5 2886 2889 2984 3052 3071 3120 3122 3131 3140 3003 

1980 3132 3134 1159 3151 3139 3198 	 - 	 - 

10w ENR builds the Index: 200 hours of coinnon labor at the 20-cities average rate, plus 25 
cwt of standard structural steel shapes at the mill price, plus 22.56 cwt (1.128 tons) of 
Portland cement at the 20-cities average price, plus 1,088 board feet of 2 x 4 lumber at 
the 20-cities average price. 

given earlier in this appendix to a current date, the cost 
index method is suggested. The following equation can be 
used: 

( 'C ' 
c0=c0 

-i--) 	
(F-i) 

in which: 

C = current estimated cost; 
Co  = cost at other time "0"; 

= current index number; and 
10  = index number-at other time "0." 

The index number to use depends on the type of cost being 
estimated. Four indexes are given from which to choose: 

The ENR construction cost index (F-14). 
Bid price trends on federal-aid highway contracts 
(F-15). 
The ENR equipment price index (F-14). 
The cost trends on highway maintenance and opera-
lions (F-16). 

The ENR construction cost index (Table F-9) was de-
signed as a general purpose construction cost index to chart 
basic costs with time. It is a weighted index of constant 
quantities of structural steel, portland cement, lumber, and  

common labor, valued at $100 in 1913. 
The bid price trends on federal-aid highway contracts is 

compiled by the Federal Highway Administration as re-
ported by state transportation agencies (Table F-b). The 
base year for this index is 1967. 

The ENR equipment price index (Table F- 1) is com-
piled from Bureau of Labor statistics and only the January 
1980 index is given (for a base year of 1967). To use this 
index subtract 100 from the 1980 index, then divide by 13 
to obtain an average yearly percent increase in equipment 
costs, or use the percent change listed for the period 1979-
1980. 

The cost trends for highway maintenance and operations 
(Table F-12) are given through 1978 (the latest year avail-
able). To update to 1980, an estimate can be made by 
using Figure F-13. 

REFERENCES 

F-I. 	Results of Questionnaire to State Transportation 
Agencies, 1977. 

F-2. Personal correspondence with John Heilmer, Main-
tenance Systems Engineer, State of California, De- 

- 	partment of Transportation, Division of Highways, 
April 1977. 
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TABLE F-b 

BID PRICE TRENDS ON FEDERAL-AID HIGHWAY CONTRACTS [AFTER ENGINEERING 
NEWS RECORDS (F-14); FHWA (F-15)] 

Federal Highway Administration Base: 1967 - 100 

Surfacing Structures High- ENR 
Exca- Bit. Rein. Struc. Struc. way Build- 

vation PCC conc. Corn- steel steel conc. Corn- Bid ing 
price Price Price bined price price price bined Price Cost 

(y3) Index (y2 ) (t) Index (lb) (lb) (y3) Index Index Index 

1967 	.... 0.54 100.0 4.43 6.47 100.0 0.131 0.247 70.30 100.0 100.0 100.0 

1970 	.... 0.66 121.8 5.42 8.04 123.3 0.163 0.338 92.73 132.2 125.6 124.4 

1971 	. . . . 0.67 123.8 6.06 8.54 134.5 0.177 0.348 97.02 138.5 131.7 141.1 

1972 	.... 0.72 133.4 6.25 9.22 141.9 0.181 0.342 100.17 140.6 138.2 156.0 

1973 Av.  .80 147.1 6.87 9.99 154.8 .207 .373 111.83 156.5 152.4 	169.3 

Qi 0.67 124.1 6.57 9.85 150.3 0.181 0.295 109.34 141.9 137.8 

Q2 75 138.0 6.36 9.90 148.2 0.193 0.352 113.51 153.4 145.9 

Q3 81 149.5 7.10 9.61 154.7 0.212 0.422 110.60 162.1 155.1 

Q4 93 172.7 7.43 10.83 167.7 0.233 0.379 113.51 162.0 167.8 

1974 Av.  1.00 184.1 8.67 14.74 211.3 .340 .551 136.80 214.5 201.8 	179.2 

Q1 97 179.7 8.17 13.28 194.6 .281 .459 129.64 190.2 187.4 

Q2 96 178.0 8.48 15.77 216.8 .342 .555 137.07 215.4 201.4 	- 	- 

Q3 1.02 187.9 8.82 14.64 212.4 .371 .577 152.57 233.7 209.7 

Q4 1.03 190.6 9.10 15.18 219.7 .362 .648 130.33 224.1 209.9 

1975 Av.  1.03 190.6 8.62 15.13 213.8 .297 .554 138.76 210.5 203.8 194.3 

Q1 1.02 188.1 9.84 13.95 219.1 .332 .577 140.93 219.7 207.3 

Q2 1.00 184.9 8.22 14.35 203.2 .320 .542 139.85 213.1 199.3 

Q3 1.02 188.8 8.49 15.58 215.5 .283 .556 142.13 211.5 203.9 

Q4 1.10 202.6 9.00 16.41 227.7 .277 .548 131.90 207.9 209.8 

1976 Av.  1.03 191.2 8.65 15.07 213.7 .257 .493 138.75 198.1 200.4 212.1 

Q1 1.04 192.0 7:70 16.28 212.3 .251 .543 133.72 199.3 200.3 

Q2 1.05 194.3 8.56 14.13 205.5 .242 .510 145.65 203.1 200.4 

Q3 1.03 191.1 9.18 15.12 219.4 .264 .438 135.28 189.6 199.0 

Q4 1.01 187.3 9.17 14.76 217.4 .271 .481 141.34 200.4 200.4 

1977 Av.  1.16 215.2 9.65 15.47 228.4 .272 .520 143.51 206.8 216.4 229.9 

Q1 1.03 189.8 8.69 14.88 212.6 .262 .562 139.60 207.6 202.2 

Q2 1.16 214.6 9.41 15.29 224.1 .268 .499 149.54 208.3 215.4 

Q3 1.19 219.5 10.05 15.32 231.8 .273 .462 139.42 196.9 215.9 

Q4 1.29 237.7 10.32 16.94 247.1 .285 .536 148.34 214.1 233.0 

1978 Av.  1.54 283.7 11.49 17.15 262.3 .316 .603 172.41 244.4 264.9 249.1 

Q1 1.13 209.1 9.68 16.10 233.3 .283 .563 151.43 219.4 219.6 

Q2 1.43 263.8 11.96 17.54 270.6 .310 .570 171.78 239.5 258.1 

Q3 1.84 339.8 12.04 17.11 268.4. .346 .638 193.97 268.9 296.1 

Q4 1.90 350.3 13.06 18.09 287.6 .334 .681 176.17 259.0 302.7 

1979 Av.(p) 1.62 298.7 13,47 21.21 315.7 .421 .759 220.28 313.1 308.3 270.7 

Q1 1.48 273.2 11.59 18.35 272.3 .381 .737 195.60 286.6 277.2 

Q2 1.54 284.7 12.91 20.72 305.4 .411 .749 202.82 297.5 294.9 

Q3 1.81 334.9 15.09 22.08 341.1 .429 .755 215.41 310.1 328.8 

Q4(p) 	.. 1.86 343.6 16.85 23.67 373.6 .489 .804 240.14 342.6 352.1 



TABLE F-il 

EQUIPMENT PRICE INDEXES 
[FROM ENGINEERING NEWS RECORD 
(P.14)] 

%ctig Schg 
Jan. 10/79- 1/79. 
1980 1/80 1180 

All construction .quipm.nt ........... 275.4 	+4.8 	+ 12.2 
Pow., cran... •ac.vio,a & equIp ...... 266 8 +3  7 + 10.8 

Ccan•,hydr..fbbv.tlr.d12-l3lons(a) 	. 2302 +13 +11 4 
trk-mntd. 15-25ton.(i)... 174.0 	+64 +78 

25-50ton.(.) .. 191.1 	- + 13.5 
c.bI..trk-mntd,50.100ton.(.) ... 1969 	+2.9 +7.9 

Crawl.r.50-lOOtons(s)..... 226.9 +49 +10.5 
Excavator.. hdr. (I)............... 199.7 	+37 + 12.5 
Buck.I.ciam.Pw41. 	. cuyd .......... 357.3 	- +13.5 

dr.giIn.. 	'. Cu yd ........... 341 2 	+4.2 + 13.3 
Backho.. 	......................... 244.4 	+56 + 13.7 
Scrapr.18&und.c3ocuyd ......... 273.5 	+45 +13.9 

30&und.r3lcu8d ............... - 	- 
Grad.,. 1 I-144 blip ................. 2885 +59 + 12.7 
Tractor, ........................... 282 2 	+5.2 + 12.6 

Wh.i.otf.11igliway.300.399whp ... 301.3 	+37 +13.4 
400 ?whp&ovsr  

C,awI. 	20-59 net ong Pp .......... 231.0 	+48 + 10.8 
90.159n.l.ng  his ......... 2953 +3.0 i. 11.2 
180.259n.tInghp ........ 3162 	+1.2 +11.5 
260-s over net eng lip ...... 308.1 	+1 4 + 10.8 

Shovel-load.,. cr.wiir, 90-129 lip ...... 2669 +2.8 + 14.5 
rbbr.tlr.d.2 - &und.q3cuyd(,)... 202.1 	+30 +11.0 
rbbr-tIr.d 5$ und.v 7- Cu yd (a) .... 2295 	+2.3 + 14.4 

O.hlghw.ylruck..onddump,S0.ton .. 299.6 	+4.4 +14.4 
Rolt.r, tandeni 	..................... - - 

pn.umatic ................... - 	- - 
vlbratory(d) 	................. - 	- - 

Dewateringpump,lQmgph ........... 253.4 	0 +13.7 
90mgpl ........... 287.4 	0 +7.2 

Port.bIe air compr...o.. ............. 162.6 	+4.8 + 14.7 
Mix9rs-  +2.1 +9.4 

Concrete mix plant. moblls (c)....... 1985 	+1.6 +9.5 
Truck mis.c,lCut,d ................ 208.7 	+4.2 +16.1 
Sllptormpav.q(d) ................. 151 7-14.1 -10.2 
Btuminous.b.tch pi.nt. portable (b).. 235.5 	+3.7 +9.1 
Bituminous .p'.ad., .............. 49.1 	'18 +5.9 

Crushing plant, portable (b)........... 269.1 	+8. + 16.6 
Welding m.cPilnss and .qulpm.nt ..... 232.7 	+2.2 +7.6 

Source: BurCau OIL abor Statistics. 1967 100 

laiDec 67 -  100101 Dec 68 -  100iciDec 69' tOO iOi Dec. 
70.7O0 (0) D.C. '72700. 

100 

TABLE F-12 

COST TRENDS [AFTER FHWA (F-16)] 

Highway Maintenance and Operation' 

1967 = Base Year 

Year Labor Material Equipment Overhead Total 

1950 43.58 74.53 57.66 57.07 51.31 

1951 47.76 - 	81.07 64.34 62.23 56.41 

1952 51.15 81.99 66.86 65.05 59.28 

1953 52.00 82.54 68.76 65.73 60.33 

1954 54.89 83.49 	- - 70.40 66.42 62.55 

1955 55.94 82.80 74.24 67.71 64.09 

1956 58.70 86.91 74.06 70.55 66.31 

1957 63.20 90.86 75.66 78.22 70.28 

1958 65.74 92.27 78.91 81.21 72.90 

1959 67.82 92.40 	. 83.15 81.88 75.17 

1960 71.02 . 	94.68 86.98 84.19 78.35 

1961 73.25 95.18 87.19 85.08 79.82 

1962 76.06 96.66 88.76 86.47 82.09 

1963 79.46 96.87 89.25 88.05 84.32 

1964 81.79 97.48 91.25 89.98 86.35.  

1965 85.69 99.23 94.23 92.01 89.66 

1966 98.02 99.68 96.70 96.23 97.76 

1967 100.00 100.00 100.00 100.00 100.00 

1968 103.63 102.03 100.42 105.03 102.79 

1969 113.71 106.24 104.24 110.86 110.44 

1970 122.02 111.03 106.56 116.81 116.78 

1971 129.67 117.37 107.93 122.76 122.68, 

1972 138.21 124.27 119.98 128.71 131.68 

1973 148.04 130.42 133.70 134.66 141.75 

1974 160.67 170.41 153.50 140.61 158.65 

1975 173.15 198.74 170.58 145.56 172.97 

1976 192.99 192.74 184.37 152.51 188.08 

1977 211.89 202.66 194.17 158.51 202.92 

1978 226.70 233.41 208.63 164.41 218.80 

1 These data are prepared from the unit cost information submitted 
each year -by State highway departments, and cover both physical 
maintenance and major traffic service items including snow and 
ice-control. Previous issues of this table used base period 
1957-59.. 
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Figure F-13. Highway maintenance and operation cost index. [From FHWA (F- 15)] 
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APPENDIX G 

ENERGY CONSIDERATIONS-CONSTRUCTION, REHABILITATION 
RECYCLING, AND MAINTENANCE OPERATIONS 

This appendix contains information defining energy as-
sociated with highway construction, rehabilitation, re-
cycling, and maintenance operations. These energy re-
quirements are intended to be representative only. If 
energy requirements for these operations are available from 
the agency's historical records, they should be substituted 
appropriately. 

Energy requirements for recycling operations are largely 
unavailable. Data for selected resurfacing operations have 
been calculated and are as follows: 

Heater planer-10-20,000 Btu/yd2-3/4  in. 
Heater scarify-10-20,000 Btu/yd2-3/4  in. 
Hot milling-2,000-4,000 Btu/ yd2—in. 
Cold milling—I ,000-2,500 Btu/ yd2—in. 
In-place recycling— i 5,000-20,000 Btu/ yd2—in. 
Hot central plant recycling-20,000-25,000 Btu/ 

yd2—in. 

It should be noted that the energy requirements for opera-
tions 1 to 4 only include energy associated with the equip-
ment used for pavement removal. 

The preferred approach for calculatiOn of the energy re-
quirements of recycling operations is to use a step-by-step 
procedure for each phase of the operation using the energy 
data summarized in the following. Life-cycle energy should 
be considered as illustrated earlier in the report. 

ENERGY EQUIVALENTS 

A wide variety of equipment and processes is used to 
produce, transport, and place materials associated with 
highway construction, rehabilitation, and maintenance. 
Typical equivalencies for various fuels associated with these 
operations are given in Table G-l. It should be noted that 
as the density of the petroleum product increases, the en-
ergy equivalent increases. Asphalt cement, which has a 
high density, has a relatively large energy equivalent. It 
also should be noted that asphalt has not been considered 
as a fuel source but rather as a construction material in this 
report. Thus, if asphalt cement, cutback asphalt, or emulsi-
fied asphalt is the material used as a part of the mainte-
nance or rehabilitation aètivity, its energy equivalency as 
a fuel is not considered (G73). The potential is there, 
however. 

To aid the reader in conversion from one energy unit to 
another energy unit the following is offered: 

1 kWh = 3412 Btu 
1 hp-hr = 2547 Btu 
1 hp = 0.7457 kW 
1 kWh = 1.341 hp 

1 Btu = 1055 J 
1 J = 0.000948 Btu 

A British thermal unit (Btu) is the quantity of heat re-
quired to raise the temperature of 1 lb of water 1 F when 
water is at or near 39.2 F. A joule is a unit of work and 
energy in the SI System; 4.186 J are required to raise 1 
gram of water 1 C. 

In actual practice, energy is lost when fuel is converted 
into electrical energy or into horsepower. For example, the 
following energy conversions are not unlikely: 11,000 Btu 
to generate 1 kWh; 0.06 gal of gasoline to generate 1 brake 
horsepower hour (bhp-hr), 0.04 gal of diesel fuel to gen-
erate 1 bhp-hr. (Note that the brake horsepower of an 
engine is calculated by direct measurement by use of a 
dynamometer and takes into account system losses.) Thus, 
the burning of fuel to generate electricity is about 31 per-
cent efficient. The burning of fuel in engines to obtain 
power i3 approximately 34 percent and 46 percent efficient 
for gasoline and diesel engines, respectively. Additionally, 
because power equipment is ordinarily not operated at full 
rated power for a prolonged period of time, adjustments of 
the order of 67 percent and 75 percent of rated power 
(relative to continuous operation) are normally made for 
stationary and power vehicles respectively (G-3). 

ENERGY REQUIREMENTS FOR HIGHWAY MAINTENANCE 

Energy requirements for equipment associated with main-
tenance and rehabilitation, manufacture of materials, pro-
duction of mixtures, construction operations, and individ-
ual maintenance and rehabilitation operations are included 
in the following. 

Equipment 

Energy requirements for various types of vehicles and 
equipment associated with maintenance and rehabilitation 
are given in Tables G-2 and G-3. Table G-2 gives energy 
requirements for automobiles and trucks, and Table G-3 
includes various maintenance equipment. 

Production and Manufacture 

Energy requirements for the manufacture of asphalt 
products, portland cement, steel, and lime are given in 
Table G-4. Energy associated with operations involving the 
production of aggregates, asphaltic concrete, and portland 
cement concrete are given in Tables G-5, G-6, and G-7, 
respectively. Requirements for miscellaneous construction 
operations are given in Table 0-8. 



TABLE G-1 

FUEL EQUIVALENTS 

Fuel Energy Equivalencies 

Gasoline 125,000 Btu/gal (0-3) 

Kerosene 135,000 Btu/gal (0-3) 

Fuel Oil, No. 	1 (API.42) 135,000 Btu/gal(G-3) 

Fuel Oil, No. 	2 (API 35) 	(diesel) 139,000 Btu/gal (0-3) 

Fuel Oil, 	No. 	3 (API 29) 143,000 Btu/gal (6-3) 

Fuel Oil, No. 	4 (API 20) 148,500 Btu/gal (6-3) 

Fuel Oil, 	No. 	5 (API 14) 152,000 Btu/gal (6-3) 

Fuel Oil, No. 	6 (API 10) 	(Bunker C) 154,500 Btu/gal (6-3) 

Natural Gas 1,000 Btu/ft3  (6-3) 

Propane Gas 91,000 Btu/gal (6-3) 

Butane Gas 100,000 Btu/gal (6-3) 

Asphalt Cement 158,000 Btu/gal (G-4)(G-5) 	19,045 Btu/lb. 

Coal 11,670 Btu/lb (0.6) 

Petroleum Coke 14,470 Btu/lb (0-6) 

Lignite 6000 to 9000 Btu/lb 

Metric Conversion: 
1 Btu/gal = 278.7 J/l 

1 Btu/ft3 	37.26 J/l 

1 Btu/lb = 2324 Jfkg 

TABLE G-2 

ENERGY REQUIREMENTS FOR AUTOMOBILE AND 
TRUCK OPERATION 

Energy Requirements 
Ref 

	

Type of Vehicle 	
Stu/mi 	Btu/hr 	Btu/ton 

ml 

Automobile 7,230 

Stationwagon 7,760 

Pickup 11,400 

Maintenance Trucks - Diesel 26,700 

Maintenance Trucks - Gasoline 26,600 

Maintenance Trucks - 1 ton 15,600 

Maintenance Truck - 2 Axle 27,500 

Distributor Truck - Gasoline 31,300 

Truck Tractor - Diesel 30,400 

Truck - 2 Axle, 6 Tire, Gasoline 

Truck - 3 Axle, Gasoline 

Truck - 3 Axle, Diesel 

Truck - 3 Axle (combination) Gasoline 

Truck - 3 Axle (combination) Diesel 

Truck - 4 Axle (combination) Gasoline 

Truck - 4 Axle (combination) Diesel 

Truck - 5 Axle (combination) Gasoline 

Truck - 5 Axle (combination) Diesel 

Metric Conversion: 

1 Btu/ini 	656.1J/km 
1 Btu/hr 	1055 J/hr 
.1 Btu/ton ml - 0.723 J/kg km 

(6-?) 

(6-?) 

(6-8) 

	

97,300 
	

(6-7) 

	

100,000 
	

(6-7) 

(6-8) 

(6-8) 

(6-8) 

(6-8) 

11,000 . (0-3) 

	

4,270 	(6-3) 

	

3,800 	(6-3) 

	

7,440 	(6-3) 

	

5,840 	(6-3) 

	

5,040 	(6-3) 

	

3,270 	(6-3) 

	

2,900 	(6-3)- 

	

1,960 	(6-3) 



TABLE G-3 

ENERGY REQUIREMENTS FOR MISCELLANEOUS 
MAINTENANCE AD REHABILITATION EQUIPMENT 

Energy Requirement 

Type of Vehicles 
Btu/mi 	 Btu/hr Ref 

Fro.t End Loader - 2 cu yd 	Diesel 6,950 (0-7) 

Front End Loader - 1.5 Cu yd 	Gasoline 5,000 (0-7) 

Loader for Aggregates 875,000 (0-3) 
-. 

Front End Loader, Diesel 222,000 (0-8) 

Motor Grader - 23,000 lb 	Diesel 6,950 (0-7) 

Grader, Diesel 375,000 (0-8) 

Rollers 625,000 (0-3) 

Roller 111,000 (0-8) 

Striping Machine, Self Contained 125,000 (0-8) 

Mand Striping Machine 62,500 (0-8) 

Mower, Roadside 125,000 (0-8) 

Mower, Landscape 46,800 (0-8) 

Tractor, Farm Type 375,000 (0-8) 

Spreader, Self Propelled 338,000 (0-8) 

Broom, Mechanical 125,000 (0-8) 

Dozer, Track Type 417,000 (0-8) 

Crushing/Screening Plant 695,000 (0-8) 

Asphalt Paver 626,000 (03) 

Asphalt Pot 200,000 (0-9) 

Metric Conversion: 
1 Btu/mi - 656.1 J/km 
1 Btu/hr 	1055 .1/hr 

TABLE G-4 

ENERGY ASSOCIATED WITH MANUFACTURING 

- 	Energy Requirements 

Item 	 Btu/gal Btu/lb 	Btu/ton Ref 

Asphalt Cement 	 2,500 	300 	600,000 	(0-3) 

Emulsified Asphalt 
	

2,000 	240 	480,000* 	(0-3) 

Cutback Asphalt 
	

2,500 	300 	600,0005* (0-3) 

Portland Cement 
	

3,750 	7,500,000 	(G-3)(G-5) 

	

3,150, 	6,300,000 	(0-10) 

Steel, for tiebars, re-bars 
	

10,500 	210,000,000 	(0-3) 

Lime 	 3,000 	6,000,000 	(0-3) 

Polyhydrate 	 1,500 	3,000,000 

5For equal quantities of binder this is equivalent to 740,000 Btu/ton. 
Assumes 65 percent residual asphalt. 

**For equal quantities of binder this is equivalent to 750,000 Btu/ton. 
Assumes 80 percent residual asphalt. 

Metric Conversion: 
1 Btu/gal - 278.7 .1/1 
1 Btu/lb 	2324 .1/kg 
1 Btu/ton - 1.16' .1/kg 
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TABLE G-5 

ENERGY ASSOCIATED WITH AGGREGATE PRODUCTION 

Energy Requirement 

Product Operation Btu/lb Etu/ton Btu/yd3* Ref 

Drilling and shooting 6 1:.,000 21,00C (C-I) 

Crushing 25.5 51,000 p9,500 (G-3) 

Crushed Stone 	Handling (cranes & 3.5 7,000 12,300 (G-3) 
bulldozers) 

Total 35 70,000 123,000 (G-3) 

Total 26 52,000 91,300 (C-lI) 

Crushing 17.5 35,000 61,400 (G-3) 

Crushed Gravel 	Handling (cranes & 2.5 5,000 8,780 (C-I) 
bulldozers) 

Total 20 40,000 70,200 (C-3) 

Natural or 

Jncrushed Total 7.5 15,000 26,300 (G-3) 

Aggregate 

130 lbs/ft3  assumed unit weight (2100 km/rn3) 

Metric Conversion: 	- - 

1 Btu/lb 2324 J/kg 

1 Btu/ton 1.164 J/kg 

1 Btu/yd3  1381 I/rn3  

Maintenance and Rehabilitation Activities 

Energy requirements associated with the performance of 
routine maintenance and rehabilitation activities are given 
in Table G-9. The specific activities for which energy data 
have been calculated are: 

Fog seal—partial width. 
Fog seal—full width. 
Chip seal—partial width. 
Chip seal—full width. 
Surface patch—hand method. 
Surface patch—machine methpd. 
Digout and repair—hand method. 
Digout and repair—machine method. 
Crack pouring. 
Slurry seal. 
Asphaltic concrete overlay. 

Energy required for material manufacture, material trans-
portation, mixture production, mixture transportation, mix-
ture placement, and compaction is included in the data re-
ported in Table G-9. Assumptions as to the percent of the 
pavement area treated with the particular maintenance ac-
tivity and the thickness or quantity of material applied are 
identical to those used for estimating maintenance costs. 
These data were developed primarily on the basis of infor-
mation obtained from the Arizona Department of Trans-
portation (G-8), Nevada Department of Highways (G-15), 

and North Dakota State Highway Department (G-16). 
(Note that the numbers enclosed in parentheses within the 
table refer to references in Appendix G.) 

Energy consumption for materials used in pavçments 
(in-place) is given on Table 0-10. Materials included in 
the table are asphaltic concrete, portland cement concrete, 
slurry seal, chip seal, fog seal, crushed stone base, and 
emulsified asphalt base. The energy consumed included 
the energy associated with manufacturing, mixing, hauling, 
placing, and compacting. 

A summary of the data presented in Tables 0-9 and 
G-10 is given in Table G-11 together with energy require-
ments per dollar (Dec. 1975) for ten maintenance and re-
habilitation activities. If one assumes that the Federal 
Highway Administration estimate for annual maintenance 
of highway and roadways is correct (5 billion dollars for 
3,800,000 mi (6,100,000 km) of road) and, furthermore, 
if it is assumed that on the average 20,000 Btu (21,000,000 
J) (see Table G-1 1) of energy are required for each dollar 
expended on maintenance, it can be concluded that about 
0.1 percent of the total energy consumed in the United 
States is used in highway maintenance operations; This 
0.1 percent of the total energy represents 100,000,000,000,-
000 Btu per year (1.06 X 10' J), or approximately 
15,800,000 bbl of oil per year. The reader is reminded 
that this neglects the approximately 140,000,000 bbl of 
asphalt consumed each year as a pavement ingredient. 
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TABLE G.6 

ENERGY ASSOCIATED WITH ASPHALTIC CONCRETE PRODUCTION * 

Operation 
Energy Requirements 

Btu/ ton Btu/hr Equivalent Equivalent 
of mix operation** 	gala. of gals. of 

• diesel/hr diesel/ton 
of mix 

Asphalt Heating & Storage 6,400 960,000 6.9 0.046 

Loader 4,380 657,000 4.7 0.031 

Cold Bins, Vibratora, Belt Feeders 100 15,000 0.1 0.001 

Cold Feed Belt Conveyor 250 37,500 0.3 0.002 

Cold Feed Total 4,730 710,000 5.1 0.034 

Dryer Drive Motor 1,260 188,000 1.3 0.009 

Dryer Fuel Pump Blower 1,460 218,000 1.5 0.010 

Dryer Exhaust Fan 1,260 189,000 1.4 0.009 

Dryer Secondary Dust Collector 800 120,000 0.9 0.006 

Dryer Total 4,780 715,000 5.1 0.034 

Mixing Plant Hot Elevator 350 53,000 0.4 0.003 

Mixing Plant Screening 455 68,300 0.5 0.003 

Mixing Plant Asphalt Pump 250 37,500 0.3 0.002 

Mixing Plant Mineral Filler Elevator 200 30,000 0.2 0.001 

Mixing Plant Pugmill 2,070 310,000 2.2 0.015 

Mixing Plant Compreseor 	(blscharge) 200 	- 	- 30,000 0.2 0.001 

Mixing Plant Storage Conveyor 400 60,000 0.4 0.003 

Mixing Plant Total 3,920 589,000 4.2 0.028 

Drying and Heating Aggregate 233,000*** 35,000,000 252 1.68 

Plant Operation Total 253,000 38,000,000 273 1.82 

Paving Machine 	 4,170 625,000 4.5 0.030 

Rollers - 3 	• 	 12,500 1,880,000 13.5 0.090 

Spreading and Compaction Total 	16,700 2,300,000 18.02 0.120 

Drying and Heating Aggregate 	278,000 	(12) 41,700,000 300 2.00 

Drying and Heating Aggregate 	278,000 	(13) 41,700,000 300 2.00 

Drying and Heating Aggregate 	327,000**** 49,000,000 353 2.35 

Plant Operation (excluding drying) 

Lay & Compact 	 41,700 	(1.2) 6,260,000 45 0.300 

Plant Operation (excluding drying) 

Lay a Compact 	 40,910 6,140,000 44.1 0.30 

After references 	(3) except where noted. 	• 
*Operating  at 67 percent rated power. 
** Operating at 150 ton/hr 	(907 kg/hr). 
***5Z moisture removed and raise temperature to 300°F (148°C) 	for a mix which contains 
967. by wt. 	of d)gregate. 
***I)ULu 	from 	Illinois quoted 	in reference 	(i). 

Metric ConversIon: 	1 	Btu/ton - 1.164 J/kg 1 Btu/hr - 1055 J/hr 
1 gal/hr - 3.785 1/hr 1 gal/ton 4.173 	hg 
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TABLE G-7 

ENERGY ASSOCIATED WITH PCC PRODUCTION 

Energy Requirement 

Btu ton Btu/yd3  Equivalent gal 
ton of of mix* of diesel per 

Operation 3 mix ton of mix 	yd of mix 

Loader 4,380 8,870 0.032 0.065 

Conveyor 270 550 0.001 0.003 

Mixing & Other Plant Operations 1,770 3,580 0.013 0.026 

Total Plant Operation 6,420 13,000 0.046 0.094 

Placing, Consolidation & Finishing 2,590 5,240 0.019 0.038 

* 150. lb/f t3  (2400 kg/n3) assumed unit weight (after, reference () 

Metric' Conversion: 

1 Btu/ton' 1.164 J/kg 

1 Btu/yd3  =1..381 J/m3 	 ' 

1 gal/ton 	0.00417 1/kg 

1 gal/yd3 	4.951 1/rn3  

REFERENCES 

G-1. BLACK, S. E.,: and CooK, K., E., "Transportation 
and the Energy Crisis." Transportation Research 
News, Transportation Research Board, No. 55 
(Summer 1974). 

G.2. HALSTEAD, W. J., "Energy Use and Conservation in 
Highway Construction and Maintenance." Virginia 
Highway and Transportation Research Council 
(Mar. 1978). ,  

"Energy Requirements for Roadway Pavements." 
The Asphalt Institute, Misc. Report 75-3 (Apr. 
1975). 
"Btu Content of Material." News Release, U.S. 
Department of Interior, Bureau of Mines (Mar. '13, 
1974). 

0-5. "On the Subject of Energy." Portland Cement As-
sociation (Nov. 1975). 

G-6. "Energy Report for the U.S. Portland Cement In-
dustry." Portland Cement Association (May 1975). 



108 

TABLE G-8 

ENERGY REQUIREMENTS FOR MISCELLANEOUS CONSTRUCTION OPERATIONS 

Energy Requirement 

Operation 	 Btu/gal 	Btu/ton 	Btu/yd3 	Equivalent gallons 

of diesel per 

ton 	 •yd3  

Spreading and Compaction Granular and 17,000 30,980 0.122 0.223 

Stabilized bases 

travel Plant Mixing in Windrow 3,000 5,470 0.022 0.039 

blade Mixing 7,820 14,250 0.056 0.103 

Central Plant Mixing of Stabilized 

base 6,890 12,550 0.050 0.090 

Ex:avation - 	Earth 39,800 59,100(14) 0.286 

I:xavatton - 	Rock 35,500 76,700(14) 

ExcavatIon - Other 39,100 68,700(14) 

Asphalt Distribution, Asphalt Cement 190 

sphalt 	Distribution, Cutback Asphalt 445 

Asphalt Distribution, 	Emulsified 

Asphalt 145 

Aggregate Spreading for Seal Coats 

Rolling Cold Asphalt Mixes 120*** 

Alter Reference (3) except where noted 

*135 lb/ft3  (2160 kg/rn3) assumed unit weight except for excavation items 

**94 Btu/yd2  

***120 Btu/yd2-in. 

Metric Conversion: 

I btu/gal = 278.7 J/1 

IBtu/ton - 1.164 J/kg 

lltu/yd 3  = 1.381 .1/rn3  

1 ton - 907 kg 

I yd3 	0.764 J 

I in - 2.54 cm 
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TABLE G9 

REPRESENTATIVE ENERGY REQUIREMENTS FOR MAINTENANCE AND 
REHABILITATION ACTIVITIES (AFTER REF. 25) 

Energy Requirement Percent of total 

Maintenance Energy/unit Btu/yd2  Btu/yd 2  Btu/lane mi* Btu/yd2 
pavement area 
treated & other 

Activity area treated assumptions 

Fog Seal- 10,500 Btu/gal (8) 1,050 ('8) 3,700,000 (.8) 525 (8) 50 percent 
Partial 	Width 12,100 Btu/gal tI$) 	. 1,120 (iS) 3,950,000  560 (15) 

Fog Seal 	- 6,850,000 Btu/lane mi 	(:8) 970 (.8) 6,850,000 () 970 (8) 100 percent 
Full 	Width 3,300,000 Btu/lane mi 	(3) 470 (3) 3,300,000 (.3) 470 (3) 

Chip Seal 537,000 Btu/yd ('8) 8,200 '(9) '8,660,000 (3) 1,230 (8) 
Partial 	''''" 1,100,000 . Btu/yd 	' (16) 9,210 16) 9,725,000  1,380 (16) 

1,000,000 Btu/yd , (15) ' 6,000 (15) 6,300,000 ('15) 900 (15) 15 percent 

1,630,000 Btu/yd (15) 7,500 (15) 7,930,000 (15) 1,130 (15) 
1,160,000 Btu/yd (15) 8,100 (1 5) 8,600,000 (15) 1,210 (15) 

Chip Seal 	- 30,700,000 Btu/lane mi 	(8) 4,360 (8) 30,700,000 (8) 4,360 (18) 100 percent 

Full 	Width 27,800,000 Btu/lane mi 	(.3) 3,950 (3) 27,800,000 (3) 3,950 (3) 

Surface Patch - 1,700,000 Btu/yd (16) 45,000 (16) 45,000 (16) 8,000,000 (16) 1,140 (16) 2.5 percent 

Hand Method 3,210,000 Btu/yd (15) 89,300 (15) 89,300 (15) 15,700,000 (15) 2,260 (15) 1 	in. 	thick 

Suiface Patch - 880,000 Btu/yd3  (15) 24,500 (15) 24,500 (15) 17,200,000 (15) 2,450 (15) 10 percent 

Machine Method 1,070,000 Btu/yd3  
Btu/yd3  

(8) 29,800 (9) 29,800 '('8) 21,000,000 '  (8) 2.990 
3,300 

(8) 
(16) 

1 	in. 	thick 

1,190,000 (16) 33,085 (16) 33,085 (16) 23,300,000 16) 

Digout & Repai.r 1,600,000 Btu/yd3  (8) ' 	178,000 (8) 44,460 (;8) 25,000,000 (3) 3,560 (8) 2 percent 

Hand Method, . - 4 	in. 	thick 

Digout & Repair 1,120,000 Btu/yd3  (8) 187,000 (3) 31,200 (8) 65,800,000 (8) 9,350 () 5 percent 

Machine Method 810,000 Btu/yd3  (15) 135,000 (15) 22,500(15) 47,500,000 (15) 6,750 (15) 6 	in. 	thick 

Crack Pouring 32,700 Btu/gal (8) a,soo,000 () 1,220 (8) 250 un. 	ft 

60,670 Btu/gal (15) 16,020,000 (IS) 2,280 (15) per station 

33,500 Btu/gal (.17) . 	 8,700,000 (17) 1,230 (17) 50 ho, 	ft/gal 

29,300 Btu/gal (16) 7,600,000 f16) 1,080 (16) 

Slurry Seal 9,400,000 Btu/lane mi 	' (18) 1 .340 	(18) 	 9,400,000 (18) 1,340 (18) 100 percent 

Asphalt Concrete 512,000 Btu/ton (3) 	. 55,600 	(3) 	27,800 	(3) 	391,000,000 (3) 55,600 (3) 100 percent 

Overlay 533,000 Btu/ton (14) 57,800 	(14) 	28,900 	(14) 	407,000,000 (14) 57.800 (14) 2 	in. 	thick 

* Energy requirements for yd2  of total pavement surface maintained. For example, surface patching by the hand method may have been applied 
nver only 5 percent to total pavement surface area, yet energy reported is for the pavement area maintained on one lane mi of pavement. 

Metric Conversion: 

1 Btu/gal 	278.7 J/1 

1 Btu/gal = 1.164 i/kg 

1 in. = 2.54 cm 

1 Btu/mi = 656.1 i/kin 

1 Btu/yd2  = 1263 J/m2  

1 ft = .305 in 

1 Btu/yd3  = 1.381 i/rn3  

1 Btu/yd2 in = 497 J/rn2cin 

0 
"0 
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TABLE G-1O 

ENERGY CONSUMPTION FOR PAVEMENT 
MATERIALS IN-PLACE 

Energy Requirement 

Material Btu/ton Btu/yd3  Btu/yd2-in. Ref. 

512,000 1,000,000 27,800 (G-3) 

Asphalt Concrete 533,000 1,040,000 29,000 (14) 

PCC-Jointed Non-Reinforced 990,000 2,000,000 55,500 (G-19) 

PCC-Jointed Non-Reinforced 1,210,000 2,450,000 68,000 (G-3) 

PCC-Jointed Reinforced 1,390,000 2,820,000 78,400 (c-3) 

PCC-Continuously Reinforced 1,620,000 3,280,000 91,110 (G-3) 

Slurry Seal 1,340 (c.48) 

Chip Seal-Emulsion and ** 
Crushed Stone 3,950 (G-3) 

Fog Seal 470
** 
 (G-14) 

Crushed Stone Base 236,000 414,000 11,500 (G-3) 

218,000 382,000 10,600 (c-11) 

Emulsified Asphalt Base 300,000 562,000 15,600 (C-a) 

Cement Stabilized Base 600,000 1,100,000 30,500 

Polyhydrate-Fly Ash Base 325,000 605,000 16,800 

Cement Treated Subgrade 526,000 852,000 23,700 (C2) 

Lime-Fly Ash 	 - 385,000 720,000 20,000 

Lime Stabilized Subgrade 526,000 852,000 23,700 

* 
Includes energy associated with manufacturing, mixing, hauling, placing 
and compacting. 

- 	** 
These treatments are not 	1 	in. 	in thickness. - 

Metric Conversion: 

1 	Btu/ton = 	1.164 J/kg 1 Btu/yd2in. 	= 497 J/m2cm 

1 	Btu/yd3  = 1.381 J/m3  1 in. 	= 2.54 cm 

"Bituminous Construction Handbook." Barber- 	kota State Highway Department, Bismarck, N.D., 
Greene, Aurora, Ill. (1976). 	 January 11, 1978. 
"Fuel Usage Factors for Highway Construction." 	G-17. Personal correspondence with Russell Neal, Texas 
Highway Research Circular 158, Transportation Re- 	State Deprtment of Highways and Public Trans- 
search Board, Washington, D.C. 	 portation, Odessa, Tex., 1976. 
Personal correspondence with Kenneth J. Davis, 	G-18. "Slurry Seal A Block with Half a Gallon of Gaso- 
State of Nevada, Department of Highways, Carson 	line." Slurry Seal, Inc., Waco, Tex. 
City, Nev., June 16, 1977. 	 G-19. "Energy Conservation in Construction of Pave- 

0-16. Personal correspondence with Ray Zink, North Da- 	ments." Portland Cement Association (1973). 



TABLE G-11 

REPRESENTATIVE COSTS AND ENERGY REQUIREMENTS FOR 
MAINTENANCE AND REHABILITATION ACTIVITIES 

Costs Dollars * Per Energy Reguirements*. Btu Energy required Percent of total 

Maintenance Activity Yd.2  Lane Mi Yd.2  Lane Mi 
per unit costs, pavement area 
Btu/dollar treated 

Fog Seal - 
0.045 320 525 3,700,000 11,700 50 percent 

Partial Width 

Fog Seal - 
0.06 420 970 6,850,000 16,200 100 percent 

Full Width 

Chip 	Seal- 	... 	........... 
0.06 420 1,200 8,400,000 20,000 15 percent 

Partial Width 

Chip Seal - 
0.21 1,500 4,000 28,200,000 19,000 100 percent 

Full Width . - 

Surface Patch - 
Hand Method 0.10 700 2,000 14,000,000 20,000 

2.5 percent 
1 in. thick 

Surface Patch - 
Machine Method 0.08 . 560 3,000 21,100,000 . 37,500 

10 percent 
.1 in. thick 

Digout & Repair - 
Hand Method 0.25 1,760 3,560 25,000,000 14,200 

2 percent 
4 in. thick 

Digout & Repair - . 
0.20 1,400 9,000 63,400,000 45,000 

5 percent 
6 in. thick Machine Method 

250 Lin. ft 
Crack Pouring 0.12 . 	850 1 	1,200 8,500,000 10,000 Per Station 

100 percent  
Asphalt Concrete 

1.90 13,400 55,600 391,000,000 29,300 2 in. thick 
Overlay 

* Costs and energy are for yd2  of total pavement surface maintained. 	For example, surface patching by the hand 
method may have been applied, over only 5 percent of. total pavement surface area, yet costs and energy reported are for 
the total pavement are maintained or one lane mi of pavement. 

Metric Conversion: 

1 yd2 	0.836 m2  1.mj 	1.609 km 1 Btu/yd2 	1263 JIm2  1 Btu/ml 	676.1 JIkm 
1 Btu - 1056 1 1 in. = 2.54 cm 
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APPENDIX H 
	

GUIDE SPECIFICATION FOR PLANING OPERATIONS 

GUIDE SPECIFICATIONS 

Guide specifications have been formulated for specific 
common recycling operations. These specifications are in-
tended to supplement or provide input for revising agency 
specifications. They are• provided for the following re-
cycling operations: 

I. Planing operations. 
Heater-scarification operations. 
In-place pulverization and compaction without chemi-
cal stabilizers. 
In-place pulverization and lime stabilization. 
In-place pulverization and portland cement stabiliza-
tion. 
In-place pulverization and asphalt stabilization. 
Central plant recycling—asphaltic concrete. 
Central plant recycling—portland cement concrete. 
Central plant recycling—econocrete. 

1.0 DESCRIPTION 

This work shall consist of planing or leveling a pavement by 

removing imperfections and bringing the surface to the required smooth-

ness or cross-section as indicated in the plans and specifications or 

as directed by the engineer. (This planning operation is often performed 

in preparation of a surface treatment or, seal coat.) 

2.0 MATERIALS 

No additional materials will be utilized in this operatiàn. 

3.0 EQUIPMENT 

Heaters, cold planers or hot milling machines shall be specifi-

cially designed and built exclusively for planning, milling or shaving 

a pavement. The equipment shall be self-propelled and have a means of 

heating or milling to plane the surface to predetermined grade. The 

equipment shall have a history of successful operation on similar 

work completed prior to this contract or equipment proven through 

test results. 

Heater planer units shall consist of burners of a type specifi-

cally designed for this purpose of pavement heating and shall be capable 

of producing 10-17 million BTU's per hour. Heat shall be applied under 

an enclosed or shielded hood. The surface of the old pavement shall 

not be heated in excess of 400°F. 

The equipment shall meet the standards of the State and Federal 

Air Pollution Control laws. 

Hot and cold milling units shall consist of a cutting drum or edge 

with replaceable bits, teeth or edge. Drum lacing patterns or edges 

may provide a grooved or smooth surface finish as selected by the 

engineer. The machine shall be capable of operating at speeds from 5 

to 50 feet per minute and designed to cut 0 to 3 Inches deep to pre-

determined grade in one pass. A dust suppression system shall be 

standard equipment on this equipment. The equipment shall meet the 

standards of the State Air PoUutIon. Control laws. 



4.0 CONSTRUCTION 

The nature and condition of the equipment, and the manner of per-

forming the work, shall be such that the pavement is not torn, gouged, 

broken or otherwise damaged by the leveling or planing operation. 

Sufficient passes or cuts shall be made so that all irregularities 

or high spots are eliminated and that the pavement surface has been 

leveled to the desired grade as indicated on the plans and specifications. 

Whenever a, pavement is to be resurfaced, a keay one inch in depth 

shall be cut along the gutter line to eliminate feathering the edge of 

the new surface. The width of this keyway shall be 4 fee: unless 

directed by the engineer. 

The contractor shall provide all necessary labor, materials and 

equipment to load the asphalt cuttings into dump trucks supplied and 

operated by owner (this could be changed to: into dump trucks supplied 

by. him and hauled to a disposal area designated by the engineer). 

The operation shall be planned so as to be safe for persons and 

property adjacent to the work, including the travelling piblic. As a 

precaution overhanging trees shall be trimed in advance f this 

operation to a 9 ft. maximum clearance. Parkway trees may •5e protected 

from heat damage by individual shielding and/or water spray as deemed 

practical by the engineer. Any heat damage to structures, trees and 

shrubs will be repaired  or replaced at no additional cost. 

5.0 MEASUREMENT 

Asphalt pavement planing performed and provided above shall be 

measured in-place and these are computed in square yards. 

6,0 BASIS OF PAYMENT 

The accepted quantities of planing will be paid at the contract 

unit price per square yard. 

7.0 SEASONAL AND TEMPERATURE VARIATIONS 

Surface planing shall be performed with heater-planers only when 

.the air temperature as measured 'in .the shade As above 45F-. 

GUIDE SPECIFICATION FOR HEATER-SCARIFICATION OPERATIONS 

1.0 DESCRIPTION 

This work shall be a part of a multi-step process of asphalt surface 

rehabilitation- that consists of softening the existing flexible pavement 

with heat and thoroughly stirring or tumbling the mixture; applying an 

asphalt recycling modifier as required; and placing a chip se4l or 

overlay as required. 

.2.0 MATERIALS 

2.1 Recycling Modifier: The asphalt modifier shall be specified 

by the engineer prior to letting of the contract and shall conform to a 

type as specified in Appendix A.  

2.2 Asphalt: The type and grade of asphalt cement for the seal 

coat and/or asphalt concrete shall be specified by the engineer prior 

to letting of the contract and shall conform to Item 

2.3 Aggregates: The type and grade of aggregate for the seal 

coat and/or asphalt concrete shall be specified by the engineer prior 

to letting of the contract and shall conform to Item 

2.4 Asphalt Concrete: The mix for the asphalt concrete shall be 

designed in accordance with the agencies standard method of mix design. 

3.0 EQUIPMENT 

3.1 Heater-Scarifier: The equipment for heating and scarifying 

shall be of a type that has operated successfully on similar work 

completed prior to the award of this contract or equipment proven 

through test results. 

Heater-scarification uses shall consist of burners of a type 

specifically designed for the purpose of pavement heating and shall be 

capable of producing 10-17 million BTUs per hour. Heat, shall be 

applied under an enclosed or shielded hood. The surface temperature 

of the old pavement shall not be heated in excess of 375F. - 

The equipment shall meet the standards of the State Air Pollution 

Control laws. 



Scarifying shall be accomplished with pressure-loaded rakes or 

scarifiers. The scarifying unit may be equipped to scarify and move 

away from gutter aprons a 1/2-inch by 4-foot path of existing material. 

Additionally the scarifier shall be of a type to insure continuous and 

undiminished pavement contact without damaging manholes and valve boxes. 

The leveling unit shall be capable of distributing the heated and 

scarified material over the width being processed so as to produce a 

uniform cross section. The leveling device shall have the capability of 

windrowing excess material to one side for removal when necessary. 

The heater scarification operation shall be between 1,000-15,000 

square yards per hour. 

3.2 Distributor: The distributor shall conformto specification 

and shall be capable of applying a continuous and uniform application 

of recycling modifier or asphalt. 

3.3 Aggregate Spreader: The aggregate or chip spreader shall 

conform to specification and shall be capable of distributing a 

continuous and uniform amount of aggregate. 

3.4 Asphalt Concrete Construction Equipment: Equipment for 

batching, mixing, hauling and placing asphalt concrete shall conform to 

specification. 

3.5 Rollers: A pneumatic tired roller or steel wheel roller con-

forming to specification and with a gross weight of 10-12 tons are 

suitable for compaction of the heater scarified mixtures. Pneumatic 

tired rollers shall be used for seal coat aggregate embedment. 

4.0 CONSTRUCTION 

4.1 Surface Preparation: The pavement surface to be heater 

scarified shall be cleaned of trash, debris, earth or other deleterious 

substances present in sufficient quantity to interfere with the work to 

be performed. 

4.2 Application of Recycling Modifier: A recycling modifier as 

other asphalt material shall be applied to the existing pavement surface 

at a rate to be determined by the engineer in the leveling or profiling 

operation. The type, amount and need for the modifier or asphalt 

material shall be determined by the engineer. 

4.3 Heating and Scarifying: The pavement surface shall be evenly 

heated and remixed to a depth of between 0.05 to 0.07 ft. by a con-

tinuously moving surface heater scarifier machine. At least 90 percent 

of the aggregate shall be remixed by spinning or tumbling. The surface 

temperature of the old pavement shall be below 400°F during heating and 

the heated material shall have a temperature in a range between 220-

260°F as measured imediately behind the heater scarifier. The remixed 

layer shall be uniformly and evenly heated throughout. No uncontrolled 

heating, causing differential softening of the upper surface shall be 

permitted. The asphalt binder shall not be carbonized in excess of 

0.10 percent. The heating operation shall extend at least 4 inches 

beyond the width of the scarification on both sides. 

When a heater-scarifier pass is being made adjacent to a previously 

placed mat, the longitudinal joint shall extend at least 2 inches into 

the previously placed mat. 

Note: When the surface to be scarified is to have an overlay of 

new pavement placed thereon, the scarified material adjacent to any 

concrete structure can be planed or regraded to provide a uniform cross-

slope. The excess material may be distributed and compacted as a 

leveling course over the adjoining scarified surface or removed from 

job site depending upon the finished grade design contour. Excess 

material or oversized aggregate dislodged by the planing or remix 

operation too large to be covered by the overlay, shall be removed and 

disposed of by the contractor at his expense. 

4.4 LevelIng: Following the heater scarifier and before overlay 

installation, a leveling device reduces ridge buildup present from 

heavy scarification of soft mixtures. Material processed by the leveling 

device should be monitored to assure leveling of grooved and loose 

strike-off. The temperature of the scarified mix as it leaves the 

leveling device shall be 175°F. 

An alternate leveling operation may 'be necessary when an aggregate 

chip seal has been specified. Following scarification and before corn-

paction an oscillating or vibrating device shall spread and distribute 

the loosened mix. Rolling may be required to compact oversized 

aggregate and finish the mat closing the voids. 



4.5 Aggregate Seal 'Coat: An aggregate seal coat shall be applied 
	

GUIDE SPECIFICATION 

as required by the plans and by methods described in Item 
	

FOR 

4.6 Asphalt Concrete Overlay: Within five minutes after reshaping 
	

IN-PLACE RECYCLING OF EXISTING ASPHALT SURFACE AND/OR 

the scarified mix and before the temperature drops below 150°F, a 
	

EXISTING BASE (SUBBASE) WITHOUT CHEMICAL STABILIZATION 

uniform layer of new surface course material shall be appiied by a 

vibratory screed or strike-off assembly. The machine shall be capable 
	

1.0 DESCRIPTION 

of spreading and finishing the surface in lase widths to the specified 
	

This work shall consist of pulverizing the existing asphalt surface 

section and thickness. The vibratory screed or strike-off assembly 
	

and/or existing base (subbase), mixing additional aggregate ('as required), 

shall effectively produce a finished surface of the required uniform 
	

placing and compacting to the lines, grades and dimensions shown on the 

slope and texture without tearing, shoving or gouging the nix. The 
	

plans and/or as specified in the special provisions. (This work shall 

controls section of the screed shall be adjustable to taper the finished 
	

not include the use of a chemical stabilizer such as lime, portland 

surface to the height of the gutter apron. The surface shall be com- 	 cement, or asphalt.) 

pacted to the desired density. 

Note: An alternate to this method Is possible with certain equip- 
	 2.0 MATERIALS 

ment. A single unit or Item of equipment can heat-scarify, add modifier 
	

2.1 Recycled Aggregate: The material shall consist of ainixture 

or asphalt and mix the old scarified pavement with new aspalt to allow 
	

of existing asphalt pavement and materials lying under the pavement. 

this option if desirable. 	 Existing asphalt pavement and/or stabilized bases shall be ripped and 

pulverized so that 100% will pass the 1 1/2 inch sieve. 

5.0 MEASUREMENT 	
'2.2 New Aggregate: The new aggregate shall be crushed stone, 

The heater-scarification process will be measured in place and the 
	

crushed or uncrushed gravel, slag, sand, stone screenings, mineral dust 

area computed in square yards. Additional bituminous mix, aggregates 
	

or a combination of any of these materials meeting the gradations and 

and asphalt shall be paid for in accordance with standard sp,ecification. 	 quality requirements of the agency. 

Modifiers shall be paid for by weight and shall be weighed on sealed 
	

2.3 Asphalt Primer: The asphalt primer, if used, shall be MC-30, 

scales, regularly inspected by State Bureau of Weights and .leasures, or 
	

MC-70, MC-250 or RC-70 as specified by the engineer.' The asphalt 

may be measured in some other approved manner 
	

primer shall meet the requirements of AASHTO Specifications N 81 or 

N 82 (ASTM Specifications D 2028 or 0 2027) for the material selected. 

6.0 BASIS OF PAYMENT 

3.0 EQUIPMENT 
The accepted quantities of heater-scarification will be paid at 

the contract unit price per square yard. 

7.0 SEASON AND TEMPERATURE VARIATIONS 

Heater-scarification shall be performed only when the air 

temperature as measured in the shade is above 45°F. 

As many as necessary of the following named pieces of equipment 

shall be used to,complete the specified work: scarifiers, pulverizing 

equipment; rotary mixers or travel plants; motor graders; windrow 

devices; aggregate spreaders, power brooms or power blowers, or both; 

self-propelled vibratory or steel-tired tandem and pneumatic-tired 

rollers capable of attaining the required density; a pressure distributor 

designed and operated to distribute the asphaltic material in a uniform 



spray without atomization; equipment for heating the asphaltic material; 

and a water distributor. Other equipment may be used in addition to, 

or in lieu of, the specified equipment when approved by the engineer. 

4.0 CONSTRUCTION 

4.1 Scarification and Pulverization: The old pavement shall be 

scarified and pulverized to the depth shown on the plans. Scarification 

and pulverization can be accomplished in a single pass operation to a 

depth of about 4 to 6 inches or a multi-step process can be utilized 

which consists of scarification, windrowing and pulverization. All 

material shall be pulverized such that 100% passes the 1 1/2 inch sieve. 

4.2 New Aggregate: It may be desirable from a gradation or thick-

ness standpoint to blend two or more aggregates which shall result in 

a combined gradation meeting the specifications for the finished 

material. The materials shall be mixed on the roadbed or on some other 

approved area off the roadbed by mixing machines or by blade mixing. 

4.3 Application of Asphalt Primer: The previously-prepared road-

way surface prior to the start of the placing operations shall be primed, 

if needed, with one of the asphalt primers shown on the list of bid 

items. The asphalt primer shall be applied in accordance with acceptable 

engineering practice. 

4.4 Spreading and Compaction: The unstabilized pulverized 

material shall be uniformly spread over the area to such depths that the 

material will compact to the specified thickness. This mixture shall 

be spread for compaction from the large windrow. It shall be bladed 

from the windrow in a succession of thin layers to a uniform cross-

section of specified thickness. 

After the mixture is spread as specified, each layer shall be 

thoroughly and uniformly compacted. Test holes shall be dug at specified 

intervals to determine the compacted thickness of the layers being 

placed. Areas in which a deficiency of more than 13 m (0.5 in.) 

compacted thickness is indicated shall be reworked with added mixed 

material sufficient to Increase the layer to the depth specified. All 

irregularities that develop in the surface shall be corrected by blading. 

Blading and compaction shall continue until the surface is true to 	 - 

grade and cross-section. Final compaction shall be obtained by rolling 

with a steel-tired tandem roller. The specified in-place density shall 

be obtained 

5.0 GENERAL 

5.1 Samples: Samples of all materials proposed for use shall be 

submitted by the contractor to the engineer. The material shall not 

be used until it is approved by the engineer. 

Sampling of asphaltic materials shall be in accordance with the 

latest revision of AASHTO Designation T 40 (ASTM Designation 0 140). 

Sampling of mineral aggregate shall be in accordance with the latest 

revision of AASHTO Designation 1 2 (ASTM Designation 0 75). 

5.2 Methods of Testing: 

Asphaltic materials will be tested by the methods of 

tests of the American Association of State Highway and Transportation 

Officials (AASHTO). If an AASHTO method of test is not available, 

the American Society for Testing and Materials (ASTM) method will be 

used. 

Mineral aggregates will be tested, as designated in the 

detailed requirements of these specifications, by one or more of the 

following methods of test of the American Association of State Highway 

and Transportation Officials (AASHTO). If an AASHTO method of test is 

not available, the American Society for Testing and Materials (ASTM) 

method will be used. 

Method of Test 

Characteristic 	 AASHTO 	ASTM 

Abrasion of Coarse Aggregate, 
Los Angeles Machine 	 1 	96 	C 131 

Sieve Analysis, Fine and Coarse 
Aggregates 	 1 27 C 136 

Unit Weight of Aggregate 	 1 	19 	C 	29 

Sand Equivalent 	 1 176 	C 2419 

5.3 Weather: Asphalt shall not be applied when the air temperature 

in the shade is less than 10°C (50°F) unless otherwise permitted by the 

!:i 



engineer. Work shall be suspended during rain. 

5.4 Traffic Control: Traffic shall be directed through the 

project with warning signs, flagmen, and pilot trucks or cars in a manner 

that provides maximum safety for the workmen and traffic and the least 

interruption of the work. 

Traffic shall be kept off of freshly sprayed asphalt. 

5.5 Safety: Safety precautions shall be used at all times during 

the progress of the work. As appropriate, workmen shall be furnished 

with hard hats, safety shoes, asbestos gloves, respirators, and any 

other safety apparel that will reduce the possibility of accidents. 

All Occupational Safety and Health Act Requirements shall be observed. 

6.0 MEASUREMENT 

Scarification and Pulverization - The area scarified and 

pulverized shall be measured in place and the area calculated in square 

yards. 

Asphalt Primer - Total number of gallons at 60°F or tons of 

material placed. 

New Aggregate - Total number of tons of new mineral 

aggregate incorporated into the work. 

Mixing, Placing and Compacting - Total square yards of 

material placed. 

Water - Total number of gallons of water incorporated into 

the work. 

7.0 BASIS OF PAYMENT 

The quantities described above shall be paid for at the contract 

unit price bid for each item. Payment will be in full compensation for 

furnishing, hauling and placing materials for mixing, for rolling and 

for all labor and use of equipment, tools, and incidentals necessary 

to complete the work in accordance with these specifications. 

In adjusting volumes of asphaltic material to the temperature of 

15°C (600F), ASTM Designation D 1250, ASTM-IP Petroleum Measurement 

Tables, will be used. 

NOTES TO THE ENGINEER 

The foregoing specifications are recomended for use under what 

may. be  termed average conditions. It is realized, however, that no 

single standard specifications will cover satisfactorily all variations 

in local conditions that may prevail for individual jobs. Before 

adopting these specifications verbatim, the engineer should give 

particular attention to local conditions and make the changes as 

necessary. 

Prior to letting the contract the engineer should select the 

paticular type of asphaltic materials he wishes to use, deleting the 

requirements for all other materials shown in these specifications. 

The gradations of mineral aggregates should be sele:ted for those 

usually specified in this type of construction by the agency. If it 

is necessary to import aggregates to adjust the grading of the material 

in place on the roadbed, the contractor should be so informed before 

he is awarded the contract. The grading of the aggregate that must be 

imported, and the locations where adjustments are necessary,- should be 

generally indicated either in the specifications or on the plans 	in 

order that the contractor will be in a position to make an intelligent 

bid. 



GUIDE SPECIFICATION 3.0 	EQUIPMENT 

FOR 
The equipment used for pulverizing the asphaltic material 	shall 

IN-PLACE RECYCLING OF EXISTING ASPHALT SURFACE AND/OR 
(1) 	be capable of Sliding or lifting the said material 	above the road- 

EXISTING BASE (SUBBASE) EMPLOYING LIME STABILIZATION 
way so that the material 	is suspended in midair during the pulveri- 

zation, and 	(2) 	have a cross shaft rotor with pulverizing blades 
1.0 	DESCRIPTION 

capable of revolving at 750 RPM, or more, during the pulverizing 

This work shall consist of pulverizing and mixing in place material, 
pcess. 

new aggregate (as required), lime and water, and spreading and com- 
If the equipment the contractor plans to use does not conform to 

pacting the mixture to the lines, grades and dimensions shown on the 
the above, the engineer shall 	require a demonstration to prove the 

plans and as specified in these special 	provisions, 
equipment capable of pulverizing the asphaltic material 	to the required 

size, before permitting it on the job. 
2.0 	MATERIALS 

2.1 	Recycled Aggregate: 	The material 	to be treated shall consist 4.0 	CONSTRUCTION 

of a mixture of existing asphalt pavement and the material 	lying under 4.1 	Scarification and Pulverization: 	The old pavement shall 	be 

the pavement. 	Existing asphalt pavement and stabilized bases shall be scarified and pulverized to the depth shown on the plans. 	Scarification 

ripped and pulverized so that 100% will 	pass al 	1/2 inch sieve, and pulverization can be accomplished in a single pass operation to a 

2.2 	New Aggregate: 	The new aggregate shall be crushed stone, 
depth of about 4 to 6 inches or a multi-step process can be utilized 

crushed or uncrushed gravel, slag, sand, stone screenings, mineral which consists of scarification, windrowing and pulverization. 	All 

dust or a combination of any of these materials meeting the gradation 
materials shall be pulverized such that 100% passes the 1 	1/2 inch 

and quality requirements of the agency. sieve. 

2.3 	Lime: 	Lime shall be a comercial, dry, hydrated lime con- 4.2 	New Aggregate: 	It may be desirable from a gradation, 

forming to the definitions in ASTM Designation: 	C51 or, 	if permitted 
plasticity or thickness standpoint to blend two or more aggregates which 

by the engineer, quick-i ime may be used. 
shall result in a combined gradation meeting the specifications for the 

The hydrated lime shall contain not less than 85 percent of 
finished materials. 	The materials shall be mixed on the roadbed or on 

calcium hydroxide, CA(OH)2, as determined by ASTM CO25. 	Quick-lime ' 	some other approved area off the roadbed by mixing machines or by 

shall 	contain not less than gOX calcium Oxide (CaO). blade mixing. 

A certificate of compliance with specifications shall 	be supplied 4,3 	Mixing: 	Hydrated lime shall be added at the rate of 

with each delivery of lime and shall be submitted to the engineer with pounds persquare foot of material 	to be treated. 	If quick-lime is 

a certified copy of the weight of each delivery. 
used the quantity may be 15% less than the quantity required for 

2.4 	Asphalt Primer and Curing Membrane: 	The asphalt primer, 	if hydrated lime. 

used, shall be MC-30, MC-70, M-250 or RC-70 as specified by the engineer. Lime treated material shall not be mixed or spread while the 

The asphalt primer shall meet the requirements of ASTM Specification 
atmospheric temperature is below 35 degrees F., or when conditions 

D 2027 or 0 2028. 
indicate that the temperature may fall below 35 degrees F. within 24 

The curing seal or membrane shall be an emulsified asphalt selected hours. 

by the engineer and shall meet ASTM Specification 0 977 or D 2397. 
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Lime may be spread in either a slurry or dry state at the option 

of the contractor. 

If the lime is •spread dry it shall be prevented from blowing by 

adding water or other suitable means elected by the contractor. 

Lime shall be spread by equipment which will unifornly distribute 

the required amount of lime, and the rate of lime spread per square 

foot of blanket shall not vary more than 10 percent from the designated 

rate, unless otherwise approved by the engineer. 

No traffic other than the mixing equipment will be allowed to pass 

d_v_6'r'th4's~OKiia_ lime until after completion of preliminary mixing, 

except for water trucks. 

The lime treated material shall be 	inches thick, when 

compacted. After the lime has been spread, the lime, other material and 

water shall be thoroughly mixed to the full depth of the lift, lightly 

rolled, and allowed to cure at least overnight. The preliminary and 

final mixing may be done with any equipment selected by the contractor. 

Final mixing or remixing operations shall continue until the 

material is free of streaks or pockets of lime and the mixture is uniform; 

and (1) there are no pieces of untreated clay in excess of one inch in 

diameter, and (2) 90% of the asphaltic material shall pass a one inch 

or 1 1/2 inch screen. 

Non-uniformity of color reaction, when the treated material is 

tested with the standard phenolphthalein alcohol indicator, will be con-

sidered evidence of inadequate mixing. 

4.4 Spreading and Compaction: The treated mixture shall be spread 

to the required planned width, grade and cross section. 

Lime treated material shall be compacted to not less than 

percent, as determined by AASHTO T 99 within 48 hours after mixing. 

Initial compaction shall be by means of segmented wheel rollers. 

Final compaction shall be by means of either the segmented roller or 

pneumatic tired rollers. Minor identations may remain in the surface 

of the finished material after final triming and rolling. 

In the event the plans call for more than one lift of lime treated 

material, the lower lift shall be 	inches thick when compacted 

and shall be compacted to not less than 	percent, as determined 

by AASHTO 1 99 provided, however, a fluff of approximatey one inch in 

thickness shall created on the top of the lower lift before the material 

for the upper lift is added. 	 - 

Each layer of lime treated material, regardless of its thickness, 

may be compacted in one layer. 

4:5 Curing: The surface of the lower layer of lime treated 

material shall be kept moist until covered by a subsequent layer of the 

material to be lime treated. 

The top layer of lime treated material shall be kept moist until 

a curing seal or final surfacing is added. The curing seal shall con-

sist of a mixing type asphaltic emulsion. 

Curing seal shall be applied at a rate between 	_ and  

gallons per square yard of surface, the exact rate to be determined by 

the engineer. 

5.0 MEASUREMENT 

Scarification and Pulverization - The area scarified and 

pulverized shall be measured in place and the area calculated in square 

yards. 

New Aggregate - Total number of tons of new mineral aggregate 

incorporated into the work. 

Lime - Total number of tons, incorporated into the work. 

Asphalt Prime and Curing Membranes - Total number of gallons 

at 60°F or tons of material placed. 

Mixing, Placing and Compacting - Total square yards of 

material placed. 

water - Total number of gallons of water incorporated into 

the work. 

6.0 BASIS OF PAYMENT 

The quantities described above shall be paid for at the contract 

unit price bid for each item. The above contract prices and payments 

• 	 shall include full compensation for furnishing all labor, materials, 

tools, equipment, and incidentals, and for doing all the work involved 

in constructing the lime treatment, complete in-place, as shown on the 

plans, and as specified in the Standard Specifications and these 

special provisions and as directed by the engineer. '.0 



GUIDE SPECIFICATION 

FOR 

IN-PLACE RECYCLING OF EXISTING ASPHALT SURFACE AND/OR EXISTING 

BASE (SUBBASE) EMPLOYING PORTLAND CEMENT STABILIZATION 

1.0 DESCRIPTION 

This work shall consist of pulverizing and mixing in-place material, 

new aggregate (as required), portland cement and water, and spreading 

and compacting the mixture to the lines, grades and dimensions shown 

on the plans and/or specified in these special provisions. 

2.0 MATERIALS 

2.1 Recycled Aggregate: The material to be treated shall consist 

of a mixture of existing asphalt pavement and the material lying under 

the pavement. Existing asphalt pavement and stabilzied bases shall be 

ripped and pulverized so that 100% will pass the 1 1/2 'inch sieve. 

2.2 New Aggregate: The new aggregate shall be crushed stone, 

crushed or uncrushed gravel, slag, sand, stone screenings, mineral dust 

or a combination of any of these materials meeting the gradation and 

quality requirements of the agency. 

2.3 Portland Cement: The cement shall be portland cement Type I 

or Type II as directed by the engineer and conforming to ASTM Specifi-

cation C150. A certificate of compliance with specifications shall be 

supplied with each delivery of cement and shall be submitted to the 

engineer with a certified copy of the weight of each delivery. 

2.4 Asphalt Primer and Curing Membrane: The asphalt primer, if 

used, shall be MC-30, MC-70, MC-250 or RC-70 as specified by the engineer 

prior to letting of the contract. The asphalt primer shall meet the 

requirements of ASTM Specification D 2027 or 0 2028. 

The curing seal or membrane shall be an emulsified asphalt selected 

by the engineer and shall meet ASTM Specification 0 922 or 0 2397.  

(1) be capable of sliding or lifting the said material above the roadway 

so that the material is suspended in mid-air during the pulverization, 

and (2) have a cross shaft rotor with pulverizing blades capable of 

revolving at 750 RPM, or more, during the pulverizing process. 

If the equipment the contractor plans to use for pulverization does 

not conform to the above, the engineer shall require a demonstration to 

prove the equipment capable of pulverizing the asphaltic material to the 

required size, before permitting it on the job. 

Except for the pulverization of the asphaltic material the contractor 

may use any equipment he selects for mixing the in-place material, cement 

and water. 

4.0 CONSTRUCTION 

4.1 Scarification and Pulverization: The old pavement shall be 

scarified and pulverized to the depth shown on the plans. Scarification 

and pulverization can be accomplished in a single pass operation to a 

depth of about 4 to 6 inches or a multi-step process can be utilized which 

consists of scarification, windrowing and pulverization. All material 

shall be pulverized such that 100% passes the 1 1/2 inch sieve. 

4.2 New Aggregate: It may be desirable from a gradation or thick-

ness standpoint to blend two or more aggregates which shall result in a 

combined gradation meeting the specifications for the finished materials. 

The materials shall be mixed on the roadbed or on some other approved 

area off the roadbed by mixing machines or by blade mixing. 

4.3 Construction: Cement shall be added at the rate of 

pounds per square foot and shall be spread by equipment which will uni-

formly distributethe required amount for the full width of the material 

to be treated. The rate of cement spread shall not vary more than 10% 

from the designated rate, unless otherwise approved by the engineer. 

No traffic other than mixing, compacting and trinoning equipment and 

water trucks shall be allowed to pass over the spread cement until after 

n.j 

mixing, final compaction and triming. 	- 

3.0 EQUIPMENT 
	

The mixing operation shall continue until the material is free of 

The equipment used for pulverizing the asphaltic material shall 
	 streaks or pockets of cement and the mixture is uniform. Non-uniformity 



of color reaction, when the material is tested with the standard Pheno-

phthalein alcohol indicator shall be evidence of inadequate mixing. 

4.4 SpreadIng and Compaction: The treated mixtures shall be spread 

to the required width and grade and shall be 	inches thick when 

compacted. The treated material shall be trimed and compacted to 95%, 

(AASHTO T-180) and, the contractor may use any eqüipme.it he desires to 

obtain such degree of compaction. 

In the event the plans coil for more than one lift, the lower lift 

shall be 	inches thick and compacted to 95%, but need not be 

trirmued, before addition of the next lift. Compaction of the lower lift 

shall be completed within 2 1/2 hours from the time water was first added. 

Final triming and compaction of the top lift shall be completed 

withIn 3 hours from the time water was first added. 

4.5 Curing: The completed cement treated base shall be covered 

with a bituminous curing seal consisting of liquid asphalt, MC-250. 

The curing seal shall be applied uniformly at a rate between 0.15 and 

0.25 gallons per square yard, with the exact amount to be determined 

by the engineer. The curing seal shall be applied on the same day that 

final compaction is performed and the surface shall be kept moist until 

the seal is applied. Traffic shall be prohibited from the cement 

treated material for at least - days after completion of construction. 

5.0 MEASUREMENT 

Scarification and Pulverization - The area scarified and 

pulverized shall be measured in-place and the area calculated in square 

yards. 

New Aggregate - Total number of tons of new mineral aggregate 

incorporated into the work. 

Portland Cement - Total number of tons incorporated into the 

work. 

(.4) Asphalt Prime and Curing Membranes - Total number of gallons 

at 60°F or tons of material placed. 

Mixin', Placing, and Compacting - Total square yards of material 

placed. 

Water - Total number of gallons of water incorporated into 

the work.  

6.0 BASIS OF PAYMENT 

The quantities described above shall be paid for at the contract 

unit price bid for each item. The above contract prices and payments 

include full compensation for furnishing all labor, iraterials, tools, 

equipment and incidentals for doing all the work involved in con-

structing the cement treatment, complete in-place, as shown on the 

plans, and as specified in the Standard Specifications and use special 

provisions and as directed by the engineer. 



GUIDE SPECIFICATION H 	 3.0 	EQUIPMENT 

FOR As many as necessary of the following named pieces of equipment 

IN-PLACE RECYCLING OF EXISTING ASPHALT SURFACE AND/OR EXISTING shall 	bt used to complete the specified work: 	scarifiers; 	pulverizing * 
BASE (SUBBASE) EMPLOYING ASPHALT STABILIZERS equipment; rotary mixers or travel plants; motor graders; windrow 

devices; aggregate spreaders; power brooms or power blowers, or both; 

1.0 	DESCRIPTION 
self-propelled vibratory or steel-tired tandem and pneumatic-tired 

This work shall consist of pulverizing and mixing in-place material, rollers capable of attaining the required density; a pressure 

new aggregate (as required), 	liquid asphalt and spreading and compacting distributor designed and operated to distribute the asphaltic material 

the mixture to the lines, grades and dimensions shown on the plans and/ in a uniform spray without atomization; equipment for heating the 

or specified in these special 	provisions. 	(When an asphalt modifier is asphaltic material; and a water distributor. 	Other equipment may be 

required for the old asphalt, 	follow modifier specifications in Appendix used in addition to, or in lieu of, the specified equipment when 

A.) approved by the engineer. 

2.0 	MATERIALS 4.0 	CONSTRUCTION 

2.1 	Recycled Aggregate: 	The material to be treated shall consist 4.1 	Scarification and Pulverization: 	The old pavement shall 	be 

of a mixture of existing asphalt pavement and the material 	lying under scarified and pulverized to the depth shown on the plans. 	Scarification 

the pavement. 	Existing asphalt pavement and stabilized bases shall 	be and pulverization can be accotmiplished in a single pass operation to a 

ripped and pulverized so that 100% will 	pass the 1 	1/2 inch sieve. H 	 depth of about 4 to 6 inches or a multi-step process can be utilized 

2.2 	New Aggregate: 	The new aggregate shall be crushed stone, which consists of scarification, windrowing and pulverization. 	All 

crushed or uncrushed gravel, slag, sand, stone screenings, mineral dust material 	shall 	be pulverized such that 100% passes the 1 	1/2 inch sieve. 

or a combination of any of these materials meeting the gradation and 4.2 	New Aggregate: 	Where mixing of the aggregate is to be done 

quality requirements of the agency. 
by means other than a travel mixer, any mineral 	filler or other aggregate 

2.3 	Asphalt Binder: 	The asphalt will 	be specified by the engineer to be blended with the recycled material shall be spread over the surface 

from the following table prior to letting the contract. 
H 	 of the scarified material 	in a uniform quantity, and in such quantity as 

Asphalt 	 AASHTO Specs. 	 ASTN Specs. will provide a mixture meeting the gradation requirements. 	Such appli- 

cations shall be made inmiediately after the scarifying operations; 

SSI, 	SS-lh 	 M 140 	 D 	977  
CSS-1, CSS-lh 	 M 208 	 0 2397 mixing with a rotary-type mixer shall continue until a uniform mixture 

RC-70, RC-250, RC-800 	 M 	81 	 0 2028 
is obtained. 

MC-70, MC-250, MC-800 	 M 	82 	 0 2027 

Where a travel mixer is to be used, the prepared recycled material 

The engineer will specify the temperature at which the material shall be bladed into one or more windrows suitable for the type of travel 

shall 	be used. 
mixer. 	Any additional aggregate required to be blended with the 

windrowed material shall be uniformly distributed over the windrows as 

*Extracted in part from Asphalt Cold Mix Manual, MS-14, February, directed by the engineer. 	Windrows shall contain sufficient material 
1977, with permission of The Asphalt Institute, College Park, Maryland 

to produce the required thickness of compacted pavement. 

ri 



The asphalt shall be applied uniformly upon the layer of aggregate 

If all aggregate material is to be imported from local pits or 

other sources, this shall be spread on the prepared subgrade or placed 

in windrows (depending on the method of mixing that will be used) in 

quantities sufficient to produce the required pavement thickness. 

Alternative No. 1 - Travel Mixing 

4.3 Application of Asphalt (Alternative No. 1): Asphalt shall not 

be applied when the moisture content of the aggregate material exceeds 

3 percent, unless laboratory tests indicate that a moisture content in 

excess of 3 percent at the time the asphalt is added will not be harm-

ful. If the travel mixer is not equipped to measure and apply the 

asphalt during the mixing operation, the asphalt shall be applied 

directly on the measured windrows with the asphalt distributor. When 

the travel mixer is equipped to measure and apply the asphalt; the 

applications will be made during the mixing process. 

When the travel mixer is equipped to measure and apply the asphalt, 

the asphalt shall be carefully heated, if needed, by means of heating 

coils in tanks designed to provide uniform heating of the entire 

contents. The contractor shall provide all necessary facilities for 

determining asphalt temperature during heating and prior to use, and 

shall take all usual precautions incidental to handling these materials. 

4.4 Mixing Operation (Alternative No. 1): The aggregate material 

and asphalt shall be thoroughly mixed until the asphalt is uniformly 

distributed throughout and all aggregate particles are completely coated. 

The mixture shall be placed in a windrow for later spreading, aeration, 

and compaction. 

Alternative No. 2 - Blade Mixing 

4.5 Application of Asphalt (Alternative No. 2): When the aggregate 

material is to be mixed with a motor grader, the windrow sall be 

flattened and the asphalt applied from a distributor. Asphalt shall 

not be applied when the moisture content of the aggregate exceeds 3 per-

cent, unless laboratory tests indicate that a moisture content in excess 

of 3 percent at the time the asphalt is added will not be harmful.  

material at the rate of 0.50 to 0.75 gal/yd2  at the specified temperature. 

The asphalt shall then be initially mixed into the layer. Successive 

applications of asphalt, shall then be applied and mixed in quantities 

not exceeding 0.75 gal/yd2. 

4.6 Mixing Operation (Alternative No. 2): As soon as the total 

specified amount of asphalt is applied to the aggregate material, mixing 

shall be continued with motor graders until a thoroughly uniform mixture 

is produced. 

4.7 Aeration: Regardless of the mixing method used, manipulation 

of the mix shall continue until volatiles or water, or bth, are removed 

in quantity sufficient to provide a compactable mix. 

When mixing and aerating are complete, the mix may be laid and 

compacted in accordance with Paragraph 4.7, or it may be placed in 

windrows along the edges of the area to be paved for laydown at a later 

time. 

4.8 Spreading and Compaction: After the material has been aerated 

it shall be spread to a uniform grade and cross-section End compacted 

with a pneumatic-tired roller for the full width of the roadway. 

Rolling shall continue until the entire depth is compacted to the 

specified density. Test holes shall be dug at specified intervals to 

determine the compacted thickness of the layers being placed. Areas 

in which a deficiency of more than 13 m (1/2. in.) compacted thickness 

is Indicated shall be reworked with added mixed material sufficient to 

increase the layer to the depth specified. All irregularities that 

develop in the surface shall be corrected by blading while the pavement 

is still soft. Blading and compaction shall continue unt:l the surface 

is true to grade and cross-section. The specified in-place density 

shall be obtained. 

5.0 GENERAL 

- 5.1 Samples: Samples of all materials proposed for use shall be 

submitted by the contractor to the engineer. The material shall not be 

used until it is approved by the engineer. 

Sampling of asphalt materials shall be in accordance with the latest 

revision of AASHTO Designation 1 40 or ASTM Designation D 140. Sampling 

16, 



of aggregate shall be in accordance with the latest revision of AASHTO 

Designation 12 or ASTM Designation D75. 

5.2 Methods of Testing: 

Asphalt materials will be tested by the methods of test 

of the American Society for Testing and Materials (ASTM). 

MIneral aggregates will be tested, as designated in the 

detailed requirements of these specifications, by one or more of the 

following methods of test of the American Association of State Highway 

and Transportation Officials (AASHTO) or the American Society for Testing 

and Materials (ASTM). 

Method of test 

Characteristic 	 AASHTO 	ASTM 

Sieve Analysis, Fine and 
Coarse Aggregates 	1 27 	C 136 

Unit Weight of Aggregate 	T 19 	C 	29 

Sand Equivalent 	 T 176 	C 2419 

Plasticity Index of Soils 	1 90 	C 424 

5.3 Weather: Asphalt shall not be applied to the aggregate when 

the air temperature in the shade is less than 10°C (50°F) unless other-

wise permitted by the engineer. Work shall be suspended during rain or 

when the mix is wet. 

5.4 Traffic Control: Traffic shall be directed through the project 

with warning signs, flagmen, and pilot trucks or cars in a manner that 

provides maximum safety for the workmen and traffic and the least inter-

ruption of the work. 

Traffic shall be kept off of freshly sprayed asphalt or mixed 

materials. 

If it is necessary to route traffic over the new work, speed shall 

be restricted to 40 km/hr (25 miles/hr) or less until rolling is completed 

and the asphalt mixture is firm enough to take high speed traffic. 

5.5 Safety: Safety precautions shall be used at all times during 

the progress of the work. As appropriate, workmen shall be furnished 

with hard hats, safety shoes, asbestos gloves, respirators, and any 

other safety apparel that will reduce the possibility of accidents. 

All Occupational Safety and Health Act requirements shall be observed. 

6.0 MEASUREMENT 

(1) Scarification and Pulverization - The area scarified and 

pu'verized shall be measured in-place and the area computed in square 

yards. 

(2) Asphalt Primer and Binder - Total number of gallons at 60°F 

or tons of each material utilized. 

New Aggregate - Total number of tons of new mineral aggregate 

incorporated into the work. 

MIxing, Placing and Compacting - Total cubic yards of 

material placed. 

Water - Total number of gallons of water incorporated into 

the work. 

7.0 BASIS OF PAYMENT 

The quantities described above shall be paid for at the contract 

unit price bid for each item. Payment shall be in full compensation 

for furnishing, hauling and placing materials for mixing, for rolling 

and for all labor and use of equipment, tools, and incidentals 

necessary to complete the work in accordance with these specifications. 

In adjusting volumes of asphalt material to the temperature of 

60°F, ASTM Designation 0 1250, ASTM-IP Petroleum Measurement Tables, 

will be used. 

NOTES TO THE ENGINEER 

The foregoing specifications for road-mixed asphalt courses are 

reconunended for use under what may be termed average conditions. It 

is realized, however, that no single standard specification will cover 

satisfactorily all variations in local conditions which may prevail 

for individual jobs. Before adopting these specifications verbatim 

the engineer, therefore, should give particular attention to the items 

listed below and, if necessary, make the changes suggested. 



Asphalt-sand and asphalt-soil mixed-in-place coursEs are usually 

laid to a compacted thickness of from 3 to 6 inches depending upon 

traffic condltions. However, greater thicknesses may scmetimes be 

advisable. 

Prior to letting the contract the engineer should select the 

particular asphaltic material he wishes to use, deleting the require-

ments for all other asphaltic materials shown in these specifications. 

Asphalt-sand or soil mixes normally serve better as base courses. 

But in,some localities, because of lack of aggregate and in the 

interest of economy, they may be used as surface courses 

GUIDE SPECIFICATION 

FOR 

CENTRAL PLANT RECYCLING - ASPHALT CONCRETE 

1.0 DESCRIPTION 

This work shall consist of removal, crushing, and stockpiling the 

existing pavement; mixing the processed recycled pavement with new 

aggregate (as required) and an asphalt modifier (as required) in a 

suitable central plant; recompacting the disturbed roadway; and placing 

and compacting the recycled material in conformance with the lines, 

grades and dimensions shown on the plans and/or specified in the 

special provisions. 

2.0 MATERIALS 

2.1 Recycled Aggregate: The recycled aggregate shall consist of 

a mixture of existingasphalt pavement and the material lying under the 

pavement. Existing asphalt pavement and stabilized bases shall be 

processed such that 100% will pass the 1 1/2 inch sieve and 90% will 

pass the 1 inch sieve. 

2.2 New Aggregate: 

Base Course. The mineral aggregate for the base course 

mixture shall be crushed stone, crushed or uncrushed gravel, slag, sand, 

stone or slag screenings, mineral filler or a combination of two or 

more of these materials. The combined aggregate after going through 

the dryer shall have a sand equivalent value of not less than 

Slag shall be air-cooled blast-furnace slag and shall weigh not less 

than 70 lb/ft3  (1.12 Mg/m3). 

Mineral filler shall meet the requirements of ASTM Designation 

0 242. 

Surface Course. The mineral aggregate for the surface 

course mixture shall be crushed stone, crushed gravel, crushed slag, 

sharp-edged natural sand, mineral filler, or a combination of two or 

more of these materials. ... percent by weight of the combined coarse 

aggregate, other than naturally occurring rough-textured aggregate 

approved by the engineer, shall consist of crushed pieces having one 

or more faces produced by fracture. L,I 



The combined aggregate after going through the dryer shall have a 

sand equivalent value of not less than .. . . 	Combinations of.aggregates 

that have a history of polishing shall not be used. Coarse aggregate 

(material retained on the U. S. Standard No. 8 sieve) shall have a 

percent wear by the Los Angeles abrasion machine test of not more than 

40 unless specific aggregates having higher values are known to be 

satisfactory. 

Slag, if used, shall be air-cooled blast-furnace slag and shall 

weigh not less than 70 lb/ft3  (1.12 Mg/rn3). 

Mineral filler shall meet the requirements of Mineral Filler for 

Bituminous Paving Mixtures, ASTM Designation 0 242. 

2.3 Asphalt Modifier: The asphalt modifier shall be what is 

commonly called a softening agent, flux oil, rejuvenator or soft asphalt 

cement conforming to the specification for modifier contained in 

Appendix A. 

2.4 Recycled Mixture: The recycled mixtures shall be an intimate 

mixture of recycled aggregate, new aggregate (as required) and asphalt 

modifier (as required) conforming to the mixture requirements contained 

in Appendix A. The percentage of new aggregate is not fixed by this 

specification; however, a job-mix formula must be submitted to the 

engineer prior to initiation of work and for any subsequent changes in 

the blend of the mixture. 

The job-mix formula for asphalt bound recycled base course mixture 

shall be within the following limits: 

Sieve Size5 	 Total Percent Passing, By Weight 

In. (50 smi) 

1 1/2 in. (37.5 mm) 

1. in. (25.0 mm)  

3/4 in. (19.0 mm) 

1/2 in. (12.5 mm)  

3/8 in. (9.5 mm)  

No. 4 (4.75 mm)  

No. 8 (2.36 mm)  

No. 16 (1.18 mm)  

No. 30 (600 urn) 

No. 50 (300 Cm)  

No. 100 (150 urn) 

No. 200 (75 urn)  

Asphalt Content 	 percent by weight 
of total mix 

Results of single extraction and sieve tests shall not be used as 

the sole basis for acceptance or rejection of the mixture. Any variation 

from the job-mix formula in the grading of the aggregate or in the aspwalt 

content greater than the tolerances shown above shall be investigated 

and the conditions causing the variation corrected. 

The ashpalt-bound recycled mixture shall meet the following test 

criteria: 

Stability (Marshall, Hveem):  

Flow (Marshall Method):  

Swell (Hveem Method):  

Air Voids: 	in. (mm) 

Voids in Mineral Aggregate: 	percent 

The job-mix formula for the asphalt-bound recycled surface course 

mixture shall be within the following limits: 

* 

	

Sieve Size 	 Total Percent Passing, 
by Weight 

3/4 in. (19.0 mm)  

1/2 in. (12.5 mm)  

3/8 in. (9.5 mm)  

No. 4 (4.75 mm)  

No. 8 (2.36 mm)  

	

No. 16 (1.18 mm) 	 - 

No. 30 (600 urn)  

No. 50 (300 urn)  

No. 100 150 urn)  

	

No. 200 (75 urn) 	 Percent by weight 

	

Asphalt Content 	 of total rni:.c 

The asphalt-bound recycled surface course mixture shall meet the 

following test criteria: 

Stability (Marshall, Hveem):  

Flow (Marshall Method):  

Swell (Hvee(n Method): 	in. (air) 

Air Voids: 	percent 

Voids in Mineral Aggregate: 	percent 

The following tolerances for the job-mix formula will be allowed 

per single test: 

C' 



Passing Steve 	 Percent 

1/2 in. (12.5 mm) and larger 	 A. 

3/8 W. (9.5 mm) and No. 4 	 7 

No. 8 (2.36 non) and No. 16 (1.18 	) 	 ±6 

No. 30 (600 m and No. 50 (300 m) 	 ±5 

No. 100 (150 m) 	 ±4 

No. 200 (75 m) 	 ±3 

Asphalt content, weight percent of total 	±0.5 
mixture 

2.5 Prime Coat: Cutback asphalt for prime coat shall be MC-30, 

MC-70 or MC-250 complying with the requirements of AASHTO Specification 

M 83 or ASTM Specification 0 2027. 

2.6 Tack Coat: Emulsified asphalt for tack coat shall be SS-1, 

SS-lh, CSS-1 or CSS-lh diluted one part water to one part emulsified 

asphalt. Before dilution the emulsified asphalt shall comply with the 

requirements of AASHTO Specification M 140 or M 208 or ASTh Specifi-

cation 0 977 or 0 2397. 

3.0 EQUIPMENT 

The equipment shall include: (1) one or more asphalt heating and 

mixing plants designed to produce a uniform mixture within the job-mix 

tolerances; (2) one or more self-powered payers that are capable of 

spreading the mixture to the thickness and width specified, true to the 

line, grade and crown shown on the plans; (3) enough smooth metal-

bedded haul trucks, with covers, when required, to ensure orderly and 

continuous paving operations; (4) a pressure distributor that is 

capable of applying tack coat and prime material uniformly without 

atomization; (5) one or more steel-wheeled, pneumatic-tired, or 

vibratory rollers capable of attaining the required density and smooth-

ness; (6) a power broom or a power blower or both; (7) hand tools 

necessary to complete the job. Otherequipment may be used in add{tion 

to, or in lieu of, the specified equipment when approved by the engineer. 

The heating and mixing plants shall be capable of producing 

uniform mixtures at temperatures suitable for mixing additional modifiers 

and--for compaction on the roadway. Furthermore, the heating and mixing 

equipment shall be controlled to meet existing air quality requirements. 

Both batch plants and drum mixer central plants can be utilized provided 

certain modifications are made. 

4.0 CONSTRUCTION 

4.1 Removal of Existing Pavement and Stockpiling: The bituminous 

pavement shall be removed in a manner which will prevent unnecessary 

intermixing with underlying unstabilized base courses. If unstabilized 

bases are to be removed they shall be removed and stockpiled separately. 

Any soft spots encountered during or occurring after removal of existing 

materials for recycling shall be replaced with suitable materials and 

compacted. 

The storage site and area limits for the bituminous material and 

base course shall be approved by the engineer prior to stockpiling. The 

stockpiling area shall be graded and compacted so a firm level base can 

be maintained at all times. Care shall be taken to avoid contamination 

of the recycled materials by organic or other deleterious naterials. 

4.2 Crushing and Stockpiling: The pavement removed for recycling 

shall be crushed to minus 1 Inch. Portable or stationary conventional 

crushing materials have proven to be satisfactory. Crushirg which occurs 

due to the nature of some pavement removal operations (old milling 

operations) are also acceptable. 

The crushed bituminous material shall be separated into a minimum 

of two sizes prior to introduction into the heating and mixing plant. 

The fine size shall have a minimum of 80% passing the No. 4 sieve. The 

coarse size shall have a minimum of 60% retained on the No. 4 sieve. 

Unstabilized base course material shall be stockpiled separately. 

The stockpile site shall be approved by the engineer prior to stock-

piling. The stockpile area shall be graded and compacted so a firm 

level base can be maintained at all times and so that the recycled 

aggregate is not contaminated with the underlying soil. Later placing, 

stacking conveyors or alternate approved methods shall be used in 

stockpiling to prevent coning or segregation of component sizes. 

4.3 Heating and Mixing: The aggregates which may consist of 

recycled material and new aggregate shall be heated and iiixed in modified 



plants and drum mixer central 	plants at temperatures suitable for mixing Mineral aggregates will be tested by one or more of the 

required asphalt modifiers and suitable for compaction, following methods of test of the American Association of State Highway 

If asphalt cement and a softening agent (flux oil, rejuvenator, etc.) and Transportation Officials (AASHTO) or the American Society for 

are both used as an asphalt modifier a one component system shall 	be Testing and Materials (ASTM). 

provided by the manufacturer or the materials shall 	be introduced into  

- Method of Test 
the mixing area through separate metering devices for each material. Characteristic 

AASHTO 	ASTM 

A mixing time consistent with thorough coating of the aggregate shall 
Amount of Material Finer than No. 200 

be used. 	The moisture content of the bituminous mixture, sampled behind Sieve in Aggregate 	 T 	11 	C 117 

the la'ydown machine prior to compaction shall not exceed 1.5 percent by 
Unit Weight of Aggregate 	 1 	19 	C 	29 

Sieve Analysis, Fine and Coarse 

weight. Aggregate 	 1 	27 	C 136 

Sieve Analysis of Mineral Filler 	 T 	37 	C 546 
 Temperature, 	total 	time of mixing, and asphalt mixing time shall 	be 

Abrasion of Coarse Aggregate, 

adequate for specified drying, mixing, coating, and compaction but shall Los Angeles Machine 	 1 	96 	C 131 

Soundness of Aggregates 	 T 104 	C 	88 
not exceed the limits Set by the engineer. 

Plastic Fines in Graded Aggregates 

4.4 	Spreading, Compaction, and Finishing: 	Conventional 	asphalt con- and Soils by use of the Sand 
Equivalent Test 	 T 176 	C2419 

crete construction equipment shall 	be utilized as outlined by standard 

specifications. 	Weather and seasonal 	limitations are to be covered by The mixture will be tested for asphalt content by "Method 

standard specifications for asphalt concrete construction, of Test for Quantitative Extraction of Bitumen from Bituminous Paving 

4.5 	Prime Coat and Tack Coat: 	Prime and tack coats shall be used Mixtures, 	AASHTO Designation 1 164 or ASTM Designation D 2172. 	The 

as directed by the engineer, mixture will be tested for compliance with aggregate grading requirements 

by "Method of Test for Mechanical Analysis of Extracted Aggregate, 
5.0 	GENERAL 

AASHTO Designation T 30. 
5.1 	Samples: 	Samples of all materials proposed for use shall 	be 

If the mixture is produced in a mixing plant having automatic 
submitted by the contractor to the engineer. 	The material 	shall not be 

controls and a print-out system, and the controls are in proper cali- 

used until 	it is approved by the engineer. 
bration, binder content compliance will be determined from recorded 

Sampling of asphalt materials shall 	be in accordance with the latest 
data. 	Hot bin analysis together with batch weight read-out data will be 

revision of AASHTO Designation 1 40 or ASTM Designation 0 140. 	Sampling 	
. used to determine composition compliance. 

of aggregates should be in accordance with the latest revision of AASHTO 
5.3 	Placement Limitations: 	Asphalt paving mixture shall 	be placed 

Designation T 2 or ASTM Designation D 75. 	Sampling of the asphalt 
only when the specified density can be obtained. 	Precautions shall 	be 

mixture, as required by the engineer, shall be in accordance with the 
taken at all 	times to compact the mixture before it cools too much to 

latest revision of AASHTO Designation T 168 or ASTM Designation D 979. 
obtain the required density. 	The mixture shall not be placed on any wet 

5.2 	Methods of Testing: 
surface or when weather conditions will otherwise prevent its proper 

(1) 	Asphalt materials will 	be tested by the methods of test of 
handling or finishing. 	Asphalt surface course mixture shall 	not be 

the American Association of State Highway and Transporta'tion Officials 
placed when the surface temperature of the base course is below _"F 

(AASHTO) or American Society for Testing and Materials (ASTM) method - 
("C). 	Asphalt base course mixture shall not be placed when the 

will 	be used. 
surface temperature of the underlying course is below 	°F ( 	"C). 

t.J 
00 



Lime, cement or cold asphalt mixtures shall not be placed when the 

surface temperature of the underlying course is below 	°F ( 	°C). 
GUIDE SPECIFICATION 

5.4 	Traffic Control: 	Traffic shall be directed through the project 
FOR 

with such signs, barricades, devices, flagmen, and pilot vehicles as may 
CENTRAL PLANT RECYCLING - PORTLAND CEMENT CONCRETE 

be necessary to provide maximum safety for the public and the workmen 

with minimum interruption of the work. 1.0 	DESCRIPTION 

5.5 	Safety: 	Safety precautions shall be used at all times during This work shall consist of removing and crushing portland cement 

the progress of' the work. 	As appropriate, workmen shall be furnished concrete, mixing with new aggregates, admixtures (as required), portland 

with hard hats, safety shoes, asbestos gloves, respirators, and any cement and placing, finishing and curing the recycled portland cement 

other safety apparel that will reduce the possibility of accidents, concrete to the lines, grades and dimensions shown on the plans and/or 

Al l.. Occupational Safety and Health Act requirements shall be observed, specified in these special 	provisions. 

6.0 	MEASUREMENT 2.0 	MATERIALS 

Modifier - Total number of gallons at 60°F or tons of 2.1 	Recycled Aggregate: 	The recycled aggregate shall be obtained 

a) 	asphalt cement and 	b) 	softening agent (flux oil, rejuvenator, by crushing the old portland cement concrete removed from the roadway. 

etc.) at the job site. The old concrete shall exhibit no signs of chemical reactivity from 0- 

Recycled Aggregate - Total number of tons of pavement material cracking and shall be free of non-PC concrete material 	(such as asphaltic 

removed and crushed in stockpile, concrete or reinforcing steel). 	Where asphaltic concrete. (AC) overlays 

Recycled Asphalt Concrete - Total number of tons of material . 	 have been used the AC layer shall be removed and kept separate from the 

incorporated into the work: 	 ' PC. 	The old PC may be broken by any acceptablemeans, such as a tractor 

Recycled Aggregate - Salvage Value - Total number of tons of mounted jack hamer for punching holes in the pavement. 	Then a back hoe 

removed and crushed pavement materials not utilized on job. 	With this or other device can be used to pick up the segments and load them on 

bid the contractor is the owner of the excess recycled aggregate. 	The , 	 trucks. 	If reinforcement is present it must be cut to separate the pieces 

salvage value bid by the contractor will be subtracted from the total of concrete. 	In order to preclude the creation of excessive fines in the 

bid price if the bid price is positive or added if the bid price is recycled PC coarse aggregate from the subbase the small pieces of rubble 

negative, created during the break-up and removal operation shall nct be used. 

Asphalt Prime and Tack Materials - Total number of gallons at 2.2 	New Aggregate: 	The new aggregate shall consist of gravel, 

60°F or tons of each material utilized, crushed gravel, crushed stone, air-cooled blast furnace slag, natural 	sand, 

7.0 	BASIS OF PAYMENT. 	' . manufactured sand or a combination of the above and shall conform to 

The quantities described above shall be paid for at the contract ASTM Specification C33, except gradation. 

unit price bid for each item. 	Payment will be in full compensation for 2.3 	Portland Cement: 	Type I or Type II portland cement as specified 

furnishing, hauling and placing materials for mixing, for rolling and in ASTM C 150 shall 	be used. 

for all labor and use of equipment, tools, and incidentals necessary to 2.4 	Admixture: 	Water reducing and air entraining materials are re- 

complete the work in accordance with these specifications. , 	quired for some mixtures. 	These materials shall conform to ASTM Specifica- 

In adjOsting volumes of asphalt materials to the temperature of tions C 260 and C 494. 

60°F, ASTM Designation 0 1250, ASTM-IP Petroleum Measurement Tables, ' 	 2.5 	Fly Ash. 	When possible, fly ash may be used. 	The fly ash shall 

will 	be used. meet the provisions of ASTM C618. 



2.6 Recycled Portland Cement Concrete: 	This material 	shall contain 28 day flexural strength of 500 PSI when tested in accordance with ASTM C78. 

recycled aggregates, new aggregate (as required), portland cement, fly These minimums shall be based on an average of at least 3 specimens per 

ash (as required), 	and admixtures 	(as required). The final coarse aggregate, testa with the provision that a maximum of I 	in 10 specimens may fall 	below 

whether blended or not, shall meet the following requirements: the minimum without penalty. 	For durability a minimum total 	portland cement 

1. Gradation 	(ASTM C136) Percent Passing plus fly ash content of 564 lb per cu yd shall be utilized. 	Furthermore 

2 	in. 	(50 ren) 100 at least 423 lb of portland cement per cu yd shall be used. 	Mixture designs 

1 	1/2 	in. 	(37.5 m) 95 	to 	100 shall 	follow AC! method 211-1-74 or a method approved by the engineer. 	When 

3/4 	in. 	(19 	mn) 35 	to 	70 specified on the plans the mixture shall be evaluated in accordance with 

3/8 in. 	(9.5 	m) 10 	to 	30 one or more of the following methods. 

No. 4 (4.75 	m) 0 	to 	5 Splitting Tensile Strength. 	ASTM C496 

Maximum Allowable (%) Abrasion Resistance 	ASTM C418 

2. Clay lumps and friable 3. 	Freeze Thaw Resistance 	ASTM C666, 	Proc. A 

particles (ASTM C142) 3.0 

3. Material 	finer than No. 	200 4. 	Drying Shrinkage 	 ASTM C157 

(ASTM C117) 2.0 5. 	Alkalie Reactivity 	 ASTM C227 

4. Abrasion Loss (ASTM C131) 50 6. 	Time of Set 	 ASTM C403 

4.0 	EQUIPMENT 
The final 	five aggregate shall consist of 	natural sand, manu- 

As many as necessary of the following named pieces of equipment 

factured sand, or a combination thereof. 	Unless otherwise stated on the 
shall 	be used to complete the specified work: 	rippers, pulverizers, 

plans, the fine aggregate shall meet the following requirements: 
impact hamers, steel cutters, crushers, proportioning and mixing 

1. Gradation (ASTM C136) Percent Passing 
equipment, placing and finishing equipment, hand tools and other mis- 

3/8 in. 	(9.5 m) 100 
cellaneous tools. 	Other equipment may be used in addition to, or in 

No. 4 	(2.36 m) 95 to 100 
lieu of, the specified equipment when approved by the engineer. 

No. 8 	(2.36 m) 80 to 100 

No. 	16 	(1.18 me) 50 to 85 5.0 	CONSTRUCTION 

No. 	30 	(600 	pm) 25 to 60 5.1 	Removal and Crushing: 	All existing portland cement concrete 

No. 50 	(300 	pm) 10 to 30 shall be removed and crushed except as noted on the plans. 	All removed 

No. 	100 	(150 	pm) 
and crushed pavement shall be the property of the contractor. 

2. Clay lumps and friable 
Maximum AllowablL%) a. 	If asphaltic resurfacing is present, the asphaltic concrete 

particles 	(ASTM C142) 3.0 shall be removed before the portland cement concrete is 

3. Material 	finer than No. 200 5.0 crushed, and each shall be crushed separately. 	It is intended 

(ASTM C151) that all of the asphaltic concrete be removed from the port- 

4. Insoluble Residue (ASTM D3042) 	 30.0 land cement concrete. 	Isolated areas of adhering asphaltic 

3.0 	MIXTURE DESIGN concrete up to one inch in thickness will be considered 

The concrete shall be designed to have a minimum 28 day compressive acceptable, including patches of asphaltic concrete. 

strength of 3000 psi 	when tested in accordance with ASTM C39, or a minimum b. 	Reinforcing steel shall be removed from the existing pavement 



prior to or during the crushing operation and shall be dis-

posed of by the contractor. 

The contractor shall remove the pavement in a manner which 

does not develop a large amount of fines in the pavement 

material and which excludes subgrade and subbase material to 

the maximum extent practicable. 

The pavement material shall be crushed to pass a 1 1/2-inch 

sieve. Processing equipment shall include a screen by which 

excessive fines in the product can be controlled by removal 

of fines passing the No. 8 screen. Control will be as 

,irected_bythe engineer, and his target will be 5 percent 

passing the No. 200 sieve. Agg,egate washing will not be 

required. 

Any excess material and fines removed during processing shall 

be disposed of as shown on the plans. 

5.2 Proportioning and Mixing: Proportioning and mixing shall be per-

formed with standard equipment as approved by the engineer. Procedures shall 

conform to ACI method 316-74 or as approved by the engineer. 

.5.3 Placing, Finishing and Curing: Placing and finishing equip-

ment shall be performed with standard equipment as approved by the 

engineer. Curing compounds shall be utilized as approved by the engineer. 

Procedures shall conform to ACI Method 316-74 or as approved by the 

engineer. 

6.0 MEASUREMENT 

6.1 Recycled Aggregate: Total number of square yards of old port-

land cement concrete and asphalt cement removed and crushed in stockpiles. 

6.2 Portland Cement and Fly Ash: Total number of tons of material 

incorporated into the job. 

6.3 Recycled Portland Cement Concrete: The area (square yards) 

of Portland cement concrete resurfacing constructed of the mix proportions 

and thickness specified. The item shall include all new aggregate, port-

land cement, admixtures, proportioning, mixing, hauling, placing, finish-

ing and curing activities. 

6.4 Recycled Aggregate - Salvage Value: Total number of tons of 

removed 
N. 
 and crushed pavement materials not utilized on job. With this  

bid the contractor is the owner of the excess recycled aggragate. The 

salvage value bid by the contractor will be subtracted from the total bid 

price if the bid price is positive or added if the bid price is negative. 

7.0 BASIS OF PAYMENT 

The quantities discussed above shall be paid for at the contract 

unit price bid for each item. Payment shall be in full compensation 

for finishing, hauling and placing materials for mixing, placing, 

consolidation, finishing and curing and for all labor and use, of equip-

ment, tools and incidentals necessary to complete the work im accordance 

with these specifications. 



GUIDE SPECIFICATION 	 recycled aggregate, new aggregate (as required), portland cement, fly ash 

FOR 	 and admixtures (as required). The econocrete shall be designed to have 

CENTRAL PLANT RECYCLING - ECONOCRETE 	 a minimum 28 day compressive strength of 1500 psi when tested in accordance 

1.0 DESCRIPTION 	
with ASTM C39, or a minimum 28 day flexural strength of 250 psi when tested 

This work shall consist of removing and crushing portland cement 	
in accordance with ASTM C78. These minimums shall be based on an average 

concrete, mixing with new aggregates, admixtures (as required), portland 	
of at least 3 specimens with the provision that a maximum of I in 10 

cement and fly ash (as required), and placing, finishing and curing the 	
specimens may fall below the minimum without penalty. 	For durability a 

recycled portland cement concrete to the lines, grades and dimensions 	
minimum total portland cement plus fly ash content of 376 lb. per cu yd. 

shown on the plans and/or specified in these special provisions, 	
shall be used. Furthermore at least 188 lb. of portland cement per cu. yd. 

2.0 MATERIALS 	
shall always be used. When required on the plans the econocrete shall be 

2.1 Recycled Aggregate: The recycled aggregate shall be obtained 	
evaluated according to the following procedures. The mixture 

by crushing the existing portland cement concrete plus any asphaltic 	
shall be designed by the engineer. 

concrete (AC) wearing surfaces. In order to preclude the creation of 

excessive fines in the coarse aggregate, the small pieces of rubble 	
1. Splitting Tensile Strength 	 ASTM C 496 

created during the break-up and removal operation shall not be used. 	
2. Freeze-Thaw Resistance 	 ASTM C 666, Proc A 

The final coarse aggregate, whether blended or not, shall conform to the 	
3. Drying Shrinkage 	 ASTM C 157 

following gradation. 
4. 	Time of Set 	 ASTM C403 

Sieve Size (ASTM C136) 	 Percent Passing 

1 	1/2 	in. 	 100 

	

.0 	EQUIPMENT 
 

3 

As many as necessary of the following named pieces of equipment shall 
3/4 in. 	 35-70 

No. 4 	 0-25 
be used to complete the specified work: 	rippers, pulverizers, impact 

hamers, steel cutters, crushers, proportioning and mixing equipment, 
2.2 	New Aggregate - New aggregate shall be used as necessary to form 

placing and finishing equipment, hand tools and other miscellaneous tools. 
a tight, strong mixture meeting the strength requirements. 	The coarse 

Other equipment may be used in addition to, or in lieu of, the specified 
aggregate portion shall be approved by the engineer. 	The fine aggregate 

portion shall be free from organic matter with 90 to 100% passing the No. 4 
equipment when approved by the engineer. 

 

screen and 5 to 20 passing the No. 100 screen. 	The material finer than 4.0 	CONSTRUCTION 

the No. 200 screen shall be less than IN. 4.1 	Removal and Crushing: 	All existing portland cement concrete 

2.3 	Cement - Portland cement, Type 1 or Type II meeting the pro- shall be removed and crushed except as noted on the plans. 	All removed 

visions of ASTM C150, shall be used. and crushed pavement shall be property of the contractor. 

2.4 	Fly Ash - When possible, fly ash shall be used. 	The fly ash If asphaltic resurfacing is present, the asphaltic concrete 

shall meet the provisions of ASTM C618. shall be removed before the portland cement concrete Is crushed, 

2.5 	Admixture: 	Water reducing and air entraining materials are and each shall be crushed separately. 

required for some mixtures. 	These materials shall conform to ASTM Speci- Reinforcing steel shall be removed from the existing pavement prior 

ficatlons C260 and C 494. to or during the crushing operation and shall be disposed of by 

26 	Recycled Portland 	conocre.te•: 	Tis material shall contain the contractor; 



The contractor shall remove the pavement in a manner which does not 

develop a large amount of fines in the pavement material and vThich 

excludes subgrade and subbase material to the maximum extent 

practicable. 

The pavement material shall be crushed to pass a 1 1/2-inch sieve. 

Processing equipment shall include a screen by which excessive fines 

in the product can be controlled by removal of fines passing the 

No. 8 screen. Control will be as directed by the engineer, and his 

target will be 5 percent passing the No. 200 sieve. Aggregate 

washing will not be required. 

Any excess material and fines removed during processing shall be 

disposed of as shown on the plans. 

4.2 Proportioning and Mixing: Proportioning and mixing shall be per-

formed with standard equipment as approved by the engineer. 

4.3 Placing and Finishing: 

Pavement sections requiring single-lift construction shall be 

placed, finished, and cured in accordance with standard speci-

fications. 

Composite sections shall be constructed monolithically. The 

first lift shall be consolidated by vibration before the second 

lift is placed. 

The surface of the first lift shall have a roughened or scarified 

finish to facilitate a monolithic bond with the second lift. It 

is not intended that any hand finishing be performed on the first 

lift. The surface of the first lift shall not be higher than 

the design elevation prior to scarifying. 

The second lift shall be placed while the first lift is in a 

plastic condition. 

5.0 MEASUREMENT 

5.1 Recycled Aggregate: Total number of square yards of old 

portland cement concrete and asphalt cement removed and crushed in 

stockpiles. 

5.2 Portland Cement: Total number of tons of material incor-

porated into job. 

5.3 Recycled Econocrete: The area (square yards) of econocrete  

constructed of the mix proportions and thickness specified. The item 

shall include all new aggregates, portland cement, admixtures, pro-

portioning, mixing, hauling, placing, finishing and curing activities. 

5.4 Recycled Aggregate - Salvage Value: Total number of tons of 

removed and crushed pavement materials not utilized on job. With this 

bid the contractor is the owner of the excess recycled aggregate. The 

salvage value bid by the contractor will be subtracted from the total 

bid price if the bid price is positive or added if the bii price is 

negative. 

6.0 BASIS OF PAYMENT 

The quantities discussed above shall be paid for at :he contract 

unit price bid for each item. Payment shall be in full compensation 

for finishing, hauling and placing materials for mixing, placing, 

consolidation, finishing and curing and for all labor and use of equip-

ment, tools and incidentals necessary to complete the work in accordance 

with these specifications. 
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APPENDIX I 

QUALITY CONTROL 

At the time of the preparation of this report quality con-
trol measures currently employed on pavement recycling 
jobs have been those typically used on similar types of con-
struction by the performing agency. Sufficient data are not 
available to develop statistically based quality assurance 
specifications for recycling operations. Instead of restating 
current quality control practices of several states, this ap-
pendix defines potential quality control problem areas as-
sociated with the major categories of recycling—surface, 
in-place, and central plant recycling. 

PROBLEM -AREAS 

1. Stir!ace Recycling 
Hardening of the asphalt binder after heater 
planing or heater scarifying. 
Depth of heater scarification, heater planing, 
and milling. 
Surface texture of cold planed or milled pave-
ments. 
Thickness of overlays associated with heater-
planing and heater-scarifier operations. 
Distribution of modifier. 

2. In-Place Recycling 
Depth of removal and pulverization. 
Blending associated with addition of new ag-
gregate, stabilizers, and/or modifiers. 

Degree of pulverization. 
Distribution of modifiers and/or stabilizers. 

3. Central Plant Recycling 
Depth of removal of salvaged pavement ma-
terial. 
Size distribution of recycled or salvaged aggre-
gates. 
Blending associated with addition of new ag-
gregate, stabilizers, and/or modifiers. 
Distribution of modifiers. 
Asphalt properties after recycling. 
Air quality. 

REFERENCES 

I-i. "Quality Assurance in Highway Construction." Pub-
lic Roads, Vol. 35, Nos. 6-11 (1969). 

1-2. "Statistically Oriented End-Result Specifications." 
NCHRP Synthesis of Highway Practice 38 (1976) 
40 pp. 

1-3. AASHTO Specifications. 
1-4. "Model Construction Specifications for Asphalt Con-

crete and Other Plant-Mix Types." Specification Se-
ries No. 1, The Asphalt Institute (Nov. 1975). 

I-S. "Sampling Asphalt Products for Specification Com-
pliance." Manual Series No. 18, The Asphalt Institute 
(Feb. 1968). 

APPENDIX J 

ECONOMIC ANALYSIS 

The engineer responsible for the rehabilitation of a road 
network is responsible for allocating his monetary resources 
in an optimum manner. Thus, he must decide on what por-
tion of the roadway network he intends to perform re-
habilitation as well as what specific rehabilitation action is 
most appropriate for a particular roadway segment. Proj-
ect feasibility is determined at the network level by com-
paring the needs of the entire roadway system. Selection 
of a specific rehabilitation alternative for a given project 
requires that various alternatives be considered from an 
economic standpoint. The economic tools used by the en-
gineer to make those "network" and "project" decisions are  

nearly the same with the amount of detailed information 
required as the major difference. 

This appendix considers only the techniques suitable for 
selection of a rehabilitation strategy for a particular project. 
The techniques available make use of the principles of en-
gineering economy and methods of economic evaluation. 
Thus, cost information is required together with informa-
tion concerning the life of various rehabilitation alterna-
tives. Cost information must be projected for the life of 
the project and tchniques used to reduce these costs at 
various ages after reconstruction to some "common de-
nominator." Hence, the term "life-cycle analysis" is often 
used. 
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COSTS ASSOCIATED WITH PAVEMENT 

REHABILITATION 

The initial and recurring costs that an agency may con-
sider in the economic evaluation of alternative rehabilita-
tion strategies have been defined in Haas and Hudson (1-1) 
and include the following: 

Agency Costs-(a) initial capital costs of rehabilita-
tion; (b) future capital costs of reconstruction or rehabili-
tation (overlays, seal coats, etc.); (c) maintenance costs, 
recurring throughout the design period; (d) salvage return 
or residual value at the end of the design period; (e) engi-
neering and administration; and (f) costs of investments. 

User Costs-(a) travel time, (b) vehicle operation, 
(c) accidents, (d) discomfort, and (e) time delay and ex-
tra vehicle operating costs during resurfacing or major 
maintenance. 

Nonuser Costs 

Certainly all of these costs should be included if a de-
tailed economic analysis is desired. However, definition of 
many of these costs is difficult, while other costs do not 
significantly affect the analysis of alternatives for a given 
roadway segment. For the sake of simplicity the method of 
analysis suggested for use in this report will consider only 
the following costs: 

Initial capital costs of rehabilitation. 
Future capital costs of reconstruction or rehabilita-

tion. 
Maintenance costs. 

It is suggested, however, that certain user costs such as time 
delay costs during rehabilitation be considered on high traf-
fic volume facilities. In addition, the engineer may wish to 
assign a salvage value to the pavement and consider this 
value in the life-cycle calculations. The reader is directed 
to Haas and Hudson (J-1) and Yoder and Witczak (1-2) 
for additional detail. 

SELECTION OF DISCOUNT RATE (INTEREST RATE) 

The discount rate (interest rate, rate of return) is used 
to reduce future expected costs for projects to present day 
terms for economic comparison purposes. The value se-
lected for discount rate deserves careful attention by the 
engineer. The rate selected is normally between 4 to 10 per-
cent, and the actual value selected should be based on con-
sideration of the following: (1) interest rate currently 
charged to borrow capital, (2) rate of return expected on 
private investments, (3) rate of return expected on public 
works investments, (4) risks and uncertainties associated 
with investments, and (5) rate of inflation. It should be 
noted that rehabilitation alternatives with large initial costs 
and low maintenance or user costs are favored by low inter-
est rates. Conversely, high interest rates favor strategies 
that combine low initial costs with high maintenance and 
user costs. 

A discount rate of 8 percent has been used together with 
a 20-year analysis period for examples in this report. Pres-
ent worth factors and capital recovery factors for discount 
rates of 6, 7, and 8 percent are given in Table J1. Values 

TABLE J-1 

PRESENT WORTH AND CAPITAL 
RECOVERY FACTORS 

PRESENT WORTH FACTOR 	 CAPITAL RECOVERY FACTOR 

INTEREST RATE 	 INTEREST RATE 

YEARS 

0.9434 0.9346 0.9259 1.06000 1.07000 1.08000 
0.8900 0.8734 0.8573 0.54544 0.55309 0.56077 
0.8396 0.8163 0.7938 0.37411 0.38105 0.38803 
0.7921 0.7629 0.7350 0.28859 0.29523 0.30192 
0.7473 0.7130 0.6806 0.23740 0.24389 0.25046 
0.7050 0.6663 0.6302 0.20336 0.20980 0.21632 
0.6651 0.6227 0.5835 0.17914 0.18555 0.19207 
0.6274 0.5820 0.5403 0.16104 0.16747 0.17401 
0.5919 0.5439 0.5002 0.14702 0.15349 0.16008 
0.5584 0.5083 0.4637 0.13587 0.14238 0.14903 
0.5268 0.4751 0.4289 0.12679 0.13336 0.14008 
0.4970 0.4440 0.3971 0.11928 0.12590 0.13270 
0.4688 0.4150 0.3677 0.11296 0.11965 0.12652 
0.4423 0.3378 0.3405 0.10758 0.11434 0.12130 
0.4173 0.3624 0.3152 0.10296 0.10979 0.11683 
0.3936 0.3387 0.2919 0.09895 0.10586 0.11298 
0.3714 0.3166 0.2703 0.09544 0.10243 0.10963 
0.3505 0.2959 0.2502 0.09236 0.09941 0.10670 
0.3305 0.2765 0.2317 0.08962 0.09675 0.10413 
0.3118 0.2584 0.2145 0.08718 0.09439 0.10185 
0.2942 0.2415 0.1987 0.08500 0.09229 0.09983 
0.2775 0.2257 0.1839 0.08305 0.09041 0.09803 
0.2618 0.2109 0.1703 0.08128 0.08871 0.09642 
0.2470 0.1971 0.1577 0.07968 0.08719 0.09498 
0.2330 0.1842 0.1460 0.07823 0.08581 0.09368 
0.2198 0.1722 0.1352 0.07690 0.08456 0.09251 
0.2074 0.1609 0.1252 0.07570 0.08343 0.09145 
0.1956 0.1504 0.1159 0.01459 0.08239 0.09049 
0.1846 0.1406 0.1073 0.07358 0.08145 0.08962 
0.1741 0.1314 0.0994 0.07265 0.08059 0.08883 

for other discount rates can be found in Yoder and Witczak 
(1-2) or text books on engineering economy. Both the 
present worth and the uniform annual cost methods are il-
lustrated in the following. Costs are estimated in terms of 
dollars per square yard; however, costs in terms of dollars 
per lane-mile is also a convenient unit. 

EXAMPLE PROBLEM 

A 9-mile segment of pavement in west Texas is in need 
of rehabilitation. The present pavement consists of 4 miles 
of asphaltic concrete placed over 8 in. of an unstabilized 
crushed limestone base. Two rehabilitation plans are under 
consideration. Plan 1 consists of a 2-in. asphaltic concrete 
overlay with maintenance. Overlays are scheduled on a 
7-year cycle. Plan 2 consists of recycling the existing 4 in. 
of asphaltic concrete and a 2-in, overlay of asphaltic con-
crete with maintenance. Tables J-2 and J-3 detail the costs 
associated with these plans. Asphaltic concrete costs were 
assumed to be $18.00 per ton, and hot recycling of the 
asphaltic concrete was assumed to be $12.00 per ton. Rou-
tine maintenance costs were obtained from Appendix F as 
a basis, together with a knowledge of maintenance require-
ments for west Texas. 

From both a present worth and uniform annual cost 
basis, plan 1 is favored ($4.02 versus $4.46 and $0.41 
versus $0.46). It should be realized that several assump-
tions including pavement life, maintenance costs, rehabili-
tation costs, and discount rate were made. A lower dis-
count rate for example plan 2 would be favored over 
plan 1. For example, if 0 percent discount rates were 
assumed, the present worth of plan 1 is $6.63 and of plan 2 
is $4.97 (Tables J-2 and J-3). 
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TABLE J-2 
	

TABLE J-3 

ECONOMIC ANALYSIS OF PLAN I 
	

ECONOMIC ANALYSIS OF PLAN 2 

COST, DOLLARS PER 	PRESENT WORTH 
YEAR 	 SQUARE YARD 	 FACTOR, 8% 

INITIAL COST 1.80 2 inch overlay 1.000 
0.9259 

2 0.8573 
3 0.07 routine maintenance 0.7938 
4 0.10 routine maintenance 0.7350 
5 0.12 routine maintenance 0.6806 
6 0.12 routine maintenance 0.6302 
7 1.80 2-inch overlay. 0.5835 
8 0.5403 
9 0.5002 

10 0.07 routine maintenance 0.4632 
11 0.10 routine maintenance 0.4289 
12 0.12 routine maintenance 0.3971 
13 0.12 routine maintenance 0.3677 
14 1.80 2-inch overlay 0.3405 
15 0.3152 
16 0.2919 
17 0.07 routine maintenance 0.2703 
18 0.10 routine maintenance 0.2502 
19 0.12 routine maintenance 0.2317 
20 0.12 routine maintenance 0.2145 

PRESENT WORTH COST, DOLLARS PER 	PRESENT WORTH 
DOLLARS YEAR SQUARE YARD 	 FACTOR, 8% 

1.800 INITIAL COST 4.20 RECYCLE + 2" OVERLAY 1.0000 
0.9259 

2 0.8573 
0.056 3 0.7938 
0.074 4 0.7350 
0.082 5 0.6806 
0.076 6 0.6302 
1.050 7 0.5835 

8 0.07 routine maintenance 0.5403 
9 0.5002 

0.032 10 0.10 routine maintenance 0.4632 
0.043 11 0.4289 
0.048 12 0.12 routine maintenance 0.3971 
0.044 13 0.3677 
0.613 14 0.12 routine maintenance 0.3405 

15 0.3152 
16 0.12 routine maintenance 0.2919 

0.019 17 0.2703 
0.025 18 0.12 routine maintenance 0.2502 
0.028 19 0.2317 
0.026 20 0.12 routine maintenance 0.2145 

PRESENT WORTH 
DOLLARS 

4.200 

0.038 

0.046 

0.048 

0.041 

0.035 

0.030 

0.026 

TOTAL 	 6.63 	 TOTAL 	= 	4.016 

UNIFORM ANNUAL COST = PRESENT WORTH x CAPITAL RECOVERY FACTOR 

= 4.016 x 0.10185 

44.09 

Table J-4 is a sample calculation sheet for a rehabilita-
tion alternative. The present worth factors and the capital 
recoveryJacto a thoe f or an 8 percent discount rate. 
Other values can be substituted as required. 
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TOTAL 	4.97 . 	 TOTAL = 4.464 

UNIFORM ANNUAL COST = PRESENT WORTH x CAPITAL RECOVERY FACTOR 
4.464 x 0.10185 

= 0.456 + 

TABLE 1-4 

CALCULATION FORM FOR ECONOMIC ANALYSIS 
COST,00LLARS PER PRESENT WORTH 	PRESENT WORTH, 

YEAR 	 SQUARE YARD FACTOR, 8% 	DOLLARS 

INITIAL COST 1.0000 
1 0.9259 
2 0.8573 
3 0.7938 
4 0.7350 
5 0.6806 
6 0.6302 
7 0.5835 
8 0.5403 
9 0.5002 

10 0.4632 
11 0.4289 
12 0.3971 
13 0.3677 
14 0.3405 
15 0.3152 
16 0.2919 
17 0.2703 
18 0.2502 
19 0.2317 
20 0.2145 

TOTAL 	 TOTAL = 

UNIFORM ANNUAL COST 	PRESENT WORTH x CAPITAL RECOVERY FACTOR. 
= 	x 0.10185 
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APPENDIXK - 

LIST OF APPENDIX ITEMS NOT PUBLISHED 

Other appendix materials contained in Volumes 2 and 3 Appendix G—Resilient Modulus Versus Temperature' and 

of the research agency's final report as submitted to the In-Situ Computed Elastic Moduli of Re- 
sponsors are not published herein, but are listed here for cycled Pavement Materials 
the convenience of qualified researchers. The reader is re- Appendix H—Comparative, Graphical Analysis of the Re- 

ferred to the "Foreword" for further information on the cycled Pavement and the Conventional Con- 

availability of these materials. trol Section 
Appendix I—Statistical Summary of Dynaflect Deflection 

VOLUME 2 CONTENTS Data 

Appendix A—Recycled Portland Cement Concrete 
' VOLUME 3 CONTENTS 

Appendix B—Recycled Econocrete Test Results 
Appendix C—Modifier Study Appendix A—Surface Condition 
Appendix D—Field Core Study Appendix B—Pavement Deflection 
Appendix E—Performance of Selected Arizona Heater Appendix C—Road Roughness 

Scarified Pavements Appendix D—Skid Resistance Considerations 
Appendix F—Deflection Data from Recycled Pavements Appendix E—Volume Changes 

Analyzed In-Situ 	' 	 ' Appendix F— Stabilization 

'1 
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